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Pdischarge sputtering. Thirteen sputtering targets of PbSnTe were hsed with
ratios of tin to total metal (lead plus tin) of x = 0.15 to x = 0.32, Some
targets were prepared metal or tellurium rich but most were stoichiometric, i.e.
having the same number of tellurium atoms as metal atoms. The upper substrate
temperature for single crystai growth was about 3509C and the lower temperature
ranged from about 225 to 300°C for growth rates from 0,5 to 2.5hr. Outside
this temperature-growth rate regime the films were not single crystal.

The x-value of the deposited film, which defines the energy gap, was found
to be controllable by the x-value of the target, the substrate temperature, and
the deposition rate. \Adjusting the latter two adjusts the x-value of the deposi-
ted films to x-values stgnificantly different from the x-value of the target.
For example, films with x low as 0.15 or as high as 0.27 could be sputtered
from a target with x = 0.20°N Aside from film x-values, the stoichiometry of the
film materials was found to be also controllable by adjustment of the substrate
temperature and deposition rate. Complete stoichiometry, which is associated
with the lowest achievable carrier concentrations, was found to occur at
critical temperature-rate products - which differ with different target x-values
Adjustment of the same two deposition parameters was also established as a meansT\
for controlling the film carrier type. Typically, conditions yielding films
with x-values lower than that of the target produce p-type film, those yielding
x-values larger than that of the target produce n-type film. Biasing of the
substrate in the range of +30 volts was found serve as an additional control
parameter. Such a bias drives the films n-/G:E:-type, depending on the polarity
of the bias, without changing its x-value. ! A critical bias voltage exists for
each film x-value at which the material is stoichiometric - as exhibited by a
distinct minimum in film carrier concentration. Finedly, LE was found that the
addition of controlled quantities of 02 or Ny to the sputtering gas tends to
produce p- or n-type film, respectively.

Under optimized deposition conditions, as-deposited, i.e. unannealed, PbSnTe
films were prepared with structural and electrical properties at least equiva-
lent to bulk single crystals and with photoconductive responses as high or higher|
than observed in bulk crystals.~Jn films deposited with gaseous additives (Ng
or 0y) the measured photoconductiye responses were orders-of-magnitude higher
than in films deposited with Ar ﬂhly. For example, at LNy temperatures, carrier
concentrations were below 1017 carrier mobilities were over 10,000, and life-
times were less than 100 naqgéeconds in films grown in pure Ar under optimized
conditicns. Photoconductivée responsivities were in the range of 1 to 10 volt/
watt. Photoconductive D*'s exceeded 109 without antireflection. For films
deposited with gaseogz'additives, effective carrier concentrations were in the
1 x 1016 cm-3 range“or lower, carrier mobilities were still in the 10,000 cm2 /v-
sec, range while“photoconductive responsivities were typically in the 20 v/watt
range but in _#solated cases, photoconductive responsivities in the 103 v/w
range were fieasured. Photoconductive D*'s approached 1 x 1010 for the latter
cases. though trapping behavior was not established it is thought that trap

The results established also the material base for the fabrication of
photovoltaic infrared sensors using sputtered thin film PbSnTe. MEgst, it was
determined that the adjustment of deposition rate, substrate temperature,
composition of sputtering gas and substrate bias during film deposition permits
the production of thin film homo- or heterojunctions, having desired levels of
the carrier concentrations without requiring a post-growth anneal to adjust
stoichiometry. Seeendly,.the feasibility of photoresponsive Schottky devices
was shown using p-type films with platinum for the ohmic contacts and aluminum,
lead, or indium for the barrier.
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Section 1

INTRODUCTION

1.1 PROGRAM OBJECTIVLS AND GENERAL APPROACHES

Electro-optical systems for surface oriented, airborne and eXo-
atmospheric applications have increasing requirements for the utiliza-
tion of the long wavelength portion of the infrared spectrum. Terrain
surveillance, as well as the detection, acquisition and tracking of cold
surface targets such as tanks, ships and surface weapon sites are
examples of potential applications of this specgral band as are engage-
ments of emission controlled or countermeasured aircraft and other
vehicles lacking significant self emission. Unfortunately, sensor systems
which operate at such long wavelengths will remain inherently costly
unless new detector fabrication techniques are introduced. Considerable,
but still insufficient progress has been made to overcome these problems
with the introduction of intrinsic detectors such as HgCdTe which retain
high sensitivity at operating temperatures of 779K or above - thus con-
siderably reducing the cryogenic requirements of earlier sensors such as
doped germanium detecto¥s. The reason that even this progress was in-
sufficient stems from the fact that aside from a tendency to operate at
longer wavelengths, the sophistication required of modern electro-optical
sensor systems is increasing at an extremely rapid rate. Spatial and
spectral resolution\requirements for target-background discrimination,
precision terminal guidance and operation in severe IRCM environments
call for rather complex sensor configurations. It 1is doubtful that the
desired functional performances can be achieved with conventional
asproaches; it is certain that these approaches would not lead to cost
effective device fabrication.

These are the considerations which led to the selection of the
overall technical objectives and approaches for this program.

Based on various early feasibility studies in our laboratory, one
of the general objectives was to develop techniques for the preparation

of high sensitivity, thin film detector materials which are responsive
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in the desired spectral band. The inherent advantages of thin film
sensors are manyfold. This will be demonstrated in the next section,
and will become even more evident in the remainder of this report. Suffice

it to say here, that all predictable advantages have been established as

fully achievable - in fact others were identified as the program progressed.

In most cases, the latter relate to the ease of fabrication and perfor-
mance control by thin film deposition techniques.

It should also be emphasized, that the study was exclusively oriented
toward materials preparation and processing. That is, the development
of full-up detection devices was not an objective. However, all materials
studies were designed to use photoresponse characteristics as the final
criterion for assessing the value of the various specific techniques
developed and for judging the quality of the results in general. As will
be elaborated on later, this led to an iterative experimental approach
whereby the film preparation techniques were in turn tailored to optimize
the structural, the electrical and finally the electro-optical properties.
An extremely systematic approach was taken, such that all preparation
parameters and conditions could be fully correlated with the ultimate
response characteristics - thus providing a solid basis for the eventual
manufacturing control of these parameters in the fabrication of optimized
detectors.

Based on early feasibility studies, the exclusive deposition techni-
que selected was sputtering. However, several variations of this
technique - such as triode sputtering, ion beam sputtering, bias sputtering
and sputtering in composition controlled background atmospheres were
explored. Ease of deposition condition control, potentially superior
thermo-mechanical stability, simple film composition control, coupled
with the demonstrated feasibility of depositing high quality, single
crystal compound semiconductor films are but a few of the inherent advant-
ages of sputtering. Again, not only were these and other predicted
advantages fully validated during the course of this work, but other un-
forseen advantages were identified - many of which either have not been

or cannot be demonstrated with other thin film deposition techniques.
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The selection of Pbl_xSnxTe as the thin film sensor material, was

the most loglical at the initiation of this program. An intrinsic material
was prerequisite, the basic desired electro-optical response character-
istics were already demonstrated with bulk single crystal materials and
the only other suitable intrinsic material that had been demonstrated

to have the desired performance characteristics, Hgj-xCd,Te, is extremely
difficult to prepare in high quality thin film form. As the results of
this effort will show and as the extensive activities that have been
initiated by laboratories and detector suppliers throughout this country
corroborate, the propriety of this material selection was also fully

substantiated.




1.2 BACKGROUND

In recent years, considerable progress has been made in the develop- |
ment of small and/or variable energy gap IV-VI alloy systems - in parti- {
cular Pbl_xSnxTe, for detector applications. Photovoltaic diodes of
these materials have become available with reasonably good properties.
But, as stated, most of the device work was up to very recently, confined
to the utilization of bulk single crystal materials. However, thin film
detectors, although still in the state of development, are now receiving
| considerable emphasis.

Thin film devices are particularly appealing for application in
infrared detector or photo-transistor arrays. Thus, the recent progress
in the development of high quality thin film Pbl_xSnxTe materials as
well as of other thin film binary and ternary IV-VI compounds has resulted
in, and promises further, very significant advancements in the electro-
optical device field in general. In particular, this technology should
result in a new generation of economical, complex sensors and sensor
arrays for critical portions of the infrared spectrum.

At present high quality infrared detectors with theoretically
limited sensitivity are available for most all useful portions of the
spectrum. The reason that detector research, and in particular thin
film research, is still a very active, if not increasingly active field,
is due to the fact that most detectors are still extremely expensive and/
or have impractical cooling requirements for many military applications.
In fact, if some of the more modern requirements such as detector arrays
for guidance, surveillance and FLIR applications or, even more so, if
multi-color elements are considered, the present prices are intolerable -
at least for tactical systems. Thin films provide considerable hope
for a solution of this problem. In addition to cost economy, uniformity,
low thermal loads, inherently higher efficiency of thickness optimized
detectors and other factors are first order advantages that should be
achiz;;ble with thin film array configurations. Beyond these advantages,

thin film photo-electric materials have other inherent advantages over




their bulk or thick film counterparts which should contribute to the
feasibility of increased sophistication in electro-optical devices.
Multi-color sensors, charge—coupledintegrated elements and elements for
sensor integrated optics systems are but a few examples of areas in
which thin film technology should make rather complex devices practical.

Table 1-1 indicates some of the reasons why thin film detector

technology has a definite place in the attempt to achieve cost-effective
sensors. Lt may be worth noting that some of the apparent advantages
(such as no annealing time required) were only identified after consider-
able work in our laboratory with sputtered Pbl_xSnxTe. That is, the
potential of thin film sensors increased rather than decreased as the
work proceeded.

At the initiation of this program, it was recognized that before
the utilization of thin film elements could be a realistic goal, the
material properties had to be improved beyond the level of quality
achieved with bulk single crystals of the pertinent compounds. Also we
felt that the real pay-off of the thin film work would be realized if
electro-optical devices which were more sophisticated than the diodes
available at that time could be derived from the techniques developed
under this program.

As extensively documented throughout this report, several investi-

gators, including those of this laboratory, have advanced the thin film

technology of Pbl_xSnxTe and other narrow and/or variable energy gap

compounds in recent years to a very promising level. This becomes
apparent Lf one reviews the various thin film detector programs presently
underway. One finds an obvious emphasis, and corresponding progress, in
the exploration of b{nary and ternary IV-VI compound materials. Table 1-2
shows the five most extensively investigated materials for thin film
sensors, along with the response ranges defined by A, the response cut-
off wavelengths. A number of investigators have now succeeded in pre-
paring excellent single crystal film of these compounds utilizing such
deposition techniques as sputtering (References 1 & 2), evaporation

(Reference 3, 4, 5, 6), vapor phase (Reference 7), and liquid phase
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epitaxy (Reference 8). It is recognized that liquid phase epitaxy may
not be considered a thin film deposition process, since the deposition
takes place in the liquid phase, does not employ a vacuum, requires a
IV-VI compound - substrate such as, for example, PbTe or PbSnTe, and

is generally limited to a minimum thickness for sufficient uniformity.
However, we include it in this background introduction since comparison
of the properties of the LP-eptiaxial layer with properties of layers
deposited by vacuum deposition techniques is of interest; also the
types of devices which can and have been prepared by LPE can thus be
compared with those which can and have been prepared by vacuum deposition
techniques. Of particular interest are those devices prepared by LPE
which utilize only epitaxial layers to produce photo-sensitivity. This
includes, for example photovoltaic detectors consisting of devices with
n-epi-layers on p-epi-layers grown on p-bulk substrates.

Referring back to Table 1-2, we see that the compounds represented
here have response ranges from the mid-IR to the long wavelength IR.

For example PbTe and PbSe are intrinsic mid-IR detectors with a cut-off
between 5pum to 7 pm. Ternary IV-VI materials, as we know, are responsive
from the mid-IR to long wavelength IR and their spectral responses are
very sensitive to composition. As is shown in Table 1-2, more recently
some ternary compounds (e.g., PbSeTe) are being explored for application
at mid-IR wavelengths. The hope is that they can be used at higher
operating temperatures than conventional mid-IR sensors - without loss

in sensitivity.

Significant is the fact that the emphasis is on materials whose
spectral characteristics and operating temperatures make them candidates
for those device application which are in direst need of more cost
effective preparation methods, i.e., on materials which are suitable
for long wavelength application, the spectral band which is most in need of
array sensors (since a spatial discrimination capability is a critical
requirement in the LWIR band which is plagued by severe background clutter
from natural environments). These materials are also spectrally tailor-

able for multi-color application in spectral discrimination systems
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aimed at reducing false target information.

Significant also is the absence, in Table 1-2, of another ternary
compound which, as a bulk material, has shown some Very desirable be-~
havior - namely HgCdTe. It too is an intrinsic, variable band gap
material useful from the mid to long wavelength portions of the IR
spectrum and has good sensitivity at reasonably high operating tempera-
tures. Unfortunately, this material, by virtue of the vapor pressure
of its mercury component, is not readily producible in the form of
single crystal films. Even without this problem, its composition control
would be extremely difficult by most thin film deposition techniques.
This again is due to the large differences of vapor pressure of the
alloy components in HgCdTe.

We do not pretend that the materials listed in Table 1-2 represent
a complete and comprehensive list of all thin film sensor materials
being prepared in this country. Scanning through the yvarious journals
which publish work in this area of research (e.g., JAP, APL, IRIS
Proceedings), it 1is obvious that the list ig extensive. It may suffice
to list some of the more active groups in the field. They include: a)
the Scientific Research Staff of the Ford Motor Co., the University of

Pennsylvania, the Night Vision Laboratory (as an in-house activity),

the Applied Research Laboratory of the General Dynamics Pomona Division -
in the deposition of these materials by vacuum techniques including
evaporation and sputtering; b) the North American Science Center, the
Lincoln Laboratory, Aerojet General and the Santa Barbara Research
Center-in the preparation of these materials by liquid phase epitaxy;
and ¢) very recently Texas Instruments and others.in vapor phase
deposition.

Work on vacuum deposition of IV-VI thin films is also being
per formed in Germany at Telefunken and in Italy at the C,N.R. Solid
State Laboratories.

The number of techniques used in this field as well as the number

of laboratories active in it illustrate the importance of exploring

1-9

e e




S e U AR i
At ;,v,_\.:ﬂg‘x,.‘ﬂ“

various approaches to insure that the ideal materials will eventually
come into being and the need for practical processes. Based on the &
potential pay-off, a certain amount of redundancy Sseems well advised
until an optimum approach is clearly defined. Table 1-3 lists some
of the more promising techniques-=-~-that is, only those techniques which
are presently most likely to produce high quality epitaxial films of
the various materials of interest. It has, of course, become quite
apparent that any useful film material for sensor application must be
single crystal in nature. This is the only structure which can avoid
the imperfections which cause the scattering mechanisms that impede
the carrier mobility and increase noise. But having high gquality films
is only a prerequisite for the fabrication of sensors.

Most of the film methods used to produce electro-optical devices
of the IV-VI compounds as well as the mode of operation of the device
(e.g., photo-voltaic, photoconductive) have to date, been borrowed from
bulk crystal technology. Table 1-4 presents some of these various film
processing methods being used at present. 0f course, these film processing
techniques apply also for hetero- oOT homo junction formation on appropriate
substrates. As can be gseen, most of the techniques listed in Table 1-4
are aimed at thin film junction formation as required for photo-voltaic *
elements. The exception is the last technique which also represents a !
means for the film property control required for achieving enhanced
photoconductive sensor response, namely the use of gaseous additives.

All but two of the techniques listed have been used for the a
preparation of electrical or electro-optical devices prior to this
work. The two new approaches are sputtering of junctions as well as
the control of the carrier type by 0g and N, additives during sputtering,
referred to above, which were developed in this laboratory for
Pbl—xsnxTe' Both must be considered rather unique and easily controllable
techniques for device preparation as will be thoroughly discussed

later in this report.
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The present status of the various thin film techniques and
materials for the preparation of sensor device, can be better assessed
by those material and device properties which are critical for high
performance. In Table 1-5 some first order criteria for device worthy
£ilms and film structures are presented in terms of some minimum
material and device property values one should strive for. For compari-
son, Tables 1-6A and 1-6B review some actual results on the as-deposited

and annealed film properties of the various IV-VI compounds prepared

to"date by various techniques and by a number of investigators. In
Table 1-6A PbTe, PbSe, PbSnSe and PbSeTe are reviewed while in Table 1-6B,
PbSnTe is reviewed. As is apparent from these results, PbSnTe has been
much more extensively investigated by more techniques +rhan any of the
other IV-VI compounds.

The progress made in preparing high quality films of these
materials is readily apparent from the two tables. The results show
that in most cases it has not only been possible to deposit structurally
high quality epitaxial £ilms but that the electrical properties of these
films are quite good and approach those of good single crystal bulk
materials. In fact, the carrier concentrations and carrier mobility range

achieved by most of the techniques are adequate for at least state-of-

the-art device application. 1In all cases the films are single crystalé

and were deposited on suitable substrates.

In assessing the values in Tables 1-6A and 1-6B, some rather
large ranges in carrier concentration and mobility are indicated.
In all but one case these represent actual experimental scatter,
reflecting a certain lack of repeatibility. By contrast, the values
for triode sputtered PbSnTe in Table 1-6B reflect a range which can
be fully correlated with specific deposition conditions. This will
become obvious in the Result section. It is likely, that a similar
correlation could be established for the values of nand p achieved by
the other techniques if an equally systematic dependence on the

deposition conditions had been defined as has been for triode sputtered

1-13
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‘ PbSnTe film in this laboratory. As will be shown, the listed film
& properties are functions of interdependent parameters which include

the film composition in ternary compounds and the deposition temperatures

and the deposition rates in all compounds. Composition is selected
i to control spectral response, deposition conditions to control the
i sensitivity and carrier type. None can be independently optimized
g for best results. Fortunately all have very systematic effects on
4 the critical film properties and are thus readily controllable. The
fact that che properties are extremely sensitive to the deposition
conditions explains easily why large experimental scatter is observed
in work that does not carefully define their effects. It may be added
also that the sensitivity of film properties to deposition conditions
is the reason that better film properties have not been achieved as of the
{ time of preparation of these tables. The values listed do definitely
‘ not represent an inherent limit in IV-VI compound films. As will be
seen later, with more extensive, careful control of deposition conditions,
order of magnitude lower carrier concentrations and corresponding in-
creases in mobility are quite likely. For example, the critical subst-
rate temperature or the critical annealing temperature should be uniformly
controllad to better than 0.2°C throughout the film area for optimized
condition. While this is difficult, it can be achieved. In the case
of PbSnTe at least, this can also be circumvented with a substrate bias,
which is much easier and more precisely controllable.
Since device worthy materials are the final objective of all
this work, it isof interest to review the thin film devices explored to date
using the various IV-VI materials and techniques. We attempt to do

i this in Table 1-7 which summarizes some results on thin film devices

prepared from some of the IV-VI compounds--PbTe, PbSe, PbSe gTe 2 and

rpveme -

PbSnSe. In the first two columns of Table 1-7, we list the active

1

film material used in the device (not the substrate or contact films)

s

and the film deposition technique employed in making the device. For

S A

these film materials, evaporation was obviously the most commonly used
technique. In the following columns we define the basic device related
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film processing technique. That is, we show the technique that changes
the film, once deposited, from a material to a device component. In most
cases, the -0 sensor (or laser) prepared with the IV-VI compound film

is a junction device. Therefore, detectors prepared in this manner will
be photovoltaic devices. The reason for this is inherent in these
materials. As already mentioned, we have recently found ways to over-

come this one limiting factor and it appears now that photoconductive

sensors may be realizable after all. This will be discussed later in
the report.

The D* values are presented in as comparable a form as possible,

As the reader is well aware, this detectivity indicator is very sensitive
to conditions and extreme care must be taken when comparing vendor or
research information of this nature. On comparison of these D* values
with the first order criterion for a high performance device listed

in Table 1-5, it may be cautiously concluded that the listed devices

and corresponding materials are certainly approaching the desired values,
Caution is required since in some cases the FOV and background conditions
are not indicated. tHowever, in those cases where the conditions are
given, the values are comparable with desired values. Cimilar comments
can be made in connection with the RA product.

Table 1-8 relates some additional device research results which
can be quantitatively defined (within reason). As noted, most of these
devices were prepared by liquid phase epitaxy. The diode functions
are, in all cases, performed by heterojunctions. The order of the
materials in these junctions affects the direction of illumination
that can be used in the device. As can be seen from this table, the
epitaxial layers which are active in the devices reported have included
n-PbTe, p-PbSnTe and n-PbTe/p-PbSnTe. In the first three entries in

Table 1-8, a bulk crystal of p-Pb SnxTe or n-PbTe constitute, the

1-x
substrate on to which the n-PbTe or p-Pb

XSnxTe (respectively) is

1=
deposited by liquid-phase epitaxy to form the junction. The D* values

reported for these devices are some of the highest reported for any

photovoltaic long wavelength detector. In the last entry in Table 1-8,

1-19
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both the p- and n-type materials which are active in the device are
epitaxial layers. As also noted the D% value reported for this device
can be considered quite adequate for most applications~-this result would
indicate that if layers of comparable properties are deposited by any
technique, devices of comparable performance can be expected.

As a final input we list in Table 1-9 the device studies presently
underway, utilizing thin film PbSnTe exclusively--this in contrast with
the liquid epitaxial work in which bulk crystals are required as a
substrate or as one or the other pocrtion of a heterojunction. As noted,
the work represented includes the formation of p-n junctions (homo- and
hetero-), Schottky barrier junctions, p-n junctions produced by proton
bombardment, and in one case the preparation of enhanced photoconductive
device. In most cases the work, to date, on these PbSnTe devices is still
in the feasibility stage, thus the presentation of quantitative data
is premature. However, the investigations in this lahoratory as well
as elsewhere are very promising. Some initial results of our work
are presented later. It shows that in a very short time,orders of

magnitude improvements were achieved, implying that a thorough effort

3
should rapidly lead to high sensitivity or Blip elements. All devices

listed in Table 1-9 have been feasibility demonstrated. As can be
noted also, all devices prepared in this laboratory utilize the
sputtering technique--however, of all the work done in our laboratory,

the last two techniques, i.e., p-n diode preparation by bias sputtering

and the photoconductor preparation by oxygen enhancement are, by far,
the most promising. They have all the potential cost effectiveness
ingredients one would desire. Detailed discussions of these techniques

and further results are presented later in this report.
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1.3 SUMMARY OF GENERAL RESULTS

The following will provide a very limited summary of the results
achieved during the course of this program. Only a few highlights of
general nature will be alluded to, with the more specific data being

deferred to Section 3.0 for discussion. As will be obvious from even

these few examples, observations which should be of considerable
interest to the materials researcher as well as findings which are

of importance to the manufacture of detector devices have resulted

from this work. It should also be apparent that the systematic experi-
mental approach employed throughout this work led to results which
show an equally systematic interdependence between film preparation
parameters and all film properties of interest to sensor applications.
The most important, first result, which established sputtering
as a viable technigue for the preparation of thin film Pbl_xSnXTe
detectors, is the feasibility to deposit structurally high quality
single crystal films with any spu.cified composition or x-value in
the range 0 < x < 0.30. That this can be done with a single sputtering
target having a composition anywhere within this range and by simple
control of two readily measurable deposition parameters - the subst-
rate temperature, T, and the film growth-rate; R - makes this result

even more valuable. If the as-deposited films are annealed, excellent

transport and electrical properties can be produced, by stoichiometry

control, over the entire range of compositions,

It was however found, that a target of any composition will, in
conjunction with a critical set of deposition tonditions (R'T)O,
yield stoichiometrically optimized, as-deposited films with a reasonable
range of compositions up to an x-value equal to that of the parti-
cular target. That is, as-deposited films can be produced with low
carrier concentrations and high mobilities equivalent to those which
can be produced by annealing. Thus, we have a second method to
produce sensor quality films which avoids the need for the annealing
process. Moreover, as with suitable annealing conditions, the (R.T)
product can be used in this method to produce, in a predictable manner,

either p- or n-type films of low carrier concentration.

1-23




Introducing substrate bias as a third deposition parameter in-
creased both the versatility and the control simplicity of the sputtering
process. This bias, which only requires nominal values on the order of
+30 volts, can be adjusted to yield a critical value, V,, which by itself
has the effect of stoichiometry optimization for any desired fiim composi-
tion. That is, with a single target of convenient composition and with
any convenient set of deposition conditions (R,T), simple control of the
bias voltage can yield films of lowest carrier concentration, of corre-
spondingly high mobilities and of the desired carrier type for a larpa range
of compositions. As an added advantage over films sputtered without bias,
n- and p-type films can have identical compositions if desired. By
contrast, without bias the film must be deposited under conditions with
a finite + deviation from the critical (R-T), product to produce p- or
n-type film whicl consequently have small composition differences. The
latter aspect is important in the preparation of p-n junction diodes

in a single sputtering run.

P RO SRR R

It is thus apparent that three basic approaches have been sequentially
defined to prepare device worthy Pb;_,Sn Te films by sputtering: One,
by which sputtering conditions yield structural quality and composition
control while annealing optimizes the electrical and transport properties
as well as defines the carrier type; Two others, by which the sputtering
conditions alone, i.e. without annealing, control structure, composi-
tion, carrier type and optimized electrical and transport properties.
While none of the three techniques was optimized to the degree
possible, the primary quality indicators yielded in all three cases
values which are equal to and better than those in bulk materials
presently used in commercial PbSnTe detectors. Agide from excellent
film structures, carrier concentrations in the low 1016 cm-3 range
and mobilities exceeding 104 cm?/volt-sec are readily achieved at

779K - with even lower carrier concentrations observed in selected

instances. In particular, bias sputtering showed a phonon limited
mobility dependence on temperature (T'5/2 relation) to temperatures as

low as 30°K.

Sk
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The possibility of further property improvements by all three
technlques will be quite obvious from the restuls. For example, near

intrinsic 77°K carrier concentratims seem to be feasible. However,

considering the control requirements to achleve such improvements, bias
sputtering stands out as the most promising technique. Both annealing
and the use of the critical (R-T), product without annealing, require
uniform temperature control over the entire film area with an accuracy
on the order of 0.1°C for reaching ultimate properties - not easily
achieved in production. By contrast, with bias sputtering the required
equivalently accurate volitage control to a fraction of a volt is quite
readily achieved and only reasonable tolerances in deposition tempera-
tures must be accommodated.

As a final trade-off consideration, aside from avoiding a lengthy
high temperature annealing cycle, the latter two sputtering techniques
permit the sequential deposition of p-n junction layers in one pumpdown.
The value of this is obvious. Coupled with the fact that each layer
can be precisely thickness controlled for highest quantum efficiency
and minimal noise contributions from diode material not contributing
to carrier conversion, both techniques show considerable promise for
high sensitivity photo-diode fabrication. Again, bias sputtering is
superior, since the basiec deposition conditions (R,T) can be kept
constant during the entire deposition process, while the easiesi to
control parameter - the bias voltage - is changed to change carrier
type at the desired thickness. The feasibility of diode formation
by both techniques has been demonstrated and is reported.

The electro-optical characteristics achieved in films deposited
by all three techniques - as reflected by photoconductive response and

noise values - correspond entirely to the quality of the structural and

electrical properties they yielded. Peak responsivities of up to b viw -

depending, of course, to some degree on composition - were observed
as were npise values approaching Johnson noise to relatively high bias
currents. These values, measured at 779K compare well with those

observed in the best single crystal bulk materials of PbSnTe - parti-

R R




cularly since no antireflection coatings were applied and no effort

was made to optimize the film thickness. Noteworthy is also that the
highest values reported pertain to as-deposited films. All measured
response cut-off wavelengths are directly correlatable to film composi-
tion - which, as indicated, can be readily controlled. Another quality
{ndicator is the fact that the photoconductive response of the films
increases by about two orders of magnitude if the sensor temperature

{s reduced from 779K to 30%K.

The three, increasinglyadvantageoussputtering techniques leading
to the results discussed above have their principal potential in the
preparation of photo-voltaic sensors employing p-n homo~ or hetero-
junctions as well as gchottky barriers. A fourth sputtering method was
also explored with encouraging results which promises, in addition, to
lead to high responsivity photoconductive gensors. TIhis technique, by
employing controlled partial pressures of gaseous additives in the inert
(Ar) sputtering environment - in particular 0, and Ny - introduces
impurities in the as-deposited Pbl_xSnxTe filmswhich considerably
enhance their photoconductive response. The apparent mechanism 18

carrier compensation and trap formation. pp0,y values below 107 torr

and ppN2 values on the order of 10~% torr cause reductions in the

effective carrier concentration of some two orders of magnitude relative
to films sputtered under identical conditions but without additives.
Those reductions are systematic functions of the partial pressures
and can be readily controlled. The addition of 02 leads to p-type and
the addition of Np to n-type films. More important though is the
fact that for equivalent carrier concentrations, such compensated
films yileld photoconductive responses of over an order of magnitude
higher than "yndoped' films. With carefully controlled experiments
relative to additive pressures - values in excess of 20 v/watt were
achieved. However, what is even more encouraging is the fact that in
gome relatively uncontrolled experiments - which led to this investi-
gatlion - PbSnTe film with photoconductive responses as high as 1000 v/watt

were observed. These 779K values wt = again measured without the benefit
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of antireflection coatings or film thicknesses optimization. While

trap enhancement appears to take place, there is, from the standpoint

of typical sensor applications, no significant effect on the transport

properties. The temperature dependence of the carrier mobility is still

phonon limited to near 309K (Ll“‘T'S/Z) and the responsivity values

are uraffected to chopping frequencies as high as 100 Mhz - the limit

of evaluation. Dark noise values, which have a 1/f component below

1 Khg, remain also low - being on the order of 5 nV/\fF} above 1 KHz.
Having initially anticipated the need for annealing of as-deposited

film to produce sensor worthy materials, an extensive annealing study

was also executed. Optimized annealing and quenching cycles were explored

as were various annealing charge compositions. While this work led

to various interesting results, one of these stands out as potentially

significant particularly from a scientific point of view. The equili-

brium phase diagram of Pbl_xSnxTe,as established by others, defines

a critical temperature Ty at which the solidus crosses over from a

tellurium saturated to a metal saturated state. Tx, & function of the

composition, defines a stoichiometric mixture - above and below which

the compound becomes p- and n-type respectively. Of course, Ty, is

used as the critical annealing temperature and is typically above

500°C in Pbl_xSnxTe. A series of annealing experiments at lower and

lower temperatures led, in the course of this program, to the

discovery of a second crossover temperature, Tx' in the equilibrium

phase diagram - which,as its high temperature counterpart, produces

apparent stoichiometry and type switching. Ix' is on the order of 3500C

depending on the Pbl-xS“xT‘ composition. Its existence will provide

for a completion of the equilibrium phase diagram of PbSnTe - which

to date was only cursorily extrapolated to low temperatures. Its

discovery in bulk crystal studies was hampered by the fact that at

such low temperatures, annealing times on the order of months would

be required to achieve stoichiometric conditions. In thin films the

annealing times are less than one day. From a practical standpoint,
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this low temperature crossover seems to explain why it is possible to
obtain stoichiometric, as-deposited films by sputtering. Typically,

film substrates are held at temperatures in excess of 300°C during
deposition - as governed by the requirements for epitaxial film formation,
Apparently, during the deposition process the films are effectively
annealed at or near the temperature T,'. This is also compatible with

the existence of the critical deposition conditions (R:T), discussed
above.

Finally, of particular interest should also be the results of a
feasibility study relative to the exploitation of the techniques developed
under this program in the fabrication of sensors. Sample results of
this feasibility study, although it was carried as a parallel effort
under corporate sponsorship, are reported here since they clearly show
that the sputtering approaches have the anticipated device potential.
While only very simple configurations were employed without, for example,
surface passivation and optimized geometry, it was demonstrated that photo-
voltaic response can be obtained both with sequentially (bias) sputtered
p-n (homo) junction diodes and with thin film Pb; _,SnyTe Schottky barrier
diodes using either transparent Pb or In barrier metals. At this early
stage, the absolute responsivities, though rapidly increasing, are
still below the level desired for device application. But, since no
full-up device development effort had as yet been initiated as these
results were obtained, the confidence level is very high that Blip
limited devices of this nature can be produced by sputtering in both
single detector and array configurations.

In the remainder of the report the results of several other
approaches for the preparation of detector materials - specifically ion
implantation, and ion beam sputtering techniques -~ will also be
presented. However, these approaches were only investigated to a very

limited degree and the results are correspondingly limited at this time.
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2.0
EXPERIMENTAL TECHNIQUES

2.1 INTRODUCTION.

A large number of experimental tasks, ranging from the preparation
of starting materials to the measurement of functional performance
(e.g. photo-response) of thin film Pbj_,SnyTe, were involved in this
program. In fact, the success of accomplishing the objectives of this
program depended, to a major degree, on the experimental procedures and
techniques utilized. In this section, these experimental techniques
and the description of the equipment used, will be presented in some
detail.

As will become apparent from the discussion in this section as well
as in the section covering the results, many changes and improvements,
both in techniques and equipment, were implemented during the course of
this program. These have included improvements in material preparation,
target preparation, modifications in sputtering equipment and others.
Also, during the course of this program, a new facility for performing
electrical and electro-optical measurements from room temperature down
to 4°K was installed to supplement a liquid N2 facility which was
initially employed.

As will be seen, great emphasis was placed on the utilization of
high purity material, on ultra-clean environments and handling
techniques used in the preparation of targets and annealing charges, on
clean deposition environments and on a complete and thorough analysis
of the deposited Pbl_xSnxTe films.

Furthermore, each of the data points presented generally represents
the result of a large number of experiments in order to establish
reproducibility. Finally, as will also be seen, an abundance of con-
sistent information obtained from this study, is indicative, not only
of a very systematic approach adopted for this study, but also of the

care taken in pursuing the experimental phases of the work.
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2.2 MATERIAL PREPARATION.

2,2.1 AS-RECIIVED MATERIALS., All Pbl_xSnxTe sputtering targets
and annealing charges, utilized for this program, were prepared in this
laboratory directly from the elements, or, in some cases, from the
compounds PbTe and SnTe. The standard procedures used for preparing
the elements and/or compounds before utilizing them for target and/or
annealing charge preparation is as follows:

The elements are zone refined 6N Pb, Sn and Te purchased from two
suppliers, Cominco American Inc., Spokane, Washington, and Atomergic
Chemicals, New York, New York. Typical lot analyses are made available
for each material from both suppliers as are actual lot analyses when
available. Table 2-1 shows one typical lot analysis for each material
and two actual analyses. The method used to determine impurities was
carbon arc emission spectrometry, with an approximate limit of detecti-
bility of 0.1 parts per million (ppm) by weight.

The compounds PbTe and SnTe are purchased from Semi-elements, Inc.,
Allendale, New Jersey. Both are 5N sevac grade material. A typical
analysis of the starting materials used for the preparation of the
compounds is given in Table 2-2.

These as-received starting materials are subject to subsequent
treatment in our laboratory, before use in the preparation of sputtering
targets and annealing charges. In the case of the as-received Pb and
Sn this consists of etching before reaction. An etch found to be useful
for Pb consists of 40% HC2H302, 40% H202, and 20% Hzo. After a five
minute etch with vigorous stirring, the acid is successively diluted
and flushed with distilled water. Sn is etched in 4% reagent grade
HC1 for one minute and then a few drops of dilute reagent grade HNO3
are added followed by vigorous stirring for another minute, The etch
is then quenched by successive dilution and flushing with distilled

water.
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Bi
Sb
Ag
Cu
Fe

Other metals <.2

Pb
log HPM 3776

si .2
Ag ¢ .1

Cuc.l
Mg <.l

Table 2-1

TYPICAL LOT ANALYSIS
6-9 GRADE
COMINCO AMERICAN INC.

Sn

e e i i L S

TYPICAL LOT ANALYSIS
6-9 GRADE
ATOMERGIC CHEMICALS

Ph< .3
Bi<.l
Cu<.l
Fecg.l
Sh<.l

ACTUAL LOT ANALYSIS
COMINCO AMERICAN INC.

Sn
lot HPM 2725
Al

S < .5
Cux<.l
Fe <.1
Mg <.1
Pb <.l
Si<.1

Other metals nil




Table 2-2
TYPICAL ANALYSIS OF STARTING MATERTALS
FOR PbTe and SnTe REACTION
SEMI-ELEMENTS, INC.

Tin

1.0




Te is purchased in ingot form and when the material is needed, suit-
able chunks are broken off and only material with freshly cleaved sur-
faces is used for the reaction mixture. However, for Te with an oxide
layer, melting in a reducing atmosphere has been found to remove the
oxides.

Freshly etched Pb and Sn is kept under distilled water until ready

to be weighed, along with Te, and immediately placed in a quartz

reaction vessel, evacuated, and sealed under vacuum (< 10'6 torr).

As discussed in Section 2.1, a continuous effort to improve all
experimental aspects of this program for producing Pby_y,Sn,Te films with
superior properties, has been in progress throughout the course of this
program. This has included the preparation and handling techniques
utilized with our starting materials. Such improvements have involved
the following additional purification steps and/or modifications in
handling procedures.

1. Much of the earlier work utilized singly zone refined 6N Te;
later we introduced the use of doubly zone refined Te. During
the course of the study, as a further purification step,, the
Te in most caseswas melted in a reducing atmosphere toremove
any oxygen inclusions.

As stated, the as-received Pb &nd Sn are etched immediately
before use to remove surface oxides; an additional sublimation
purification step was added to the preparation procedures for
both Pb and Sn. To this end, the metal is sealed in a cleaned,
evacuated quartz tube which is constricted at one end. The
tube is then placed in a furnace and a temperature gradient

is established such that the hot end of the tube which contains
the metal is held slightly above the melting point while the
cold end is held some 50°C below this value. After about 80%
to 90% of the metal is sublimed to the cold end, the tube is
removed from the furnace and quenched. The unsublimed residue,

assumedly containing the bulk of the impurities, is discarded.
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A similar sublimation step is now also being used in a final
purification of the reacted PbSnTe, prior to the preparation

of targets and annealing charges.

In the preparation of PbSnTe from the elements, a large number
of steps such as weighing, etching and transfer into reaction
tubes occurs during which contamination from the environment

ig possible; to minimize such contamination, the handling of
all starting materials as well as the sealing into the reaction

tubes takes place in an oxygen and water free environmental

chamber. Thus from the preparation of the starting materials
to the completion of the sputtering target, all exposure to
the ambient air environment is prevented.

The effects of these improvements, as will be seen later in this
report, are reflected in the results from the various targets and annealing
charges which utilized the improved starting materials.

2.2.2 PREPARATION OF ANNEALING CHARGES. The preparation of such

charges involves first the reaction of the elements to form the desired

Pbl_xSnxTe compound. As discussed above, after the starting materials
have been properly treated they are immediately placed in a quartz reaction
vessel for sealing under a vacuum. After the quartz vessel is sealed,
the materials are pre-reacted by passing a torch flame over the outside
of the quartz container. As the material heats up, reaction is indicated
by an orange glow of the mixture. The quartz container is then placed
in a 1000°C vacuum furnace for at least 3 hours, where final reaction
takes place. During this time the tube is occasionally rotated to insure
a homogeneous alloy. The tube is then removed and immediately water
quenched. The material is kept under vacuum in the tube until it is
ready to be used.

Metal rich and tellurium rich annealing charges are prepared in
the same manner as the stoichiometric charges described above. After

etching, the desired percentage of excess metal Pbl_xSnx.or excess Te,

is carefully weighed out and added to the stoichiometric Pbl“xSnxTe

mixture before the initial reaction.
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As already mentioned in the last section, an additional purification
step was added to the preparation of annealing charges as well as sputtering
targets - the sublimation of the reacted Pbl_xSnxTe and the disposal of
that unsublimed residue. However, as also stated, in some cases this
sublimation purification is performed on the starting elements which are
then reacted to produce the annealing charge or target material.

In addition to the utilization of high purity starting materials
discussed above, and the use of techniques which prevent contamination
before and during reaction, the most essential consideration is to insure
complete mixing and reaction. That is, the homogeneity of the charge
material in terms of composition and alloy phase is extremely important.
To this end, an improved mixing technique during reaction was implemented
during the course of this program. An automatically controlled furnace
shaker which is capable of supporting any of our reaction furnaces is
used to thoroughly mix, for the duration of the entire reaction time,
any size reaction tube or flask.

Finally, an additional annealing step, to further cantrol material
stoichiometry and homogeneity, was introduced in the preparation of
annealing charges. For this purpose the mixing and sublimation purifi-
cation steps if used, are followed by annealing in sealed quartz tubes
for over a week. X-ray analysis showed that this procedure not only
produced a single phase and a more uniform composition throughout the
sample, but it resulted also in material which could be more accurately
analyzed by x-ray techniques due to the improved structural character-
istics resulting from the annealing.

2.2.3 SPUTTERING TARGET PREPARATION. Materials used for the
Pbj_,Sn,Te sputtering targets are also prepared from either the
elements Pb, Sn and Te or, in some cases, from the constituent compounds
PbTe and SnTe. In general, the iaitial procedure used for preparation
of our early targets was the same as that used for the preparation of
annealing charges except that special sealing flasks were used to form

the desired target shape. The heating and cooling cycles require careful
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control to insure the formation of a mechanically stable target after
the reaction is completed.

After prereaction of the elements by using a blow torch on the outer
walls of the sealed flask, the reaction is carried out at 1000°C for six
hours in a vacuum furnace, followed by a three hour programmed cooling
period at the rate of 200°C/hour. After the target is removed from the
flask it is lapped to its final dimensions and finally electrochemically
etched to obtain a clean shiny surface. The target is then attached to
a high purity copper backplate using a conductive silver epoxy. The
epoxy is carefully located such that it provides a good electrical and
thermal contact but is not exposed to the sputtering plasma. Other-
wise it contributes to film contamination.

Again, as in the case of starting materials and annealing charges,
new experimental procedures, including improved handling and target
preparation techniques were implemented during the course of this program.
These, of course, included all the modifications and improvements discussed
above in connection with the preparation of as-received starting materials
and the preparation of annealing charges. Some of these modificati -as
are of even greater importance for sputtering targets since, for their
preparation, large amounts of materials are reacted and uniformity and
stoichiometry control is quite difficult. Thus the automatic, thorough
mixing during the reaction and the additional annealing step after the
reacting cycle have proven to be quite essential. Since their introduction,
x-ray analysis of various samples from any one batch has snown excellent
uniformity within each batch. Of course, the procedure to avoid exposure
to the ambient air environment or other sources of impurity contamination
from the initial preparation of the starting materials to the completion
of the sputtering target, has also been utilized for preparation of some
of the later targets.

In mounting the PbSnTe target to the copper backplate, a conductive

silver epoxy, as discussed, had been used in preparing the targets utilized
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early in the program. However, for later targets an improved technique
which utilizes a specially prepared high purity Pby _,Sny solder alloy

was and is still being used. The target is heated and soldered to the
backplate in a high vacuum environment. Sufficient electrical and

thermal contact has been o:tained with the added benefit of a signi-

ficant reduction in potentiél target and film contamination from the bonding
agent.

Again, not all these changes have taken place at the same time or
simultaneously for annealing charges and targets, and many of the results
to be presented in the present study were obtained without the benefit
of some of these modifications.

A second type of sputtering target was prepared using as-purchased
PbTe and SnTe, which were weighed into proportions corresponding to the
desired composition, e.g. (PbTe).SO(SnTe)_ZO , and sealed in the fused
quartz flask as described above. After a six hour reaction at 1000°C
the target was cooled at the rate of 400°C/hour, removed from the reaction
flask and mounted on a sputtering probe as discussed.

2.2.4 QUARTZWARE PREPARATION. Ail quartzware used in this work
is prepared in the same manner. For the preparation of sputtering targets,
a vitreous silica Erlenmeyer shaped flask with a specially constructed neck
is used. For preparation of annealing charges and for the annealing
experiments themselves nominally 13 mm bore vitreous silica quartz tubing
is used. All quartz is purchased from Thermal American Fused Quartz
Co., Montville, New Jersey, or Quartz General Co., El Monte, California.

The quartz is first thoroughly washed in a soapy solution, rinsed
and etched inside and out by filling the tube or flask with concentrated
HF to one-fourth of the volume and with concentrated HNO3 up to one-half
the volume. A splash of glacial acetic acid and distilled H20 to over-
flowing is then added. After mixing, the etch is allowed to stand for

one m.nute, is poured out and the quartz is rinsed five times with

distilled H20. Upon air-drying the tubes are vacuum-baked for 2 or

3 hours at 1100°C using a diffusion pump, Liq. Np trapped vacuum system.
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heater allows substrate heating up to 450°C. Substrate temperatures

are measured with a chromel alumel thermocouple in intimate contact with
both the substrate holder and the substrate (next to the film being
deposited). The sputtering module was used with two types of vacuum
stations - both providing for a background pressure in the low to mid

10_7 torr range. Initially the system consisted of a carefully cold

trapped (LN,) &4" diffusion pump station (cVC). Early in the program,

these pumps were replaced by turbomolecular pumping stations (Welch).

The sputtering gas, exclusively ultra high purity, argon, was controlled
by means of needle valves and monitored by appropriate vacuum gauges.
Generally the argon pressure was in the range from 1 to 10 microns,
depending on specifically desired conditions. During the course of this
program, a continuous effort has been and is being made to improve the
equipment used in our supported discharge sputtering experiments.

Several improvements were introduced during the earlier phases to minimize
the probability of introducing impurities in the film during deposition
and to improve the substrate temperature control and uniformity, etc.
These, as discussed in the Interim Reports for this program (Reference 1),
utilized radiative substrate heaters with all tantalum shielding designed
to improve temperature uniformity and eliminate any outgassing from the
heaters, themselves.

In addition to these early modifications, three important modifi-
cations, in the effort to further improve our films, were introduced.
First, the sputtering modules were provided with first order mass analysis
capability to evaluate the relative purity of the sputtering envirohment.
Secondly, all-metal seals and feedthroughs were introduced into the
modules. Finally, both supported discharge systems were provided with
substrate bias control.

The mass spectrometer was found to be instrumental in optimizing
sputtering procedures relative to bake<out periods, system and target
conditioning and other environmental controls - and gave direction to
the second modification. This involved the replacement, 6f the non-

metal gaskets at all-metal to glass contacts of the triode cross and
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the feedthrough collar by high purity, crushed indium gaskets. It

included also the redesign of the original shutter feedthrough system

and its replacement by a new all-metal bellows systems. The latter,

aside from its environmental advantages provides the system also with

a shutter position indexing system which is intended to permit multi-
condition deposits during any one pumpdown. It is apparent that the
changeover resulted in a reduced background pressure, and a lowering

of background species as measured with the mass spectrometer. In addition,

the changeover rendered the supported discharge sputtering system to be

bakeable to a far larger degree than was previously possible.

The introduction of substrate bias control turned out to be the
most valuable of the modifications from the standpoint of impact on the
results. The original reason for applying substrate bias was simply

the experience gained during earlier work in this laboratory with metal

sputtering. Substrate bias had the definite effect, in metals such

as tantalum, to substantially decrease or increase the impurity content
as exhibited by a conductivity variations. It was hoped, therefore,

that a bias would aid in reducing the impurity concentration in as-deposited
PbSnTe also. As will be discussed later, this was indeed feasible but

in addition bias sputtering had a significant effect on the film stoichi-
ometry and in turn on carrier type as well as concentration. To ¢:hieve
bias control, the entire tantalum substrate holder-which accommodates
nine substrates - was electrically isolated from the substrate heater
with ceramic stand-offs. The shutter and system components other than
the cathode were positively grounded to avoid the presence of any
"floating" metal parts. The DC bias voltage (#) is applied to the
gsubstrate holder. The construction of this holder is sucn that the
substrates are pressed, by means of individual threaded plugs against

a multiple-mask Ta plate. On application of a bias voltage, there are
essentially no voltage drops across or within the substrate holder.

Also the exposed surface of the substrate, even if the latter is di-

electric, will become quite conductive soon after the deposition starts.
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represent a considerable improvement over attempts in previous years
with the old gun. This is very encouraging since it implies that the
new gun provides very acceptable deposition rates for the fabrication
of thin film detectors which will generally be considerably thicker
than 1 micrometer. Other features are that vp to rine substrates can
be deposited, in sets of three, during anyone pumpdown and that the
beam current can now be varied without changing the beam energy, by
controlling the argon pressure in the source chamber. Interestingly,

the current change occurs from a maximum value - which is achieved for

all accelerating voltages at the lowest argon pressure at which an arc
is sustained - to lower values with increasing argon pressures.

During earlier work, special targets had to be prepared for ion beam
sputtering which were generally larger than those used in supported
discharge sputtering and required different support mounts than the

latter.

Due to suitable modifications, it is now possible to use the same

sputtering targets in the ion beam sputtering system as in the supported
discharge sputtering system. This is a desirable cost saving factor
since target materials as well as purification and preparation processes
are still relatively expensive. DMore importantly, though, it is now
possible to achieve direct correlation of the effects of the two deposi-
tion techniques with the same target. We have found target composition
is a critical parameter in sputtering depositions and even small differences
could mask the effects relatable to the deposition techniques.

2.4 ANNFALING TLCHNIQUES

2.4.1 ANNIALING TUBES. Samples to be annealed are sealed, three

or less at a time, in a normally 13 mm bore quartz tube which has been

prepared as discussed in Section 2.1.4. The annealing charge is placed

at the end of the quartz annealing tube, and separated from the samples
by about 2 cm. The annealing charge is first prepared as discussed in
Section 2.1.2, then powdered in a pre-etched mortar and pestle, just
before placing it in the annealing tube. The loaded tube 1is then pumped

to the low to mid 107 torr range with a liquid nitrogen trapped
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diffusion pump. The tubes are then normally backfilled with high
purity argon to a pressure that will bring it to 1 atm at the annealing
temperature. The tubes are then sealed and placed in the furnace for
the desired period of time.

2.4.2 ANNEALING FURNACE, Isothermal annealing of the Pbq _,SnyTe
films is performed in a Marshall High Temperature testing furnace,

Norton Vacuum Equipment, Columbus, Ohio. A large block of Beryllium
Copper, with holes to accommodate the annealing sample tubes, is used
in the furnace to minimize spatial and temporal variations in tempera-
ture., The furnace door is kept clesed during the entire annealing run
to reduce convection currents as much as possible.

Temperature control of the furnace is maintained by an SCR proporti-
onal power controller coupled with a chromel alumel thermocouple, placed
in the furnace bore region and connected to a Barber Colman Capitrol
millivoltmeter-type controller, which in turn, is connected to the
power controller.

2.4.3 ANNEALING PROCLEDURES AND TECHNIQUES. The thin film samples
to be annealed and the annealing charges are vacuum sealed in a 13 mm
bore quartz tube. The annealing charges, prepared by the techniques pre-
viously described, are reduced to a powder and placed about 2 cm from the
sample. The selection of charge composition is either based on the
sample composition, i.e. equal x-values are normally used, or it is
tailored for the desired systematic evaluation of the effects of non-
stoichiometric charge composition by using charges with various degrees
of metal richness or metal deficiency. The basic annealing technique
is iso-thermal annealing with the temperatures and charge compositions
(x-values) selected to be compatible with the film composition of each
sample to be annealed. This selection is based on the equilibrium
phase %iagram for Pby._ySn,Te as will be dis€ussed in a later section.
Duringfthe latter phase of this program,,ihe emphasis was on generating

‘ /
comparéble data. That is, instead of exploring new charge compositions

and %?nditions previously used, Mgrandard" 4% and 6% metal rich charges

and "standard" conditions were employed. This allowed for the comparison




of the film properties achieved with the newly introduced deposition
procedurc and conditions (including, for example the application of
various bias voltages) with the results of earlier procedures - without
having the comparison negated by effects due to new annealing conditions.

During carly work it has been observed that relative fast quenching
produced improved and more systematic results. This, in turn, revealed
problems with BaF, substrates which, although they have a good thermal
coefficient match with Pbl_xSnXTe film, are more susceptible to thermal
shock failure than CaFp. To overcome this problem, a flat quartz sample
shelf was introduced into the annealing tube to provide for a more uni-
form heat distribution in the sample substrates. This modification was
not fully satisfactory since, it did not significantly improve the Bak,
brcakage problem. However, the shelf does implement the faster quenching
procedures now used which consist of immediate submersion of annealing
tubes into ambient temperature water, after completion of the annealing
cycle followed rapidly by immersion into liquid ni-.rogen.

2.5 CONTROLLED INTRODUCTION OF IMPURITIES

2.5.1 DOPING WITH GASEOUS ADDITIVES DURING SPUTTERING. The
controlled introduction of gaseous additives, specifically oxygen and
nitrogen, was performed during the sputtering depositions in order to
study trap-enhanced photoconductivity. Introduction of the high purity
dopant gases was allowed through a needle valved entrance port in a
manner similar to the introduction of the argon support gas. It was
found that premixing of the argon and the dopant gas prior to intro-
duction to the sputtering chamber was unnecessary, and the gases could
be introduced separately. The partial pressure of the dopant gas was
maintained at the desired preset level above the background pressure,
by adjusting the dopant gas leak rate prior to the introduction of argon
and the actual deposition.

2.5.2 DOPING BY DIFFUSION OF IMPURITILS. Metallic impurities with

a high vapor pressure, such as cadmium, were introduced by a closed tube

’
vapor transport method similar to that used during annealing ‘cycles.

The selected epitaxial sputtered films were masked and coated with a
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3000-5000A layer of RF sputtered SiOz. The specific areas of the films
to be doped were left uncoated and the 5t07 masked film was sealed in
the center of the quartz tube under vacuum with a weighed charge of the
metallic dopant placed at one end of the tube. The impurity was then
allowed to vapor transport and deposit onto the unmasked portion of the
films by placing the tubes in a tube furnace at a controlled temperature
with a selected temperature gradient. After the deposition process
occurred, the tube was removed from the furnace, air quenched, and the
sample removed for 5102 mask stripping. The 510y was stripped using a
buffered HF acid etch consisting of the following: 1 part (vol) 497% HF,
9 parts sat'd NH4F solution (approximately 40 gm NH,F dissolved in 60 ml
Hp0, at 259C).

Diffusion of the metallic impurity into the PbSnTe host lattice
was performed on a temperature-controlled high purity graphite block in
a vacuum chamber. After the initial thermal calibration using this
set-up, the temperature could be monitored and kept to within +2°C of
the desired diffusion temperature. Warm-up and cooling cycles of about
15 minutes were used for many of these experiments, with the actual
diffusion time varying from 15 minutes to several hours,

2.6 FILM STRUCTURAL AND COMPOSITIONAL EVALUATION TECHNIQUES

In this section, the discussion is held to a minimum since standard
techniques are used whose capability and limitations are generally
known. Moreover, specific evaluation conditions or deviations from
standard practice are discussed as they apply in later sections.

2,6.1 STRUCTURAL DETERMINATION. The crystalline structure of
the Pbj.xSnyTe films are first evaluated with HS-6 and HU-11A Hitachi
Electron Microscopes. To date only reflection electron diffraction with

the HS-6 unit has been used in this program since the film thicknesses

do not allow for electron transmission analysis. The depth of penetra-
)

tion of the reflection diffraction electrons (~50A normal to the film
surface) permits rapid evaluation of the structure of the deposited

film without interference from the substrate diffraction maxima.




X-ray diffraction techniques have been used on a number of control
samples to verify that the structure of the entire film is adequately
described by the structure of the surface. The pattern seen with
reflection electron diffraction have been broadly classified into five
types for purposes of this report. Given in decending degree of
crystallinity they are: single crystal (SC), fibrous (F), broad fiber
(BF), polycrystalline preferred (PP), and polycrystalline (PC). Films
of each type have been observed with the fibrous films generally occur-
ring far above the epitaxial temperatures and the polycrystalline types
below the epitaxial temperatures.

2.6.2 FILM COMPOSITION

2.6.2.1 X-Ray Analysis. X-ray analysis is used to determine the
composition (or x-value) of the films. The x-value is obtained from
a measurement of the lattice parameter and application of Vegards' law,
which is generally considered valid for Pb; _,Sn,Te with carrier concentra-
tions of less than about 1020 cm=3.

A Siemens x-ray diffractometer with a Cu target is used in this

work. The characteristic wavelengths are:

o]
Ka, = 1.54051A
o
Kop = 1.54433A
o
KB = 1.31217A

Only the K @ lines are of interest. The KB line is (almost) completely
filtered with anNi filter.

29 scans are also carried out to determine film orientation.
Figures 2-3 and 2-4 show examples of (111) epitaxial film on (111)
CaF, and BaF, substrates. Figure 2-3a represents a typical, cleaved
CaF, substrate, while Figure 2-3b shows the scan of an epitaxial (111)
Pb-sasn.16Te film on cleaved CaF,. It must be pointed out, that although
the major portion of this film has an epitaxial (111) orientation there

2-20



e e e

Substrate

V..ATV:T..;.T. il
-+ (eee) o 1|

e o

—)-

i | Cleaved CaF,

110

i += o
e - —C)
e _ e

ALISNIINI JAILVIIY

Figure 2-3a Two Theta Scan of Cleaved CaF, Substrate

i

TIHTH B

(cec)loy Zaeo L

(g€€) Py Caep

o [ FRE m _i i AQ@QV Qv— 11 m
At I 1[4 i} 1 [ LI :, -
™ i 1
g s
n H A,O
o ; >
] 1 -
e () 1o % 2
: #” gty
I JE51 1L O
m () Coy
- i
H kil M
A . .
] 8
 ——— n
90 [ |
e (voy) 93 Caed
i - _
! il
HIN | | mu
] w ” m | -
T 1
- I _ Id
Y w _
T o
5 i | ! <
I8 L) :
T _
L ' | ~ ] ] w
1 e M e o -
A (o Yo 3 Tawo T
. L BT TS S TOT I 5 L . i i
A4 16 N R B s
(7o) eo 3 CLaed: -

ALISNAINI FAILVINY

Figure 2-3b Two Theta Scan of Pb_g4Sn 16T Film on |

Figure 2-3 Typical 20 Scan of CaFy Substrate With and Wi.



fm (ren © 1

2-21/22 ;
i ‘-'v.-q:m:«.:,wﬂ

7 e § § SR Nmao
— ! " .,.. L
= : N moouvBM,
T i FHHE (1T © 3 Saeo i
+ AR TR AR T T il !
! T ,
— jas) et i
A B I Lﬂr
| ! Ll bt
i | | il
| | ! M Ly
| [ 1] [ | H T
iy I} Ll 11 !
i | Lo - | -
R | | I d m
i T e 8 -
Ll I L
. - 1
.ll!zll}.!.“iT,. ANNNV.HG A 57 N A UL R ANNNV.HBM Zaen L

60

| i } t 1100 Laat 1
=T 1 LEIA T AT I st
S 1 T I St B ;

B S

TELELT

|
USSR, S SR S S

JUMRSSINTSS WSS SUUSt e S

70

EENNSESEEEEE RN

I

]

53 3_ Nmuo i 1

e L _: )

i |

HIRIT

Q_mm_v 0y tied
I. 1 =
(gc€)¢0y Caep

Substrate

80

|

Film on CaF2 Substrate

Cleaved CaFy Substrate

T B

f CaFy

N T L AR

f CaFp Substrate With and Without Film

an of Pb_g4Sn, 16T



l -

35 KVP/20 mA

Cleaved BaF, Substrate

% |81 N ) 8 P

70

o

$- 4

:

Nt

T ()

R e 2 S s e

ng 57

Lablid Il L

=

| 1 () Coy

ISSYETVOT VENSs Iesat |

ALISNIINT FAILVITY

110

120

Figure 2-4a Two Theta Scan of Cleaved Ban Subst:rt'

i r,-.-Ssn Nmam

sl |
R 1E0t: | IRH | 1 |
! RS i - |
R A L5 [
I bl ! I , _o
| P (eee) 9 Caea T[T
5 L 5 0 Y O I B 118
” —— e
i Pl N
i ; T
! TTeee)Ton
I | pEd e 4 g AT
[ (gge)oy |
] L]
=] chaav_ Casa g
ot f e o
Rl K T (i "chaaz Zyeq
e L
g I _ DT TRE
— R I E: PRI L Y | L
o R
n i e —
. !
. : i OIS o (B
N -~} . T,_ +4JJ;1,I

it S S S

r it

S U PRI DRSS SR DR

.q t

.
i

t t

| i

!

! L

_ i

T e
S LY L0 1 -
ERR T-t Agsuav_ )
i T |
. W. T _J_
1T 1 |
AG Nhﬂm i
?qi ! o U,,,.M.M.

?csuaz Zgeq”T

|

B[ Y N 4 191 IS 1O

ALISNAINI FAILVITY

%

Figure 2-4b Two Theta Scan of Pb_geSn 1412 Film on BaF,p

Figure 2-4 Typical 20 Scan of BaF2




[ERS SIS JU |

Loitis L 1 '
_ 1 ,— W_ B 1
e (1TD)dy 4
_ Vst bit | 1 ]
f T 3
[ | T
jirdy ! 3
HIH
& L
] 1
T t
; |
I i T
| ! 1
.“ q ] ! | S |
L1 _ 1
[RE ! H T T I
| I I | ! j “ 4 . T _ .m
; : ! et .
' 4 ] I | |
| el 6% | 2 e 1 {5581 I +
+ T i |
= R A
| H ! ﬁ ”
froet b L N
. T dx7] |-
| | i i
, 8 I L _
t ' —8
m 1 | H
v\., N T - T v g
} | .+.L ! -
IR ¢k
L m : : - + Sl ! ;
T 1 _ ,
S, (SN C15P ABR11 | | 153 |
L 8 I 1] M
il ™
- g [
— ot ! 8
St H f t w 3 _Iu.m
= : _ 1 |
Lot |
" | |
: .| il
N [ I
1 l :
——7 | :
xou M | T 1 4
e 1
- 1 e
! s ko
+ : : Q N - —
g t=pd Ll il Leeee) O L1
b U | i | |
¥} yiud i | | i
g L M T
0 - ! , » |
8. SRR PO | | ] 1
%..M _. H i i s _‘._ ]

kof Cleaved BaF2 Substrate

Y ﬂ;.:.cmx Cawg
(1D P a4 .u
T 1 LL."ru ] 1
A:Jh.r..ru.nyl.:m.:‘m. {32 po== m oy ?JJ“.I.: .3 _., = : \. F= 3 -
e (I Py Nﬂ.m . i
Sree sl {osd [T Lo gl il
! 8 | ! B |
T i s
1 | !
3 301 BTE |
B R PN T .
S 0 —
et _
SO f ! ,
=S 3 |.~7.~.
=t g
PRI TR |
£ L (zzo) 9 ]
T [l | it
e o w8 I R |
T (zz2) I3 Caeg™d
Ll ! Hi7 B |
Tl (Tz) Py 8
i »A \ |
= o ” A_I
i m iﬁﬂﬂxﬂﬂm
i (222)® % Caeg
szwﬂ ]
I -
| _> |
) w
R Tl
, i w i
i i y | O
I S (eee) I Taew [T
- 0 O T 1 OO £
T I | T T !
- 0 I e I B
L B N |
N 150 Y f.kanc_ﬂwz T
I ! m “ | ! U i
L L] (see)coa”

86Sn_14Y2 Film on BaF, Substrate

2-23/24

ical 20 Scan of BaF2 Substrate With and Without Film

A et




is some occurrence of (100) film. Figure 2-4a and 2-4b show similar
29 scans for a BaFy substrate and for an epitaxial Pb ggSn, 14Te film
on this substrate.

2.6.2.2 Infrared Transmission and Reflection Measurement. To

characterize the optical properties of Pbl_xSnxTe films (i.e. index of
refraction and absorption coefficient), infrared transmission and
reflection measurements are used. The instrument used for such measure-
ments is a Beckman IR4 Infrared Spectrophotometer which operates in the
double beam mode for both transmission and reflection. This instrument
has a 17 meter path length, in air, and has interchangeable prisms to
cover the 1 micrometer to over 20 micrometer range.

Typical transmission and reflection dats of a PbSnTe film are
shown in Figure 2-5. The absorption coefficients are a function of wave-
length, and are calculated by using a Chi square fitting program in
conjunction with the Baldini and Rigaldi (Reference 9 ) equations,
which takes into account multiple reflecgions in both the film and
substrate, but assumes no absorption in the substrate. In those cases
where the films are highly absorptive it is not necessary to use the
multiple reflection calculation. The simplified expression for the

absorption coefficient

1
a=3 In (

T
1-R )

compares quite satisfactorily with the more elaborate calculation. Here,
d is the film thickness, T and R are transmission and reflection
respectively.

While more elaborate tools are available, the index of refraction
(n) is generally determined from the transmission and reflection maxima

by the simple relation.

2n (A)d = mA
where d is the physical thickness, m the order of the maxima and A the

measurement wavelength.
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2.6.3 FILM THICKNESS MEASUREMENTS. Film thickness measurements
are needed for the definition of the optical and electrical properties
as well as for the calibration runs to determine exact deposition rates.
These measurements are performed with a Talystep I thickness ziuge, which
measures films as thin as 50A and with an accuracy of better than 15A if
sharp film edges and relatively smooth substrate surfaces are available.

2.7 FILM ELECTRICAL EVALUATION TECHNIQUE

Resistivity, carrier mobility,carrier concentration and carrier
type, are measured by Van der Pauw techniques. This technique was
decided upon because of its flexibility and simplicity. Furthermore,
a four probe point contact method is used in lieu of the typical method
employing evaporated metallic contacts. The point contact method is
"non destructive'". For example, it permits films to be further processed
by annealing after a measurement or used for other types of measurements,
all of which is difficult once contacts have been evaporated on the
samples.

Temperature dependent measurements, from 300°K to 77°K, before
and after any annealing step, are performed on each useful sampie. The
considerable time involved in making these temperature dependent measure-
ments has, for the most part, been overcome by the use of a specially
designed multiple sample Hall probe. An exploded view of the probe is
shown in Figure 2-6. The probe can hold, front and back, two sets of
three samples. Each sample is sensed by a square array of four contacts.
The contacts are small phosphor bronze spring loaded balls as shown in
the insert of Figure 2-6. The electronic switching circuit for the
Van der Pauw probe is shown in Figure 2-7. Switch S2 indicates a sample,
selector switch, so that anyone of the six samples can be selected and
measured individually, without any crosstalk problems.

A Keithley 150B electrometer is used to measure the voltage drop
and a Keithley 602 electromcter is used to measure the current. The
magnet, with the particular pole pieces and gap configuration used in

this work, provides a 4.5 kilogauss maximum field.
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Ball and spring contact

%/’V// (see insert)
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Figure 2~6 Exploded View of Multisample Hall Probe
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o

-dependent measurements the probe described

The dewar

For the temperature
ted in a Sulfurianvariable temperature dewar,

above is moun
m temperature to liquid helium

is capable of a temperature range from roo

temperature (4.2°K). An internal heater is used to stabilize the tempera-

ture at any point desired. Data points are generally obtained during

the cooling cycle. The slow drift downward in temperature is stopped

with the heater during the actual measurements. The temperature is

Chromel-constantan thermocouple, which is mounted to the

measured with a

brass base of the probe. The validity of the thermocouple readings was

established from measurements with the samples submerged and equilibrated

in liquid nitrogen.
The measurement procedure follows that presc
(see Figure 2-7) the current

ribed by Van der Pauw

(Reference 10 ). With S1 in position 2
point B to point C (all measurements are

fields). The

flows through a sample from

checked with forward and reverse currents and magnetic

voltage drop is measured from A to D and the resistance is defined as

- Vp
Iz

v
Rpe, AD =

switch S§1 in position 3 so that the

ond measurement is made with
red from C to

The voltage drop is then measu

A sec
current flows from A to B.

D. This defines

vp - Ve
R =
AB, CD B

The resistivity is then obtained from

p=12.266 £d (Rap, cD * Rec, AD)

where d is the thickness of the film and f is a correction factor which

is a function of RAB, CD/RBC, DA (see Reference 10).

The Hall mobility Hy is measured with switch Sl in position 1.

The current enters A and leaves C. The change in voltage due to the

magnetic field 1is measured from B to D. The change in resistance of

2-31

SIS



the sample is defined as

Rac, BD = Rac, BD(B) - RAC, 5D (0)

The Hall mobility is then calculated from

ARAG, BC

e

I’lH=_ p

From theie two measurements the carrier concentration (n) can be

obtained, as long as a one carrier model applies, by

_ 1

n

The electrical proper?ies measured by this method do not directly
give the exact values. The reason is that it is assumed by Van der
Pauw that the point contacts are infinitely small and exactly on the
boundary of the samplej in practice this is not possible. As a con-
sequence, a geometric correction factor must be defined by careful
calibration for each probe and substrate configuration to take into
account the deviation from the exact case. Such a calibration was per-
formed for our system and correlation experiments were performed using
conventional Hall samples (evaporated contacts) and identical samples
measured with the Van der Pauw point probe to establish the validity
of the calibration.

The following outlines the calibration procedure.

Van der Pauw showed that, to & first order, the corrections are

AP 1 4
P 2 S




where d is distance from the probe point to the nearest boundary of

the sample and D is the diameter of the sample. He suggested that this

effect could be reduced by the use of a "elover leaf" bridge. Figure 2-8

shows the results of an experiment which experimently determines the

geometric correction factors for the mobility. Similar results are

obtained for p/p and n/n. Each successive point was obtained by

cutting the ''clover leaf" bridge deeper and deeper into the sample.

After the last cut (5 = .06 inch), a normal bridge was cut into the

sample which is shown by the dotted lines in the insert in Figure 2-8.

Indium pads were then evaporated on each arm, and gold wires were

applied with a InGa alloy, and a standard Hall measurement was made.

The measurements obtained with the four point probe were then normalized

to the measurements obtained with the standard bridge geometry. The

solid curve in Figure 2-8 is a fit of Van der Pauw's first order correction.
Experimentally it was established, for our probe configuration,

that the following corrections apply:

(measured) b H
0.75

(corrected) By

(corrected) 1.035 (measured) P

n (or p) corrected = L (Orlpégmeasured

A further important point considered was the possibility of
rectification at the point contacts of our probe. This would produce a
nonlinear current-voltage relationship across the sample. To explore
this possibility, typical samples were measured as a function of current
and magnetic field. The results showed a linear current voltage relation-
ship over 3 decades and no magnetic field dependence between 500g and

4000g. Experimental samples were only spot checked as a function of

current and magnetic field except for high resistivity samples. These

were routinely evaluated. Nonohmic contact effects have never been observed
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2.8 FILM ELECTRO-OPTICAL EVALUATION TECHNIQUES
2.8.1 PHOTORESPONSE MEASUREMENT

2.8,1.1 Instrumentation. The apparatus used is shown in Figure 2-9.

The source of radiation is a Globar, operated at about 35 volts, 4
amperes, 140 watts. Radiation from the Globar is focused, by means of
mirrors, onto the entrance slit of a Perkin-Elmer Model 99 Monochromator.
Before entering the slit, the radiation is modulated by a Brower 312C
variable - speed chopper. After leaving the exit slit of the mono-
chromator, the radiation is focused, again by mirrors, onto the sample.

The sample is mounted and cooled to about 809K in a Janis Research
Corporation liquid-nitrogen dewar, whose windows are KRS-5 or to very
low temperature of less than 29K in a Janis Model 8DT Dewar (those very
low temperature measurements will be discussed in later section). Both
before and after cooling down, the sample resistance is measured with
a Keithley 602 electrometer. In the case of the Liq-Ny Dewar some
thermocouples built into the system provide a method for actually
obtaining the temperature of the sample., The sample can be measured
in either a photoconductive or photovoltaic mode. For photoconductive
measurements, a variety of bias settings, from 3 to 22,5 volts, are
available from a multiple-terminal battery. A variety of load resistors
are also available, ranging from 10 ohms to 10 megohms. A 22 p-farad
capacitor across the sample is used ‘to draw off the AC signal without
disturbing the bias current.

From the sample, the signal is fed into either a Type A or Type B
(depending on the sample resistance) preamplifier of a Princeton
Applied Research HR-8 lock-in amplifier. A reference signal for the
lock-in is provided by the chopper. The signal, then, is read, as a
function of waveleugth, from the lock-in amplifier. The noise is
measured by using the HR-8 as a tuned a.c. voltmeter.

While there is room for onlylone substrate in the cold-finger at
the bottom of the dewar, it is possible to have several samples
deposited on the same substrate. 1In this case, one can hook up more

than one sample at a time with the multiple connectors in the dewar,
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taus eliminating the need for cooling down and warming up for each
individual sample. After measurement, samples can be checked for
diode characteristic curves, while still cold utilizing a Tektronix 575
Transistor-curve Tracer.

As well as the spectral response measurements referred to, black-
body measurements can be made by using a standard blackbody source.

2.8.1.2 Electrode Deposition and Sample Preparation. Since photo-

conductive cells are of considerable concern in this study, the develop-
ment of good ohmic contacts is critical. Since some ambiguities

the ohmic or non-ohmic behavior of some metals on PbSnTe have been
reported, one is forced to experimentally establish such behavior for each
material, For example although it has been reported that gold electrodes
have been used to make ohmic contacts onto both n- and p-type PbSnTe
(References 11 & 12) recent experiments (Reference 13) have shown that gold
forms a barrier to both n- and p-type material, but the barrier height

is small. A proposed model for metal to PbSnTe contacts (Reference 12)
which states that the surface states do not control the position of the
Fermi lével indicates indium and lead should be ohmic on n-type surfaces,
and should form barriers on p-type surfaces.

Our own work, which has involved a rather comprehensive study of
ohmic and barrier contacts on thin film PbSnTe, has shown th;t as in
the case of Reference lland 12, gold does form ohmic contacts on both
n- and p-type thin film PbSnTe. Furthermore, consistent with the model
proposed in Reference 12, indium does form ohmic contacts on n-type
thin film PbSnTe while Pb and In formbarriers on p-type thin film
PbSnTe (we have not used Pb for a contact on n-type PbSnTe). Thus our
own work seems to support the simple model in which the barrier height
is governed by the metal work function.

Based on our results to date, the following procedure was adopted
for preparing ohmic contacts to n-type photoconductive samples. First,
indium is vacuum deposited on the filan (-ISOOX thick). Indium/Gallium
solder (In/Ga = 2]/75) or indium solder by itself is next applied to the

i
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indium layer and 5 to 10 mil Au wires are placed into the solder. For
p-type photoconductive samples, either gold or sputtered platinum has
been used for the ohmic contact and the same procedure as in the case of
n-type samples is used for attaching the leads.

The electrode geometry and design have been kept as simple as
possible. For the photoconductive eamples, the electrodes are simultan-
eously evaporated (or sputtered in the case of platinum) at opposite
ends of the PbSnTe films. The indium or InGa solder is applied to both
of these contacts. While this simple arrangement is satisfactory (i.e.
very low noise levels have been measured in our photoconductive samples
with this arrangement) the contact geometry could be improved to further
reduce the contact noise voltage as is presently being pursued.

Due to possible effects of surface states, it is extremely important
to prepare the semiconductor surfaces properly and to keep them as
clean as possible prior to and during the metal deposition. Thus back-
ground pressures for the evaporation of contacts have been kept to less
than 107 torr. Special care (i.e. cooling sample) was also taken, in

some cases (in particular with samples having carrier concentrations in

* the high 1015 em=3 to low 10-16 em™3 range) to avoid the diffusion,

during evaporation, of the evaporated contact metal into the PbSnTe
thus possibly altering both the electrical properties and carrier life-

times in the films.
2.8.1.3 Response Time Measurements. High quality, single crystal

PbSnTe films of sufficient thickness do exhibit bulk electrical and
optical properties have response times of less than 50 nanoseconds,
comparable to those found in the bulk material. In order to measure
these response times by the photoconductive decay method, a pulsed
radiation source is required with pulse rise and fall times much shorter
than the response times to be observed and with sufficient intensity to
excite appreciable photoconductivity. Ideally, the wavelengths of the
emitter should be in the operational response band of the photoconductor
being evaluated. Practically, one finds that pulsed IR lasers with

wavelengths greater than 5 pm are not very economical for test purposes.
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Consequently we have used a GaAs laser source (-8900:) pulsed with
Savant Engineering Pulser Model LDP-3. The laser diode is mounted on
the pulser unit and its output is checked with an ITT high speed photo-
tube model F4000S-1 with response time of 10-9 second. The laser diode
output had response times of 50-70 nanoseconds depending on the amplitude,
width and repetition rate of the driving current pulse.

The above mentioned setup has two disadvantages: the response of
the PbSnTe samples is relatively low at 89002, calling for a higher
intensity laser source and the laser output pulses are rather long.

We have procured a laser diode array to increase the radiant power out-
put and have designed a different pulse generating circuit to generate
fast pulses. This setup is shown in Figure 2-10.

The pulse generating circuit is composed of a Tektronix Pulse
Generator, a delay line cable and a high voltage power supply. It is
necessary to terminate the pulse generator output into a 50 ohm load
in order to avoid reflections and to preserve the pulse shape. If
properly terminated, it is possible to generate pulses with rise and
fall times of 1-5 nanoseconds. For room temperature operation the laser
diode array threshold current is 25 amperes. Since the pulse generator
is not capable of supplying 1250 volt (50 x 25 amps) peak pulse, it is
necessary to cool the laser diode array in order to reduce the lasing
threshold current. At 77°K, a peak current of .6 amps is required which
can be easily supplied by the setup of Figure 2-10. The laser diode
array will be mounted in the dewar in close proximity to the PbSnTe
sample. The photoconductive decay of the sample if observed on a
Tektronix sample scope type 661.

For large and wavelength dependent response time evaluation, chopper
controlled irradiation from monochromatically filtered blackbody sources
18 utilized as discussed in the result section.

2.8.2 NOISE MEASUREMENTS, For noise measurements, the same setup
shown in Figure 2-9 for electro-optical measurements is still being
utilized, except that the chopper is turned off and all radiation is
blocked from being incident on the sample other than that due the
internal background. The detector field-of-view is 2w steradians.

For high performance detectors, interchangeable cold shields can easily

2-39

SO B i AR N RS P AN B




High Voltage

Power Supply Tektronix 113

Coaxial Cable
(Delay Line)

[ U
Tektronix
109 Pulse

Generator

50 § coaxial cable

50 Qcable termination

(ETM“ = |1h

Ca

Lager dlode array
50Q coaxial cable
0.854 laser radiation
Ry, _ . vy
—yyy— 7 SN

PbSnTe sample

(&
Tektronix

661 Scope

with 451
sampling unit &

5T1 timing unit

2-10 Equipment for Measurement of Photoconductive

Figure
Decay Time

2-40




be inserted into the present system to reduce the internal background
radiation incident on the detector. This type of test is performed in
a liquid He dewar. The sample can be either a photoconductor or a photo-
voltaic detector. In the latter case, the biasing network is disconnected
from the detector. The detector output is directly coupled to a PAR
preamplificr-either type B with 100:1 transformer ratio or type A,
depending upon the detector impedance level. The preamplifier is an
integral part of the phass locked amplifier type HR-8. The a.c. output
of the amplifier is fed into a true RMS reading voltmeter such as HP 320A.
The noise bandwidth is determined by the ratio of the measurement frequency
to the ( of the tuned circuit of the HR-8 amplifier. This arrangement
has the advantage that excess noise or current noise (which is proportional
to Af/f, where f is the measurement frequency and Af is the noise
bandwidth) remains constant as a function of frequency. Noise frequency
spectra can be recorded over a wide range of frequencies limited only
by the frequency response of the transformer in the type B preamplifier.
For type A, the frequency limit is in excess of 100 Khz. With adequate
shielding and elimination of ground loops, it is possible to measure
noise withan RMS amplitude in the subnanovolt range.

2.8.3 PHOTOVOLTAIC RESPONSE MFEASUREMENTS. The experimental setup
for photovoltaic response measurement is identical to that used for
photocenductive measurements with the exception that the detector bias
circuit is disconnected. Signal and noise voltages are measured in the
same manner as for photoconductive response., In addition, for the
Schottky barrier photovoltaic detectors, it is possible to have both
front wall and back wall excitation. This is accomplished by mounting

the sample on a Cu finger containing a hole large enough to expose the

sample to radiation incident through the BaFp/CaF; substrate. Back wall

radiation is required when the metal is not transpsrent to the incident

radiation on the front side.




2.8.3.1 Electrode Deposition and Sample Preparation. The photo-

voltalc detectors investigated in this study include both Schottky

barrier diodes and p-n junction photodiodes. For the Schottky barrier

devices, both the barrier and ohmic contacts are deposited on top of the x
sputtercd PbSnTe film. First the ohmic contact, which is either platinum %
or gold for p-type film (platinum in most cases) is deposited on one

end of the film extending onto the substrate for subsequent lead attach-
ment. The Schottky barrier metal (In, Pb or Al for P-type film) is

then evaporated onto the PhSnTe film through a metal mask giving, in
some cases, several islands consisting of approximately 2 mm x 10 mm
strips, which again extend onto the substrate. The lead attachment i
to these contacts is the same as discussed above. As also discussed

previously, the contact deposition conditions (i.e. temperature, back-

ground pressures, etc.) for Schottky barrier devices are also very yg
critical for device performance. Surfaces are extremely important;

therefore, background pressures are kept in the 1078 torr range.

Contacts on the p-n junction devices consist of sputtered or

evaporated platinum (or evaporated Au) for the p-type layer and evaporated
indium for the n-type layer. The contacts are deposited as tabs on the
p- and n-type films and extend onto the substrate. Lead attachment to
the contacts is performed in the same way as discussed previously for
photoconductive devices. Various configurations for the p-n junction
devices were used and are discussed in the result section.

2.8.4 LOW TEMPERATURE AND REDUCED BACKGROUND MEASUREMENTS. For
low temperature measurements, a Janis model 8 DT research dewar was
setup, checked out, and put into operation. The dewar is designed for
electro-optical measurements on samples cooled down to 29K or less
(liquid helium cryofluid). The samples can be immersed in the cryofluid
by operation of a valve which causes the cryofluid in the inner "helium"
reservoir to flow through a small tube into the sample chamber. Figure
2.11 is a cross-section schematic sketch of the dewar configuration.

Heaters in the dewar permit prolonged operation at any temperature

from 49K to room temperature and an electronic controller, Antronix,
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automatically maintains the temperature. The temperature can be measured
from 49 to 300°K by means of platinum and germanium sensors. The sample
position can also be varied during operation, by rotation or by varying
the height over a span of two inches.
There are two sets of windows on the dewar which permit optical
transmission measurements on cooled samples. These windows, of KRS -5
and germanium, allow measurements at any wavelengths from 2 to 40 microns.
The photoresponse measurements at low temperatures can also be
made under reduced background conditions. We have developed, for this
purpose, some interchangeable cold shields which can be rapidly introduced
into the liquid He dewar. The shields are cooled to 77°K and are
provided with field-of-view limiting orifices. Presently, the shield
with the smallest orifice has an f stop of £/20. The f number can
easily be increased if desired.
The cold background measurements help not only in determining the
ultimate performance of the detector but also are necessary for material

characterization such as detection of trapping centers.
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3.0
RESULTS AND DISCUSSION

3.1 GENERAL COMMENTS AND SUMMARY OF APPROACHES

Throughout all phases of this program, one common objective has
been the preparation of improved high quality Pby_xSn,Te film materials
using sputtering as the primary deposition technique. In line with this
general objective, a materials development study of sputtered thin

film PbSnTe has been continuously in progress. However, the ultimate

purpose of this program, as stated earlier, has been that all results
of this material study would be of utility in the fabrication of high
quality infrared sensors and ultimately in the fabrication of cost
effective, high density detector arrays. Therefore, the criterion for
material quality was in the end defined by the performance character-
istics of each type of deposited Pbl_xSnxTe film relative to photon
response or detectivity. Based on this, an iterative approach was
taken throughout the program. This approach has been to first system-

atically establish the various preparation parameters which lead to

high quality Pbl_xSnxTe film materials. Then the parametric relation-

ships were established between the preparation conditions and the
resulting, device related properties including electrical and photo-
electric properties. Finally, the functional, i.e. photo responsive
performance of PbSnTe films was optimized by iteratively optimizing
the preparation conditions.

For this iterative approach, photoconductive responsivity as well as

all properties contributing to photoconductive detectivity were used as

the ultimate film quality indicators. It is recognized that, as of this
date, PbSnTe is still exclusively used in a photovoltaic mode due to the
limited photoconductive sensitivity in conventionally prepared materials.
Still, it was felt that photoconductive performance is more directly
relatable to material properties and, therefore, a more desirable quality
indicator. Photovoltaic response, unless evaluated with perfectly
fabricated cells, is more strongly influenced by factors such as junction

geometry, thickness, surface leakage and others. But, to prepare sufficiently

3-1




large numbers of perfect cells as test samples, is obviously a time
consuming task and requires considerable device research by itself.

A second reason for using photoconductivity as the evaluation
criterion was that we undertook this program in the firm belief that
PbSnTe film, suitably prepared and processed, should yield photoconductive
detectivities comparable tothose of other infrared sensors responsive
in the LWIR spectral bands - in particular to Hgy_xCdyTe. Methods
such as trap enhancement were foreseen as approaches to make this
feasible.

Some of the relevant material properties requiring optimization
can be deduced by considering the parameters defining the photoconductive
sensitivity. Among these are the photoconductive responsivity (R),
specific detectivity (D*%) and gain (g). These are related to the

material propertics by expressions such as:
Ry : amps/watt .

L2 %

L
tekTT (n un + ppp—) cm-Hz 2/watt’

(

Johngon noise limited conditions.

; L g
ney °F BT pev

for n- and p-type materials, respectively.

Here, T is the lifetime of photo-excited carriers; n, p the
respective carrier concentrations; U = WLt the sensor volume; 7 the

quantum efficiency of incident photon conversion; fqn, Hp the respective

carrier mobilities, Ep the photoelectric energy gap; T the material

temperature and I the bias current.
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If one can make the realistic assumption that sweep-out limited
gain is not approached, it is apparent from even these few simple but
basic expressions which material properties have to be optimized
for maximizing the photoconductive responsivity and detectivity.

The effective carrier concentration should be minimized, preferably

approaching the intrinsic value nj which at a temperature of 779K is
below but approaching 1014 ¢m=3 in PbSnTe. Material purity, or care-
fully controlled compensation, is the key to this. The lifetime calls
for maximization, requiring material perfection to reduce recombination
rates, or careful control over trapping centers. Since 7= 1/B-(n+p),
reduction in carrier concentration also increases the lifetime. The
1ifetime must, of course, be limited to 2 value compatible with the sen-
sor response speeds required in typical applications. Generally this
calls for response times of no more than microseconds. Mobilities,
though not explicit in the expressions given above, require maximization
as long as conditions above the sweep-out limit are maintained. The
reason is that sensor response times and in turn sensitivites are

critically affected by mobilities also. Material perfection is again

the limiting parameter here. In PbSnTe, values in excess of 104 cm? /v-sec

are mandatory for high sensitivity. Film thickness is material unrelated,

but indicative of the value of thin film sensor fabrication. All three
relations given above reveal that the thickness should be minimized.
But, the minimal thickness desirable is defined by its effect on the
quantum efficiency. The latter calls for a minimum thickness on the
order of an absorption length for radiation at the cutoff wavelength of
the desired sensor. In PbSnTe this entails a magnitude of about 1 micro-
meter.

To achieve the stated objective, the work was pursued through the
following stages of development:

1) The initial phase of the work was concerned with an
investigation of the material properties of sputtered Pbl_xSnxTe
fi{lms which included: the definition of epitaxial deposition conditions
on various substrates including single crystal Can(lll), Can(lOO),

and Ban(lll); the characterization of film composition as a
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function of deposition conditions; the correlation of as-deposited e
electrical and electro-optical properties with deposition conditions,
and, in turn,with film structure; the correlation of electrical properties
of annealed films with the various annealing conditions and with the

{nitial electrical properties of as-deposited films. :

As the results in the following sections will show in detail,
it was soon demonstrated (i.e. early in the program) that single crystal b
films with excellent structural, electrical and electro-optical properties
can be deposited, on various substrates, by the sputtering process. The
properties of these films compared very favorably with those achieved in
bulk single crystal PbSnTe. In addition, the sputtering process yielded
a considerable number of results which were not only interesting and
rather unique but appeared to be of major significance for the fabrication
of high quality or sophisticated sensor devices for IWIR application.
A significant finding, for example, was the result that compositional,
optical, structural, electrical, and electro-optical properties of sputtered !
Pbl_XSnxTe films could all be controlled, over relatively wide ranges,
by simple control of two basic deposition parameters. That is, films of
desired composition or x-value (which, in turn, controls the energy gap
or spectral response) of either n- or p-type, can be produced by suitable’
selection of deposition rate and substrate temperature combinations. %
Furthermore, films with a controlled range of such properties can be |
deposited with a single PbSnTe target.
Guided by the original work with bulk PbSnTe in other laboratories,
annealing was employed in the early stages of this program in order to
improve film properties (i.e. by improving stoichiometry) over those 4
found in as-deposited films. However, it soon became apparent that
Pb; _,SnyTe films with electrical properties suitable for detector appli-
cation could be prepared without the necessity of annealing. This very
encouraging result is related to the observation that accurate control
of the two basic deposition conditions alone 1is sufficient for optimizing
the film stoichiometry. Such a result is, of course, quite important

for device preparation. Not only does the use of as-deposited PbSnTe
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film imply considerable cost and time-savings, but it should also
improve performance and reliability characteristics since, €.8., fewer
processing steps reduce the chance for contamination and handling failures.
Although these results were ghowing that the necessity for annealing
may be eliminated, we continued this work until a sufficient amount of
data was collected on the effects of annealing on sputtered Pbq.xSnyTe
films to validate this. As will be shown in later sections, all of
these data demonstrated that annealing effects in Pbl_XSnXTe films are
consistent with those observed in good quality, bulk single crystal. A
very significant outcome, however. of the annealing studies was the
demonstration of a critical low temperature annealing condition at which
a significant reduction in carrier concentration is obtained. This
critical temperature seems quite analogous to the critical high tempera-
ture annealing condition usually employed to achieve stoichiometry in bulk
crystals of Pbl_XSnXTe. In effect, it defines a second crossover (in the
equilbrium phase diagram for Pby_xSn,Te) from the metal saturated solidus
field with the stoichiometric composition. This result is not only of
interest from a scientific standpoint, but also from a practical staﬁd—
point, since the availability of a low temperature annealing condition
is obviously of significance for reducing thin film device fabrication
difficulties. Also, as will be seen later, the existence of the low
temperature annealing conditions may be relatable to the fact that
stoichiometry control 1is possible in as-deposited film, i.e. without
post-deposition anneal.
2) The next phase of the program included a continuous effort
to improve the properties of our sputtered Pbl_XSnxTe films beyond the
Ngrate-of-the-art" they had already achieved in the first phase, as well

as an effort to exploit the encouraging results of the initial phases

for defining and optimizing fabrication techniques which showed a real

potential for generating new and more economical detector devices. The

basic means selected for further film material improvement were, for

example, extensive improvements and modification in deposition techniques, i %

handling techniques, starting material preparation techniques and others 5
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as discussed in Section 2.0. The new approaches for fabricating films
with significantly improved electrical properties and enhanced photo-
response {ncluded technique for effecting a more critical control over
film stoichiometry and for doping or trap formation. Specifically, this
phase of the work included:

a) The use of discharge sputtering with substrate bias.

Originally this was proposed as a technique to improve PbSnTe
purity, but as we shall see, it yielded some unexpected,
extremely interesting results which are particularly useful
for device fabrication.

The utilization of ion-beam sputtering. This was to permit

sputtering in a significantly improved environment &s well as
control over the kinetic energies of the depositing particles.

The introduction of sputtering from non-stoichiometric targets.

This was to be a possible means of carrier type control or
control of as-deposited film stolchiometry.
The controlled doping of Pbi-xSnxTe films during deposition

by sputtering in controlled environments with specified gaseous

components. Again in-situ carrier type control was the
objective. Carrier compensation was an apparent additional
result.

The initial investigation of proton bombardment of sputtered

PbSnTe films. Carrier control and trap enhancement were the
desired objectives.
The extenslon of electrical, optical and electrp-optical

measurements to temperatures of less than 159K. This was to

facilitate the study of scattering mechanisms as well as thé

search and identification of trapping centers.
parallel with the final phases of this program, work was also
carried out, under IRAD projects sponsored by General Dynamics, to exploit
the results of this contract for demonstrating the feasibility of pre-
paring ilnfrared sensor devices with the most promising film preparation

techniques that had evolved. This work consisted of the following:
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a) the preparation of photosensitive p-n junctions utilizing the bias
sputtering technique, b) the preparation of photoseasitive p-n junctions
utilizing doping techniques, c) the preparation of response enhanced
photoconductors, and d) the preparation of photosensitive Schottky

barrier diodes. For purposes of completeness and continuity, the relevant
results of these IRAD studies are also included in the following sections.
Their value is that they demonstrate the sputtering technique to be not
only capable of producing high quality films with controlled properties

but also viable as a fabrication technique for thin film infrared detectors

operating in the socalled LWIR band,.

3.2 MATERIAL PROPERTIES OF AS-DEPOSITED SPUTTERED PbSnTe FILMS

3.2.1 SUMMARY OF TARGETS INVESTIGATED AND THEIR CHARACTLERISTICS,
As the reader is well aware by this point, major emphasis in this
program has been on a thorough investigation of the material properties
of sputtered Pbl_xSnXTe films as well as on a continuous effort to
improve the sputtered film properties. One basic task along these lines
was a study of the effect of target composition on film properties. For
this purpose a considerable number of sputtering targets were prepared
with selected differences in composition or x-values.

In general, great care was taken to achieve a stoichiometric target
composition but a number of targets were prepared to be either Te or metal-
rich by specified percentages. The purpose was to explore stoichiometry
as an additional parameter with regard to film carrier type and concentra-
tion control.

The bulk of the targets were prepared by a ''standard' technique,
adopted early in this study, which did meet first order film quality
criteria relative to crystal structure, composition and electrical pro-
perties. During later phases, when it was desired to significantly improve
the electrical properties of as-deposited films, a modified preparation

method was adopted which improved the quality of the target materials them-

*
selves., All techniques were described in Section 2.2.3, Table 1 summarizes

all targets prepared and investigated in this program. As can be seen
Target #1 through Target #9 were prepared utilizing the standard procedure.

The makeup of these targets differed in composition from x = 0.15 to x = 0.32.

% All tables applying to Section 3.0 are compiled in Appendix A.
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The more recent targets (i.e. Targets #10 through #13) utilized the
abov. mentioned improved preparation techniques.

In order to investigate the effects of controlled doping or
deviation from stoichiometry on film properties, non-stoichiometric
targets were prepared and utilized. IExamples are Targets #5, #9. As
noted in all cases, the composition of the non-stoichiometric targets
is such that the results can be compared with a stoichiometric target
of equal composition. E.g. Target #9 with x = .20 is 1% Te rich and
can be compared to Target #2 with x = 0.20 which is stoichiometric,

As is further noted in Table 1, in some cases more than one target
was prepared with the same composition and preparation procedure. Examples
are Targets #4 and #8. 1In such cases, the older of the two targets had
broken or become mechanically degraded through extensive use and needed
to be replaced. As we shall see later, in such cases the results from
both targets were found to be completely correlatable.

Targets #10 through #13 were prepared utilizing some of the modified
preparation and handling techniques, suggested by the results achieved
with previous targets. In particular these results indicated that
device quality PbSnTe films could be prepared without the annealing require-
ments typical in bulk material. However, all of these results pointed
out that this was only feasible if the film stoichiometry was critically
controlled during the deposition. It became quite apparent that control
of stoichiometry in'the film depends among other factors, strongly on
the stoichiometry and homogeneity of the target. While all targets
fabricated prior to Tafget #10, had been prepared with the utmost care
to insure complete mixing and reaction, it was found that even better
control of target stoichiometry and homogeneity could be expected with
a newer mixing technique discussed in Section 2.0. This technique was
used in preparation of Target #10. The additional target annealing step
discussed in Section 2.0 was also introduced in the preparation of
Target #10. As the results with this target will show, these modifications

seem to have had a definite effect on thin film properties.
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Aside from improved target stoichiometry, higher purity in starting
materials are expected to also result in as-deposited films with better
properties. An attempt along these lires was made in the preparation
of Target #11. In particular, the sublimation process described in
Section 2.0 was utilized for further purification of the starting
materials. Also the handling and the sealing of all starting materials
into the reaction tubes, as well as all other steps through target
preparations were, for the first time, carried out entirely in a oxygen
and water free controlled chamber envircnment. This should have minimized
any possible oxidation or other contamination during the target prepara-
tion process. Again, as we shall see, further improvement in film
properties was realized with Target #11.

While purification procedures implemented in the preparation of Target
#11, as discussed above, involved only the starting materials, we distSSed
in Section 2.2.3 a procedure involving the purification of the reacted
Pb; _,Sn,Te by sublimation. This was also utilized in this study, in particular
in the preparation of Target #12. Comparison of results from Target #12
with those from Target #11 showed additional improvement in film properties.

All targets referred to above (i.e. Targets #1l - #12) were prepared
having essentially the same dimensions (i.e. approximately 2 1/4" By 3/8").
The particular dimensions were selected based on the following considera-
tions: costliness of materials; size of available quartz flasks for
target molding; reasonable target size without too much risk of breakage
during preparation, etc. However, as discussed in the introductory
sections, one objective in the later stages of the program was to
utilize the result of our materials study to prepare initial detector
devices. Since a larger diameter target results in a uniform deposition
over a larger area than a smaller diameter target, and since uniformity
over large areas is highly desirable in the preparation of high perfor-
mance devices, a larger diameter target was prepared (Target #13) for
our device studies. The preparatory procedures for this target, as
indicated in Table 1 were the same as those used in the preparation of

Target #12.




The effect on the properties of films sputtered from the various

targets discussed above are presented in the following sections.

3.2.2 AS-DEPOSITED FILM CHARACTERISTICS - ZERO SUBSTRATE BIAS

3.2.2.1 Film Structure, Composition and Carrier Type - Dependence

on Target Characteristics and Deposition Conditions.

3.2.2.1.1 Epitaxial Thin Film Growth - General Experimental Para-

meters. The prerequisite for rendering Pbl_xSnxTe thin films suitable
for photodetector application, is that the films have high quality

single crystal structures. Polycrystallinity will serjously degrade

the transport properties via grain boundary scattering and other
mechanisms induced by the high concentration of imperfections in other
than good single crystal films. Therefore, the formation of high quality
single-crystal films with controlled composition and with the thicknesses
required for efficient infrared detectors had to be the first objective
of this work. As will be shown in the following discussion, in the
course of this work deposition conditions have been well established

for producing excellent, sputtered single crystal Pbl_xSnxTe film up

to several microns thick having controllable composition over a rather
wide range of x-values. This result could be achieved on various substrates
including CaFp(11ll), CaFp(100), BaFy (111), i.e. all substrates selected
for the various phases of this work.

The sputtering results reported below were achieved with the triode,
supported discharge sputtering module discussed in Section 2.0, using
both the diffusion pumped and turbo-molecularly pumped systems. The
working, background pressures was in all cases held in the 107 torr
region. Depusition rates were controlled over the range from 0.1 pm/hr
to about 0.3 pm/hr, Substrate temperatures were explored over the range
from room temperature to 500°C, but were confined to a range between
200°C and 400°C once the initial results provided guidelines on the
epitaxial temperature range. The deposition rate was varied by the

sputtering voltage and current control to the target.
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The targets utilized for the study were already discussed in the
section above. The designation of these targets, as used throughout the
text, and their composition has been given in Table 1.

3.2.2.1.2 The Structural and Compositional "PHASE DIAGRAM" of

Sputtered Pbj_yxSnxTe. All of our earlier work on epitaxy (Reference 14

has shown that the structural order of thin films of any monatcmic or
compound system is a systematic function of a few basic deposition
parameters which are independent of the deposition technique used. The
primary deposition parameters are the film growth rate and the substrate
temperature if, as is the case here, the system background pressure
remains constant. For any system investigated to date, the dependence

of structural order of these two deposition parameters can be represented
by a so called structural "phase diagram' which defines the regions of
growth rate and substrate temperature in which the deposited film is
either single crystal, polycrystalline or amorphous.

As was expected, this generalized behavior applies also to
sputtered Pbl-xS“xTe and typical phase diagrams are presented in Figures
3-1 to 3-6 for this system.

An observation which was unexpected and new is that not only the
film structural quality but also the film composition can be related
to the two basic deposition parameters = at least under conditions
yielding epitaxy = in a very systematic faghion. This is also illustrated
in Figures 3-1 to 3-6.

Finally, as is also indicated in these figures, the carrier type
of epitaxial films shows well behaved trends relatable to the same
deposition parameters.

Figure 3-1 illustrates these various observations for Pb1-xSnyxTe film
sputtered with Target #2 which has the composition x = 0.20 and was
prepared from the Pb, Sn and Te elements. Significant is that the diagrams
in Figure 3-1 apply, within the experimental limit, to all three substrates
used which, as may be recalled, include cleaved CaF2(111), cleaved BaF2(111)
and polished Can(IOO).

3-11




%lé 3

SUBSTRATE TEMPERATURE (°C)
R
O

Y, ‘ Z | o @
2 @
ARPALSRL. YRR Tekipl
20 clad) ok23) 2
2017 orany clad) ok e s) C(275)
19) c(.275)
o17) u.md o o) o623) f25)
N ug) © 2D
O o el o2} 23) © —
@
Epitaxial
Single Crystal o Transition
O('/” Temp
@ Polycrystallime
®
@~- Fiber Growth
C~ Single Crystal
@ - Polycrystal

2

1.0

2.0
GROWTH RATE ( m[hr)

Figure 3-1 Characteriz

10~ 20
G‘R.OWTH RATE (,Om/hr)

3.0

(c)

aso- N
] G~

._
¢ — p-type |

n-type

ation of Epitaxy, Carrier Type and Composition
of Pbp._xSnyTe Sputtered Thin Films as a Function of
Deposition Conditions. - Sputtering Target #2

|
I»O - A Qto
GROWTH RATE («rm /hr )

(Pb ggSn. 20Te)

3-12




The upper Figure (3-la) is representative of a structural phase
diagram - limited to the polycrystal and single crystal film formation
conditions. The amorphous region, not being of interest, was not
explored. A typical epitaxial transition temperature curve is observed
which shows the normal growth rate sensitivity. This satisfies the
basic requirements for accommodating the ordering process. The higher
the substrate temperature (or the resulting mobility of the adsorbed
sputtered particles) the higher can be the particle incidence rate
(or resulting adsorption rate) without interfering with the epitaxial
ordering process on a given substrate. Thus, for any given growth

rate between the values indicated in Figure 3-1la, epitaxial film is

formed if the corresponding substrate temperature lies above the

epitaxial transition temperature curve,

Now Figure 3-1 also shows the existence of an additional transi-
tion temperature which appears to be relatively independent of rate.
Above this temperature the formation.of a single-crystal films is no
longer possible. Films grown at such high temperatures are generally
polycrystalline or show hroad fibered growth. These films are also
considerably off-stoichiometry or, in some cases, consist of more than
one phase. In fact, the reason for not achieving epitaxy is the composi-
tional nonuniformity or lack of stoichiometry. This can occur for several
reasons. One is the vapor pressure difference of the individual components
in the Pb]-yS5nxTe compound which will cause, at the higher temperatures
low adsorption probability due to a short mean time of stay (or re-evapora-
tion) of the higher vaper pressure components. Te for one has a vapor
pressure of about 1073 torr at 300°C and will thus rapidly evaporate un-
less chemically adsorbed in the compound structure. Another mechanism
which can account, in addition, for the high temperature limit to
epitaxial growth is the potential, temperature enhanced precipitation

of a second phase {e.g. Te) during the deposition.
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Figure 3-la gives also the first indication that the film composi-
tion or x-values within the epitaxial region vary systematically with
substrate temperature and growth rate. Although all films represented in
the figure were obtained with the same target, the annotated data in this
figure shows that; (a) x-values increase with increasing growth rate for
a constant temperature, (b) x-values increase with increasing temperature
for a constant growth rate, and (c) that the x-values are not limited in
magnitude to the x-value of that target which was 0.20 in this case.

Also apparent in this figure is the observation that for each growth rate
there is a maximum x-value for which epitaxy is feasible (e.g. maximum
x-value for epitaxial film formation at growth rate of 2.0 um/hr is

x = 0.23). A similar boundary exists for each substrate temperature.

It becomes thus quite clear that it is possible to.control composition
over a wide range (.15 x s .275 in Figure 3-la) by varying the
sputtering conditions and still produce epitaxial films.

In fact, it was found that the x-values shown in Figure 3-la
can be represented by iso-compositional curves. As shown in Figure 3-1b,
constant x-values can be achieved for a2 whole set of substrate tempera-
ture and rate conditions. In Figure 3-2, the same information is
presented in an experimentally very useful form. This figure shows,
for three fixed substrate temperatures, the deposition rate required
to produce single crystal film with a desired x-value - again for a
target x-value of 0.20 and any of the three substrates investigated.

Of considerable experimental interest is the fact that single
crystal films having the same x-value but having been deposited under
different deposition conditions show some differences in the quality of
their structural and electrical properties. In general, single crystal
films along any one of the iso-compositional lines in Figure 3-la,

(i.e. film having identical x-values) show the highest structural per-
fection and best as-deposited electrical properties if they are deposited
at the highest temperature and lowest rate associated with each line.

For example, referring to Figure 3-1b, films with an x-value = 0.17,

have the best characteristics if deposited at about 345°C with a rate

of 0.35 um/hr.
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In summary, while it has been established that single crystal films
having a large range of x-values can be produced with a single composi-
tion target, the formation of really high quality film is limited to
a somewhat smaller range of x-values and conditions. This becomes more
apparent when we discuss electrical properties and conditions under
which as-deposited stoichiometric films can be deposited. A more limited
range of deposition conditions and, thus, x-values exists for stoichiometric

films. However, as we shall further show, with the use of bias sputtering

rHese limitations are eliminated so that as-deposited stoichiometric

films of all compositions (as specified by the phase diagram for each

particular target) can be produced from a single target
This brings us to the third and also very interesting rate and tempera-
ture dependent behavior observed in this program which is shown in Figure

3-1c - the systematic dependence of film carrier type on these deposi-

tion parameters. The sputtered single crystal films plottéd in this

figure exhibited p-type or n-type characteristice in apparently well
defined regions of conditions. High substrate temperatures and high

£

rates tend to produce n-type Tilm &nd, coiuversely, Low temperatures and
rates yield p-type material. The "eransition" temperature is again very
rate dependent. The boundary between the p- and n-type regions is

later identified as @ transition curve since it defines the sets of
conditions (Tg, R) at which films swicch from n- to p-type. This
transition curve, as we shall show in the following, is different for
each different target and changes with target composition in a con-
sistent fashion.

The generality of the trends observed with Target #2 as well as the
differences in specific values derived from different targets is
illustrated in Figures 3-3 through 3-6. Here, the three types of
"phase' diagrams (as shown in Figure 3-1) are given for the results
achieved utilizing some of the targets investigated in the program.

In most cases the targets differ in compositipn and in one case in

stoichiometry (the preparation and some characteristics of each of these
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targets were discussed in the preceding section and listed in Table 1).

A very significant observation from these figures is that for all

targets investigated to date, the general observations made in connection
with Target #2are again apparent in these figures: - i.e. 1) the epitaxial
film growth region is again defined by two structural transition tempera-
tures, the epitaxial transition temperatures and the epitaxial
temperature limit; 2) the systematic variation of film composition

within the epitaxial region is again observed and defined by substrate
temperature and growth rate; 3) finally, we again observe the existence
of transition curves bounding the p- and n-type regions also defined

by deposition rate and substrate temperature.

Lffects of the target characteristics on these general trends are
present. As can be noted from Figures 3-3 through 3-6, the two
structural transition temperatures, the epitaxial transition temperature
and the epitaxial temperature limit, where shown, may be slightly but
not significantly different for the various targets. However, comparison
of Figures 3-3 to 3-6 with 3-la demonstrates that, as expected, the raage
of single crystal film x-values that can be achieved differs considerably
for the various targets as do the conditions at which a particular
x-value is observed. Furthermore, the same comparison also demonstrates
that the critical '"boundary" at which a change in the film character-
istics from n- to n-type occurs, is shifted in rate and temperature
depending on the x-value of the target.

Let us consider more specifically the results from the various
targets as shown in Figures 3-1 through 3-6 in order to see how the
target characteristics (i.e. composition, stoichiometry, etc.) effect
the film compositions as well as the p- to n-type transition.* Inspection
of the results shown in Figures 3-1 for Target #2 (x = .20), Figure
3-3 for Target #3 (x = 0.15), and Figure 3-4 for Target #4 (x = 0.25)
show that the higher the target x-value, the higher are the single

crystal film x-values that can be achieved within the range of epitaxial

* Actual values associated with the data shown in Figures 3-1 through
3-6 are documented in Tables 3 through 8 along with the film
electrical properties.
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deposition conditions. For example, for a nearly identical range of

deposition conditions, Target #3 (x = 0.15) yielded single crystal film
with x-values as low as 0.03,while the lower limit of x-values was

about 0.15 for Target #2 (x = 0.20) and 0,17 for Target #4 (x = 0.25).
This type of dependence is consistently observed for all deposition
conditions. The results shown in Figure 3-5 and 3-6 for Targets #8

and #9 are also consistent with these observations. As already
discussed in the Section 3.2.1, Target #8 (x = 0.25) was prepared to
replace Target #4 which had become mechanically degraded. The experi-
ments with Target #8 were concerned, therefore, with the reproducibility
of results (e.g. composition, carrier type, etc.) and it was found

that, for the same range of deposition conditions, all film properties
from the two targets were consistent. However, as noted in Figure

3-5 for Target #8, a transition from p- to n-type films has been
identified, whereas for the deposition conditiaons utilized with Target
#4, this boundary was not identified (all films investigated from

Target #4 showed p-type conductivity). The reason is simply that the
deposition conditions used with Target #4 were limited to values below
those for which a transition could be expected wyhile, as shown in Figure
3-5,the range of deposition conditions used with Target #8 was expanded
so that a transition should be observed-as indeed it was.

As in the case of Targets #8 and #4, Target #7 (see Table 1) was
prepared to have the same composition as Target #2 (x = .20). Target
#7 was investigated in some detail for comparison with Target #2.

The structure, composition and carrier type of the films prepared from
Target #7 are entirely consistent with those prepared from Target
#2. 1In fact, as we shall show later, it is possible to utilize the

combined results from Target #7 and larget #2 to demonstrate a

relation between the p-n transition and as-deposited carrier concentra-

tions.
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#9 than with the stoichiometric Target #2. This
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tions to the right of the transition curves are n-type and those to the
left are p-type. As clearly shown, the transition conditions move to
higher rates and temperatures with increasing target x-values. The
trend for the non-stoichiometric targets (on the Te-rich side) is inter-
esting. It shows that small deviations from stoichiometry are as effective
in changing the transition conditions as are much larger composition
differcences.

Table 2 summarizes some of the information for the targets investi-
gated to date and brings out an important point. While most of the
trends are typical of what has been discussed above, i.e. the range of x-values
of p- and n-type films from each target is a function of the target composi-
tion, the results shown in the last column show a different observation
which is important in the target selection. Here we give, for each target,
compositions of films deposited under conditions close to the p-n transi-
tion curve. Of interest is the fact that the range of such compositions,
shift also to higher x-values with increasing target x-value. In fact
the actual x-values of films prepared with conditions on the p-n transi-
tion curves are very closely bunched around a value which is the same as
the target x-value. The consistency is as good as can be expected, con-
sidering the experimental tolerance limit of the measurements involved.
This observation may be considered an additional indication that the p-n
transition curve defines conditions under which the most stoichiometric
films are produced. As already mentioned and as will be presented in a
later section, electrical properties of films deposited near this transi-
tion curve for all targets investigated also suggest this.

The results discussed here certainly reconfirm that it is
possible to sputter single crystal thin films of desired composition
and carrier type with good reliability. Furthermore the feasibility
of preparing single cfystal film with controlled composition over a
reasonably wide range with a target of a single composition is also
verified. 1In this regard, a few additional observations should be

made. First,if indeed, as discussed above, the transition curve is
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related to film stoichiometry, then high quality p-type films which are
nearly stoichiometric can be deposited under one set of conditions close
to but to the left of the transition condition., This could be followed
immediately by deposition of n-type films if either substrate temperature
or rate is changed to yield a set of conditions slightly to the right of
the transition curve. This should result in the deposition of a p-n
junction in a single, simple deposition run. However, since the composi-
tions of films deposited under conditions to the left and right of the
transition curve are not exactly the same, this would present some
difficulty in the deposition of a true homo-junction. One can, however,
deposit a hetero-junction in this fashion. Also, if a post-deposition
anneal is required, the difference in composition calls for a property
degrading compromise since no single annealing temperature exists which
produces the ultimate stoichiometry control in both film layers.

A second consideration involves the useful range of x-values from
a single target i.e. the range in which the highest quality p- and n-
type films can be produced. As is apparent from Table 2 and if indeed

we restrict ourselves to the p-n transition region for high quality as-

deposited films, this useful range of x-values is somewhat more restricted.

As we shall see in a later section, a solution to these problems seems
to have been found with the introduction of bias-sputtering.

The phenomena responsible for some of the observed results can be
understood by referring to some of our earlier work with sputtered compounds.
Although there has been no attempt to quantitatively define the observa-
tion presented thus far, certain deductions based on this previous work
are consistent with the results. The existence of a growth-rate dependent
epitaxial temperature ig entirely in keeping with the epitaxial growth
rate behavior of any system and the existence of an upper epitaxial
temperature limit has already been related to the differences in the
vapor pressure of the compound elements. Both of these phenomena could
be observed if the deposition occurred by so called direct compound

deposition or if reactive deposition takes place. This means, a rate
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dependent epitaxial temperature is observed, a) if the target material

does not dissociate during the sputtering process and stoichiometric

Pbl_xSnxTe molecules are adsorbed on the substrate or, b) if dissociation

takes places and the adsorbates consist of the elemental atoms, the
compounds PbTe and SnTe, or a combination thereof. Between a) and b) should
be a difference in the absolute epitaxial temperatures as controlled by

the activation energy of the process, which, in turn, strongly depends on

the relative surface mobilities of the adsorbates. The fact that the
composition can be varied with substrate temperature and deposition rate
provides strong indication that the target material dissociates. The
formation of epitaxially ordered compounds becomes rather complex
theoretically if three or more adsorbates are involved, particularly since
here a simultaneous epitaxial ordering and composition adjustment takes
place. In brief, the behavior may be related to the formation energy of

the compounds PbTe and SnTe. With increasing substrate temperature, the

relative formation rate of the compound with the lower formation energy
should tend to increase far more rapidly than the one with the higher
formation energy. Available data show that SnTe has a formation energy
of only 14 Kcal while PbTe requires 52 Kcal. It is thus quite plausible
that x-values, determined by the SnTe concentration tend to increase with
temperature. Excess metal elements of either type, that come about by

the readjustment of the composition of the adsorbed source particles

(defined by the target), will be preferentially re-evaporated (relative

to the compounds formed) if the substrate temperature is high enough

for a given incidence rate. Thus, the magnitude of the so called epitaxial
temperature is not only controlled by the requirements of the ordering
process but also by re-evaporation rate requirements of the excess elements
adsorbed on the substrate. It should also be clear that the epitaxial
temperature will, in addition, vary with composition in this process

since it is likely that the surface mobility of PbTe differs from that

of SnTe. Unfortunately, data to this effect are not available.




As a final word relative to the structural and compositional
phase diagrams, the fact that the observed behavior is similar on all
three substrates is reasonable also, considering previous experience.
It is apparent that once the initial continuous film is formed on a

substrate, during the remaining growth and epitaxial process single

crystal Pb;_,Sn Te represents the actual substrate. Earlier work has

shown that the substrate controls epitaxial temperatures primarily by
its heat dissipation characteristics. For example, large differences
were observed between semiconductor substrates such as Ge and dielectric
substrates such as CaFy. In this respect, the substrates used here are

fairly similar and since we are dealing with relatively thick films any

differences are minimized. The reason is that the critical heat dissi-
pation is that near the very surface where it affects the residual
kinetic energy of the incident particles.

The above discussion shows that the observed rate and temperature
dependencies of composition appear consistent with a rate-controlled
mechanism. The observed rate and temperature dependence of carrier type,
as already implied in earlier discussions and as results to be presented
certainly indicate, is most likely associated with deviations from

stoichiometry. 1In this case the mechanisms may involve the rate and

temperature dependence of adsorption and/or re-evaporation of Te versus
Pb and Sn species. Such a mechanism is consistent with the expected
behavior based on the vapor pressures of the various species. At a
constant rate, the lower the temperature the more Te is expected to
remain in the film and thus the more p-type the film. Conversely, at
higher temperatures, Te-deficient (i.e. n-type) Ffilms may be expected

as observed. Thus, if indeed this qualitative description prevails, then,
referring back again to Figures 3-1 to 3-6, it is not difficult to see
that film stoichiometry control, by careful control of substrate tempera-
ture and deposition rate at deposition conditions as close as possible

to the p-n transition curves shown in these figures, is comparable to

the kind of stoichiometry adjustment one achieves by controlling; a)

annealing temperatures as close to the metal-rich solidus and stoichio-
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metric composition crossover in the Pbl_xSnxTe phase diagram,and b) by b
controlling the annealing charge composition. We shall show in a later ¢
section, several kinds of evidence that confirm this kind of comparison. ﬁ%
One, of course, 1s the electrical properties near the p- to n-transi- B
tion and another,along with annealing results, is the establishment of a

low-temperature crossover in the phase diagram for sputtered thin film

Pby_xSny,Te which occurs in the same temperature range as our deposition

temperatures (i.e. =300 - 350°C).
3.2.2.2 Crystal Structure and Orientation of Epitaxial Films. As

T T D e

determined by reflection electron diffraction and x-ray diffraction
techniques (see Section 2), to date all single crystal films sputtered
on Can(lll) and BaFZ(lll) have shown a (111) orientation and all single
crystal films deposited on CaF2(100) have shown the (100) orientation.
To illustrate, typical epitaxial film structures of sputtered Pby_,Sn,Te
are shown in Figures 3-8 through 3-11. Figure 3-8 shows the (lIO) and
(151) electron diffraction patterns on a cleaved Can(lll) substrate and ﬁ,
of a Pb.848n.l6Te film deposited on the same substrate. The <111» direction
in the film is normal to the surface and, therefore, parallel to the

substrate <111> axis. The (ITO) and (lfl) patterns are obtained by proper

e s

e

positioning of the sample and rotation about its normal. A rotation

angle of 30 degrees separates the (lTO) orientation from the (151)

e

orientation, as expected for the cubic lattice. Figure 3-9 shows similar
patterns for both a cleaved Ban(lll) substrate and an epitaxial film

of Pb.83Sn_17Te deposited on this substrate. As expected the same two
orientations are obtained. Figure 3-10 shows the reflection electron
diffraction patterns for a (111) film with a higher x-value, i.e. (111)
Pb.758n.25Te film on Can(lll). Finally, Figure 3-11 illustrates the
electron diffraction patterns of a polished CaF2(100) substrate and
the corresponding pattern of an epitaxial Pb 7751 23Te film on this
polished substrate. Here, the <100> film direction is normal to the
surface and parallel to the substrate <100> axis. Shown in the figure
are the (001) and (0l1l) patterns of the film. In this case a rotation

of 45 degrees separates the (001) and (0l1l) orientations.
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444 - Pb.sasn.16Te
on

caF, C1(111)

(121) (110)

caF, Cl(111)

(121) (110)
(111) Pb'BASn.lﬁTe Film

Figure 3-8 Reflection Electron Diffraction Patterns for
Sputtered Single Crystal Pb_g4Sn 1gTe Film on CaF, (111)
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425 - Pb.83$n- 17Te
on

BaFy C1(111)

(121) (110)

BaF, C1(111)

(121) (110)

(111) Pb_83Sn 17Te Film

Figure 3-9 Reflection Electron Diffraction Patterns for
Sputtered Single Crystal Pb_ g3Sn, 17Te Film on BaFp(11ll)
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(011)

Can(lll) substrate

(121)

(111} °b _;5un psTe Film

Figure 3-10 Reflection Electron piffraction Patterns for Sputtered Single
Crystal Pb_755n 25Te Film on CaFy(111)
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CaF, P(100)
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(100) Pb.77Sn.23Te Film

Figure 3-11 Reflection Electron Diffraction Patterns for
Sputtered Single Crystal Pb.77 Sn 3 Te Film on caf, (100)
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In all cases, the film patterns indicate a crystal quality which
is comparable to that of the substrate. In the case of films deposited
on the cleaved CaFp(111) and Ban(lll) substrate, Kikuchi lines are
observed both in the film and substrate, which is evidence of excellent
structural quality.

The (111) film orientation on (111) substrates and (100) orienta-
tion on (l00) substrates was also clearly demonstrated by 2-8 x-ray scans.
Typical scans for films on CaFp (111), BaFp(111) were already shown in
Figures 2-3-and 2-4, Section 2.0, along with the scans of each substrate.
Referring to these figures, it can be stated that the presence of (111),
(222), (444) lines for both the substrates and the films confirms the
(111) orientation of the films on the Can(lll) and Ban(lll) substrate.
Similarly, scans of the polished Can(lOO) substrate and the deposited
film show the presence of the (200), (400), (600) and (800) lines which
indicate a (100) oriented film on the (100) substrate.

In addition to comparing the reflection electron diffraction
patterns to assess, qualitatively, the crystal quality of our films,
we have used comparison of the widths of x-ray diffraction lines of
the deposited film and their substrate in selected cases. As an
example, Figure 3-12 shows the 400K and Koy lines of a CaF,(100)
substrate as well as the 400 Kg 1 and K&, lines of the single crystal
Pb.788n.22Te film deposited on the same substrate. In this case, the
400 diffraction lines of the film and of the substrate have nearly
the same diffraction angle range so that a comparison of the line
widths is meaningful. It can be noted that the 2-6 half-width of the
400 K@ | line of the CaF,(100) is 0.075° and that of the film is 0.08°.
This would indicate film quality close to that of the substrate.

3,2,2.3 Carrier Concentrations of As-Deposited Films - Dependence

on Target Characteristics and Deposition Conditions. This section covers

one of the interesting findings of this program, since it discloses a
new avenue for the preparation of thin film PbSnTe with significantly
improved electrical properties resulting possibly in the complete

elimination of the need for lengthy annealing procedures..
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We have seen, in the preceding sections, that the structural and
compositional properties, as well as the carrier type of Pbl-xS“xTe
films have shown rather systematic dependencies on deposition conditions
The structural characteristics of Pbl_xSnxTe films are good first order
indications of material quality; however, the more critical indicators
for device applications are the electrical properties such as carrier
concentration and mobility, and the electro-optical properties such as
photoconductive response. While we shall show in a later section on
transport properties of Pb1-xSnyTe films that the as-deposited electrical
properties, in particular the mobility, of PbSnTe films are, in general,
correlatable with deposition parameters and the resulting structural film
quality, the importance of this correlation is generally minimized if
annealing is required to further improve the electrical properties. One
of the primary functions of annealing is to compensate for deviations from
stoichiometry. Therefore, if direct decposition of films clese to stoichio-
metry were feasible, annealing would no longer be required. As already
alluded to above gnd in earlier sections, results on sputtered Pbl_xSnxTe

N

films show that appropriate deposition conditions for .achieving
stoichiometry on as-deposited films do, in fact, exist and are well enough
definable to use as fabrication control parameters.

To illustrate these interesting results, we have utilized the
data of films prepared from Targets #2, #3,#7, #8 and #9, (see Table
3 through 8). As discussed in Section 3.2.3.1, a set of deposition
conditions can be defined which generates a transition curve for n-
and p-type film formation. This was also schematically shown in Figure
3-7. Restating this observation in general terms, Lt was observed that
(for a given composition) substiale Cempeoratures andfor Jdepusition rates
which were higher than the critical values defined by the transition
curves produced n-type films, lower values produced p-type film, It
was then suggested that these transition conditions may be analogous
to the critical annealing temperatures (switching temperatures)-above which

(for any given composition) films are p-type and below which they are
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n-type (see for example Figure 3-77 of this report). This switching
temperature, not unique to sputtered films, is assumed to correspond to
a condition yielding near perfect stoichiometry. In all cases, films
annealed near this switching temperature yield the lowest carrisr con-
centrations. Thus, if there 1s any analogy between the p-n transition
conditions and the critical annealing temperature, films sputtered with
or near the p-n transition conditions should have the lowest carrier
concentration also. Figures 3-13 through 3-20 illustrate that this is
in fact observed.

Figure 3-13 shows applicable Target #3 data (Table 4). The solid
line represents the tramnsition curve (above which all films are found
to be n-type). The data points are annotated with the measured carrier
concentrations in units of 1018 em™3. Inspection shows that the lovest
values for both p- and n-type films are lo.ated near the transition curve.
Quite apparently the concentrations increase as the densition conditions
differ, increasingly, from those located on the transition curve. It 1is
also apparent that p-type films are more sensitive to differences in
deposition conditions than n-type film. Figure 3-14 provides a somewhat
clearer representation of this behavior for the same set of data. Here
the percentage deviation of the actual rate-temperature product (R.T) from
the critical or transition product (R:T), is used as the reference para-
meter and related to the as-deposited film carrier concentration. The
trend is quite self evident.

That this trend is not unique for this set of experiments or this
target is demonstrated by the evaluation of data from a number of targets
investigated for this study, all of which show the same trends. This
is 1llustrated in Figures 3-15 through 3-20. As noted in Figure 3-15,
by comparison with Figure 3-13 (and shown schematically in Figure 3-7),
the transition conditions of Targets #2 .and #7 (x = 0.20) are shifted
to higher temperatures and higher rates than those for Target #3 (x = 0.15).
But, we again note the lowest carrier concentrations for both p- and

n-type films nearest to the p-n transition conditions. Figure 3-16
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shows the corresponding relation between carrier concentration and the

deviation from the critical transition conditions (R-T),. Here we can see
again the rapid increase in carrier concentration for both p- and n-type
films as deposition conditions deviate (positively or negatively) from
these conditions.

Finally, Figures 3-17 through 3-20 show corresponding results for |
Targets #8 and #9. The results in Figures 3-17 and 3-18 for Target
#8 are entirely consistent with these described above for Target 2,
#3 and #7. As has already been shown, a p-n transition curve has also j
been determined for Target #9 (x = .20, Te rich). The corresponding |
results on carrier concentration near the p-n transition are illustrated
in Figures 3-19 and 3-20. From the similarity of the trends shown in

these figures to those just shown for Target #8, it can be concluded that

a similar mechanism is operative in both targets, even though Target #9

was purposely prepared to be non-stoichiometric or Te rich. It should be

noted that a particular effort was made to determine, by x-ray diffraction,
! whether the single crystal films, particularly those deposited under
conditions near the p-n transition curve, showed any species other than
Pbl_xSnxTe which may be related to the target non-stoichiometry. None
were found within the limits of this technique. In other words, it
appears that films deposited at conditions defining the p-n transition
for the non-stoichiometric Target #9 are as stoichiometric as those
deposited under corresponding conditions from other targets iavestigated
in this study. If one further compares the results from Target #9 with
similar results from Target ##2, which has the same composition as Target
#9 but is stoichiometric (Figures 3-15 and 3-16), it becomes clear that
the major effect of target non-stoichiometry (Te richness) is a change
in deposition conditions at which the more stoichiometric films are
formed; i.e., the p-n transition curve is shifted to different substrate
temperatures and deposition rates as was shown in Figure 3-7. However,
the mobilities in these films seem to be somewhat affected by target

stoichiometry as we shall discuss in a later section.
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It would be of interest to obtain similar data for Targets 10
through #12 for comparison. As may be recalled (see Table 1), Targets
#10 through #12 were prepared utilizing modified techniques aimed at
improved target stoichiometry and purity. However, experiments with
biased substrates had been initiated when these targets were prepared.

The results with biased substrates were so interesting that we decided
to emphasize this aspect with all targets, including Targets #10 through
#12. As a result, systematic experiments at zero bias conditions have
not been performed with these later targets.

In any case, the results presented above continue to demonstrate
and confirm the fact that deposition control can, if exercised properly,
provide a substitute for the post-deposition anneal of PbSnTe. In
both cases the carrier concentration is apparently controlled primarily
by excess metal or Te and not by foreign impurities. It is apparent
from data presented in Tables 3 through 8 and illustrated in the various
figures just discussed that, without a specific effort to locate the
transition conditions exactly, fairly respectable carrier concentrations
were achieved without annealing (~1 x 1017 cm'3). This is compatible
with carrier concentrationsin (annealed) material now used commercially
to produce acceptable photovoltaic cells.

And to repeat, the results also obviously indicate the possibility
for depositing p-n diode junctions in one deposition process by simply
changing rate or temperature slightly at a controlled film thickness.

The technique has, ag stated, one limitation. As could be readily seen from
examples such as shown in Figures 3-1 through 3-6, critical p-n transi-
tion conditions do not exist for all potentially desired film compositions
(x-values). Thus, different targets would have to be used to prepare

p-n junctions of lowest carrier concentration films with widely different,
desired spectral responses. This would be particularly undesirable for
multi-color sensor fabrication. Again, as seen in the following

sections, bias sputtering can be used to overcome this limitation.
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3,2.3 AS-DEPOSITED FILM CHARACTERISTICS WITH SUBSTRATE BIAS.

3.2.3.1 Structure, Composition and Carrier Type Dependence on Target

Characteristics and Deposition Conditions. In Section 3.2.2.1 we showed

how two deposition parameters, substrate temperature and deposition rate
affect the structure, composition and carrier types in films deposited
frcm various Pby-xSn Te targets. In this section we introduce an addi-
tional parameter - that of gsubstrate bias.

Bias sputtering is a relatively well established technique which
has many variations. In our case, it consists simply of the application
of a positive or negative DC potential to the substrate holder - relative
to a common ground for the sputtering cathode (target), the shutters,
substrate heaters, etc. As discussed in Section 2, the bias voltage is
applied in such a fashion that it does not generate any large field
gradients in the film being deposited - either parallel to or normal
to the substrate surface.

While there were a number of interpretations as to what bias sputtering
does to the deposited film by different investigators, the observed effects
were generally the same. Our own work with tantalvm showed decreases or
increases in film resistivities, depending on the polarity and magnitude
of the bias. We were able to correlate this to an apparent rejection
(or attraction) of impurity ions, such as oxygen ions, in the argon plasma.
This was, of course, the basis for applying bias sputtering to PbSnTe
deposition. It was hoped that any impurity inclusion in the PbSnTe films
could be substantially reduced during deposition - independent of any
remaining impurities included in the target or contributed by the sputtering
environment.

Thus it was expected that carrier concentrations in our films would
show a systematic and continuous dependence on bias voltage. The actual
results were initially somewhat surprising and unexpected, but neverthe-
less, very useful. We present in this section, the very substantial
and dramatic effects of bias voltage on the structure, composition and
carrier type utilizing the same targets investigated without, (i.e., zero)
bias conditions. We will present gimilar effects on carrier concentration

in a later section covering electrical properties.
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In order to investigate the effects of bias voltage, it is
treated as a completely independent deposition parameter. That is,
during any one set of experiments, the other deposition parameters,
in particular substrate temperatures and growth rate were kept constant
while the bias voltage was changed over the range of interest. This
was repeated, systematically for various sets of rate and temperature
conditions. Selected, typical results of bias voltage effects on composi-
tion and carrier type are illustrated in Figures 3-21 through 3-27 for the
various targets investigated. We consider first the results utilizing
Target #9 (x = 0.20, 1% Te rich) shown in Figures 3-21 and 3-22, It
immediately is apparent from Figure 3-21 that bias voltage provides a
new method for controlling film carrier type. Referring to Figure 3-6
for the compositional and structural phase diagram for Target #9, we
observe that for a substrate temperature of 345°C and growth rate of
.95 uym/hr, for example, the films deposited at zero bias conditions are
single crystal, are n-type and have a composition of x = 0.20. Figure 3-21
illustrates that bias voltages over the range from +30V to -30V coupled
with the same depositions conditions (1.e. 345°C and .95 pm/hr) can yield
both p- and n-type, single crystal Pbl_xSnxTe films. From this figure
we can define a critical, temperature dependent bias voltage at which
the films switch from n- to p-type. For example, Figure 3-21(a) shows
that for a PbSnTe film on a BaF, substrate, the critical bias voltage
is about +5V for the reference conditions of 345°C and .95 pw/hr,
respectively.

Important to note is that the film composition (indicated by the
x-values in the parenthesis) shows no significant differences for the
entire range of bias voltages for any one set of rate and temperature
conditions - this in spite of the changes in carrier type and, as we
shall see later, the rather large changes in the other electrical
properties such as carrier concentration that are experienced. Also, if

zero bias conditions produced single crystal films, the same rate-

temperature conditions produced single crystal films over the entire

range of bias voltage investigated.




Several other observations on the effect of substrate bias are
apparent from Figures 3-21 and 3-22. In particular, they illustrate
the dependence of the critical switching voltage on substrate tempera-
ture and deposition rate as well as the interdependence of all three

parame ters.

By comparing Figures 3-21(a) and 3-21(b) it is noted that the

switching from p- to n-type film occurs at slightly different ecritical
bias voltages for the two substrates (CaF2 and Ban) used. Using the same
conditions as above as an example (345°C/0.95 ¥/hr), the critical bias

voltage is seen to be +10 volts for films on CaFy as compared to about

+5 volts for films on Bafl,.

Figure 3-21 also shows results for two substrate temperatures,
namely 335°C and 345°C, at one film growth rate, namely 0.95 phr.
Reference to the zero-bias structural phase diagram for Target #9 in
Figure 3-6 shows that at 335°C and 345°C the films are p-type and n-type,
respectively, for a deposition rate of .95 um/hr. As noted in Figure 3-21(a)
the critical switching voltage changes from about -5 volts to +5 volts
as the substrate temperature of BaFy is changed from 335°C to 345°C.

An effect of similar magnitude is observed for CaF, in Figure 3-21(h),
The apparent reason for this behavior will be discussed later.

Figure 3-22, perhaps most clearly, illustrates the observations
which by now must be considered typical. The bias voltage required to
switch films from n- to p-type becomes more positive as either the subst-
rate temperature or deposition rate (or both) are increased. The
reverse holds, of course, for the voltage required to change a film from
p- to n-type. These observations raised the suspicion that this bias
influenced behavior is related to that previously established with
zero bias, namely, that unbiased films are always more n-type 1if they
are deposited at higher substrate temperatures and/or at higher

deposition rates.




l l } T |
O P-TYPE
\ O N-TYPE
GR= 0-45).un/hr

2|
(.20 (.2& (.20 (.20)
B B 8 o) o) ®

(¥
pry
w

P-TYPE N-TYPE

(.19) (19)\Aa5) (M)
@} ' 0 . 0)

0 |

\ ()= x%-valve |

a | | | | | |
+30 +20 +\O O "10 -20 ”30
BIAS VOLTAGE (volte)

(@) BaF, Substrate

suUBSTRATE TEMR (°0Q)

1 I

O P-TYPE
6 N-TYPE
'6) G\Q’-’O'?S}lm/hr,

(-20) (20 (20  (-20)
Bnoo O 0} 0)

pP-TYPE N-TYPE

ag) 195) )
A

( )= x-vale_|]

9
o
S
U8 ]
|....-
s
a
v
k—
§)]
)]
D
()]

| | | | | !
+30 20 *10 6] -\0 -20 -20

BIAS VOLTAGE (volts)
(b) CaF, Subsirate

Figure 3-21 Substrate Bias Effects on Composition and Carrier
Type (Target #9)

3-51




N R Lk . |

ol
{
!

PSR s e e
v

S Y A BN E N
— O Baf, Substrate —
. CaF, Substrate
s~ 350" ok -
%.' L _
L 6 Growih Rate |
- 340 - ~ 0'95},(M/hﬁ — |
N i
Ll | %
= Growih Rate Growth Rate
(<1I B _ -a5um/hr. -05um [hr. | B
- P-lype I
0 - E N-Type
m 1
j Q 4
M s N W L | | | i1
+30 +20 +10 0 =G -20 -20 Jw
BIAS VOLTAGE (volts)
(at switching point
A= T T T T 1T T
L » — A,
< 22 _
g — —
2.0 —
L [ —
- 18 il
< - =1
&6 - substrate Temp, ]
B 335°C ” P
=y
L N :T% pe 3
g Y substrate N
v Temp, 3 ] i
-0 ] ,
= 45 °C N
08 | Plype T 4
T S Y U (NN U N AN TR BN B
+30 +20 +10 O -10 3220 ~30 i
BIAS VOLTAGE (volts)
(at swﬁchmg point)
Figure 3-22 Effect of Deposition Parameters on Critical Bias Voltage

for Single Crystal Sputtered Pb].xSnyTe Films (Target #9)

3-52




,1
Fob
i
i
#

im
;!m

o

T T T T 1 T T
B BaF, Substralg]
? 360° 22 GR OSum/hr. |
e 22 215 .22 22 215 _
A L L
W a50” - ,) |
- P-TYPE N-TYPE
- .21 2] R
< el
> 340 a Q) —
',—-
n — _
(ﬂ 0
a 330 | _
S S N T N N TN NN S N
30 +20 +10 0 —10 —30

BIAS VOLTAGE. (vo It‘s%o

a) Characterization of Film Composition and Carrier Type vs.
Deposition Conditions and Bias Voltage

T T 1 Tt

x Cafy ]
N\ o Bafa

b — )( —

W
~J

O,
1

[]

9
5
w200 ]
‘._..
| - " B
tﬂ . Growth Rate Growth Rate
at 550 = V-2 um/hr. O3um/hr _|
l= — X
N ]
£ o ,,:
3 240 \Q\ ]
N A (Y PO N (. NN NS N N
+30 +20 +10 O -10 ~-20 -30

BIAS VOLTAGE (vo|Ts)
(at switchng point)

b) Effect of Deposition Parameters on Critical Bias Voltage

Figure 3-23 Substrate Bias Effects on Composition and
Carrier Type (Target #8)

3-53




I —
BaF, Substrate]

GR. 1.05um /hr. _|
Targe’c }fén

(22) (22) L.z;é(zz)\ (215) (.22 (2;5
D 0o O oE a0doo ©

o]
P-TYPE

2D (-21)
a Q)

() Film
¥ -value -

l | | [ A N S N B
+30 +20 +\0O O -10 -20 -30
BIAS VOLTAGE (volfs)

a) Characterization of Film Composition and Carrier Type Vs.
Deposition Condition and Bias Voltage

SUBSTRATE TEMPR (°C)

l |
x CaFo

O bBafF

Growth Rate Growth Rate
\'Zzurn,l"hf.*‘ |.05}A_m/hr

PabE

SUBSTRATE TEMR (°C)

\ 0
|\
L.
+30  +20  +10 o -0 -30
BIAS VOLTAGE (volts)
(at switching point)

b) Effect of Deposition Parameters on Critical Bias Voltage

[ N T |

Figure 3-24 Substrate Bias Effects on Composition and Carrier
Type (Target #10) 3-54




BaF, Substrate
G.R, 1.05um/hr

(-22) Cusd

(] &) o O

P-TYPE N-TYPE
(-'g) : E

(.20

| .
30 120 +10

BIAS VOLTAGE (Volte)

a) Target #11

BaF2 Substrate
G.R, 1.05pm/hr

(uD\1) %n)

SUBSTRATE TEMP (%)

(P T I T T U AN

Y30 +20  +HIO O -l0 =20
BIRS VOLTAGE ( Volts)

b) Target #12

Fignre 3-25 Substrate Bias Effect on Composition and Carrier Type




[

—_—— — CQFZ
BaFZ

N-TYPE

Tqrget w3
(x=0.25)

6.9.=.‘3/Am/hF

Targef #9 =2
( X=0-20) GR

be OVS;A M/hr,"‘

P-TYPE

SUBSTRATE TEMP [°C)

r-——-

1 1 [ T N
130 +20 +10 0 -10 -20
BIAS VOLTAGE (volts)

a) Effect of Target Composition

(°C)

—— Can
——— Bafy

N-TYPE
Tnﬁjej‘.

3 N Targelt #9 (x=0.20
L{):_D.%g})amfhfx\ arc}e’o;t (Rth )

P-TYPE Ko ARy

| A T N . |
+30 420 +i0 0 -10 ~20 =30
BIAS VOLTAGE (volts)

b) Effect of Target Stoichiometry

SURBSTRATE TeMP

Figure 3-26 Effect of Target Characterisiics on Substrate Bias
Effects (Film Carrier Type)

3-56




o
<

2
f—

1S )
Oy

SUBSTRATE TEMP (°C)
O

Go
Y
(a3

N
3

o

-
©

&
|

SUBSTRATE TEMP. (°C)

Ly
S

] \ Growth Rate
1.2 pm/hr

p—
1,05 pm/hr
O Target #11 A =
N Target #12
[J Target #10
All targets (X = .23)
=

I
+30 +20  +/D 0 -10 -20 -30

BIAS VOLTAGE (Volts)

b) Bias Effects for Three Targets with the Same Composition.

l I I I | T
Growth Rate
1.05 pm/hr
BaF2 Substrate 1.2 pm/hr
Target #12 Growth Rate
® -8— .5 pm/hr
| [ | ] | |
+30 +«0 40 0 =10 -20 -30
BIAS VOLTAGE (Velts)
a) Effect of Deposition Parameters on Critical Bias Voltage.

Figure 3-2/ Effect of Target Characteristics and Deposition

Conditions on Critical Bias Voltages.

3-57




Figures 3-23 through 3-25 present additional results of similar
nature for Targets #8 (x = 0.25)and Targets #10, #11 and #12 (x = 0.23).
As noted the trends are identical to those presented for Target #9 and
indicate how general the observed bias effects are.

Figures 3-26 and 3-27 provide a direct comparison of the critical
voltages observed with the various targets investigated. Apparently,
target composition and stoichiometry have an effect on the critical
bias or switching voltages. But, it remains to be determined whether
this effect is direct or indirect. In other words, it is quite likely
that the film properties which are the result of the target composition
at any given set of deposition conditions, control the switching bias
requirements rather than the target composition itself. To explain
one might refer back to the trend curves in Figure 3-7. The general
behavior revealed in this figure is that,if identical deposition condi-
tions are used, targets with higher x-values yield, without bias, a) films
which are more p-type (or less n-type) and b) films which have higher
x-values. Thus, from Figure 3-26(a) it can be deduced: If a set of
conditions, A, is chosen such that the film, deposited without bias,
would be more p-type than for another set of conditions, B, then the
negative bias required to deposit an n-type film must be larger for
Set A than for Set B. The reverse holds true for n- to p-type conversion.

Figure 3-26(b) compares the results achieved with two targets -
Target #9 and Target #2 - which have effectively the same composition
(or x-value) but differ by the fact that Target #9 is Te rich. Again,
without bias, films deposited with Target #2 would be more n-type, at
any set of conditions, than those deposited with Target #9 - as trend
curves in Figure 3-7 indicate. Consequently, the critical voltage is
now expected, and in fact is,more positive for Target #2.at any set of
deposition condition also.

Targets #10, #11, and #12, all prepared to have identical composi-
tions but with modified preparation techniques, are compared relative to
any effects on the switching bias voltage, in Figure 3-27. As can be

seen and as may be expected the results from all three targets are
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identical within experimental error.

All of these results have indicated;a) strong effect of substrate
bias on carrier type, and b) the lack of a bias effect on the basic
film composition. Coupled with an effect of substrate bias on carrier
concentration, which will be presented later, these observations are
consistent with a mechanism involving stoichiometric adjustment. That
is, just as we hypothesized in the preceding section that the p-n
transitions (at zero bias) may be defining conditions at which the most
stoichiometric films are formed, the bias effect results suggest that the
socalled critical bias voltage represents also a condition at which the
most stoichiometric films are produced.

The ability to produce stoichiometric p- or n-type film by bias
sputtering is of considerable practical significance. Here is a process
which is extremely easy to contrnl and, most importantly, maintains
constant film composition. Consequently, control of carrier type will
not affect the spectral response of individual layers deppsited under
conditions selected to produce a certain composition or x-value. This
is obviously superior to the control of substrate temperature and
deposition rate alone - which at zero bias conditions can also be used

to produce p- or n-type films but not without changing composition.

3.2.3.2 (Crystal Structures and Orientation of Epitaxial Bias Sputtered
Films. As stated in earlier sections, only single crystal films are
deposited for this work. As we have shown in Section 3.2.2.2, for films
deposited without substrate bias, single crystal films sputtered on
CaF7(111) and BaFy(111) have shown the (111) orientation only, while
those on CaFy(100) have shown the (100) orientation. As also noted, in
| the case of x-ray evaluation this simply means that in the 2-0 scans,
films on CaF, and Ban(lll) showed only lines for the (111) oriented
filmsswhile those of CaF2(100) showed only lines expected for the (100)
orientation. The single crystal films deposited with bias sputtering
also exhibited the same characteristics. That is, the films were all
single crystal in nature over the entire range of bias voltage investi-

gated and showed the same orientation that is experienced in films
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deposited at conditions, which at zero bias, yield single crystal i

structures. Typical reflection electron diffraction patterns and

x-ray 2-8 scan were already presented in earlier sections of this

report for typical single crystal films deposited at zero substrate

bias conditions. The films deposited with substrate bias exhibit

completely similar patterns and scans. Therefore, we found no parti-

cular merit in including additional samples here.

3.2.3.3 Carrier Concentration of Bias Sputtered Films - Dependence

on Target Characteristics, Deposition Conditions and Bias Voltage. It

was earlier revealed that, initially, the basis for utilizing bias

sputtering was past work in our laboratory which indicated that bias

sputtering can.significantly reduce the impurity content in deposited

metal films. Thus, relative to the carrier concentration in Pbl_xSnxTe,

it was hoped that the bias sputtered films would show a monotonic

decrease in concentration with decreasing bias voltages (from positive 5

to negative). This trend materialized, but there also occurred a

relatively large reduction in carrier concentration at a critical bias

voltage. Moreover, this critical voltage was the same as that defined

in Section 3.2.3.1, i.e., the voltage above which the film had p-type

carriers and below which the film had n-type. The expected, monotonic

drop in effective carrier concentration with decreasing substrate bias

did, at first, appeared to be only a secondary effect in PbSnTe film.

But it became apparent, as the range of applied bias voltages investigated

was Increased, that this initially sought after effect is significant

also.

Figures 3-28 through 3-31 illustrate the essential features of the

bias effect on carrier concentration. Two substrates, BaF, and CaF,

and five different targets are investigated. 1In Tables 9 through 14

the data on composition, structure, carrier concentration and mobilities

are documented as are their dependence on bias voltage. It should be

noted that the carrier concentrations and mobility values given in these

tables, in many cases, represent average values for several samples with

deviations ranging anywhere from +2% to +15%.
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The results shown in Figures 3-28 through 3-31 are representative
of different sets of deposition conditions. However, in each case, the
results are compared for both substrates, BaF, and Can. For example,
Figure 3-28 shows the carrier concentration as a function of bias voltage
for films of composition x = .22. As previously noted, film composition
remains the same over the whole range of bias voltages investigated. All
films were deposited at a substrate temperature of 340°C and 1.05p m/hr
using Target #10. First,we note that all films deposited on the CaF,
substrate are p-type with bias voltages above about -2V while those

deposited with a lower bias voltage are n-type. It is also apparent

that films deposited on CaF, have about an order-of-magnitude lower
carrier concentration if deposited with an apparently critical bias of
about -2V rather than without or zero bias. A similar reduction in
carrier concentration is observed with BaF2 substrates, but the minimum
occurs at about -5V.

If we look at the overall trend in Figure 3-28, we can also observe
the general monotonic decrease in carrier concentration alluded to
earlier as the bias becomes increasingly negative. For example, on
CaFy, a carrier concentration (holes) of about 3 x 1018 cm-3 is observed

7

at +17V, a value which changes to about 1.5 x 101 cm™3 (electrons) at

-30V.

Figure 3-29 shows similar trends for films deposited frrm Target
#12. As may be recalled Targets #10 and #12 were prepared to have
identical compositions, the only difference being the preparation techni-
queé utilized. Furthermore, as noted in Figures 3-28 and 3-29, the deposi-
tion conditions used to generate the data shown for the two targets were
the same within experimental error. This resulted in 1ilm compositions
which are also the same. Finally, we note in Figure 3-29 that the bias
voltage at which the films switch from p- to n-type and exhibits a
minimum in carrier concentration 1is identical, within experimental
error to that shown for Target #10 in Figure 3-28. The major difference
between Figures 3-28 and 3-29 are the actual magnitudes in the carrier

concentration. They are clearly lower with Target #12. This as we will
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show, ,must be related to the improved target preparation techniques used
for Target #12.

Figures 3-30 and 3-31 show results on bias effects for other
targets with different compositions and/or stoichiometry. In Figure
3-30 for Target #8 we again note: (1) the small but real differences in
carrier concentrations in films deposited on the two different substrates;
(2) a minimum in carrier concentration associated with the critical
bias voltage at which films switch from p- to n-type; (3) a general
raduction in carrier concentration as the bias voltage becomes more
negotive. In this case, the deposition conditions used (355°C, 0.8 pm/hr)
were such as to result in films with a composition of x = 0.22. This
is the same composiuion as that of the films discussed in Figure 3-29
and 3-30. The negative, critical bias voltages are -3V for CaFy and
-6V for Baf,, respect.vely. Obviously, the deposition conditions
utilized to generate the data in Figures 3-28, 3-29 and 3-30, though not
exactly the same, yield quite similar results as regards composition
and critical bias voltage. However, further observation reveals
even greater differences in the actual magnitude of the carrier con-
centration between those shown in Figure 3-30 and those observed in
Figures 3-28 and 3-29. These must, again be related to the differences
in the preparation techniques used for Target #8 and Targets #10 through
#12. We will discuss this point somewhat later.

The effect of substrate bias on the carrier concentration of
films deposited with Target #9 are presented in Table 13 and Figure 3-31.
In this case the critical bias voltages are positive for both substrates.
As expected (see Figures 3-6 and 3-19) for the deposition condition
used to obtain these data, i.e. 345°C substrate temperature and :95 pm/hr
growth rate,the films deposited at zero bias are n-type. Thus, based
on our earlier hypothesis,a positive bias potential should in fact be
required to produce p-type films at the same deposition conditions.
As can be seen, the critical bias potential is, on CaF,, about +10V

and, on BaF,, about +5V. The composition of the film is specified as
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X = 0.20. Reference to Table 13 shows that this composition, again,
remains constant for all bias voltages investigated.

The results in Figures3-28 through 3-31 aud Tables 9 through 14
definitely show that the trends observed for the various films are quite
general. However, the critical bias voltage changes for the different
samples, and is affected by differences in the deposition conditions,
target composition, target stoichiometry, etc. The interdependence
of the bias voltage effect on the electrical film properties and of
the target and deposition parameters is further explored by means of
the results illustrated in Figures 3-32 through 3-39.

Results for three different sets of deposition conditions are
shown in Figure 3-32 for films sputtered on BaF, with Target #10. As
noted, all three sets of films have a different composition reflecting
the three different conditions used. First, we note that a change in
the substrate temperature alone (deposition rate constant) results in
a shift of the critical bias voltage. In the given case, the critical
bias became more negative, i.e. changed from -5V to -10V, as the subst-
rate temperature was reduced from 340°C to 3259C. A similar shift to
more negative values is observed if the deposition rate alone is
decreased (substrate temperature constant). Finally, we note that these
decreases in the critical bias voltage are associated with decreasing
film x-values. The latter relation is, of course, a direct result
of the differences in the deposition conditions.

For CaF, substrates, shown in Figure 3-33, only the deposition
rate effect is illustrated. Still the relation between the rate or
corresponding x-value and the critical bias voltage holds as for BaFjp.

Figures 3-34 and 3-35 (also Tables 10 and 11) show the same
effects for Target #11 and #12, respectively. Results are presented
for films deposited on BaFy substrate only.. As may be recalled, Targets
#11 and #12 have the same composition as Target #10. It is satisfying
to again find fairly good consistency in terms of critical bias voltages,
film compositions, etc., between the results with Target #10 and those
shown in Figures 3-34 and 3-35 for Targets #11 and #12. However, there
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are again differences in the absolute magnitudes of the carrier cen-
centrations relatable to differences in target preparation techniques.

Finally, Figures 3-36 and 3-37 show results for the dependence
of carrier concentration on bias voltage for different deposition condi-
tions for films sputtered with Target #9, on BaF, and CaF, respectively.
The trends are again similar to those observed for the other targets
investigated. Naturally, there are differences in the magnitude of
the carrier concentrations and in the vglue of the critical bias voltages,
which are due to differences in deposition conditions, target composition
and stoichiometry (i.e. Target #9 was prepared to be Te-rich).and target
preparation.

At this point it may be enlightening to amplify on the effect of
improved target preparation techniques repeatedly alluded to above. For
example, a point by point comparison of results shown in Figures 3-29
through 3-37 shows that carrier concentrations for films sputtered from
Target #12 are lower, over ihe complete range of bias voltages investi-
! gated, than for films sputtered from Targets #8 through #11. Further-

more carrier concentrations for films sputtered from Targets #10 and #11
are lower than for films sputtered from Targets #8 and #9. This can be
easi.y seen in Figure 3-38 which summarizes the effect of bias voltages
on carrier concentration for films deposited from five targets on BaF2
substrates. The deposition conditions, target compositions and film
compositions are specified. In this figure, it is possible to directly
compare the effect of the target preparation techniques on carrier con-
centrations and critical bias voltages for Targets #10, #11 and #12.

All three targets have the same composition and essentially the same

deposition conditions were used to generate the data. The results shown
definitely demonstrate: 1) the critical bias voltages are nearly identical
for all three targets; 2) the carrier concentrations are consistently
lowest in films sputtered from Target #12, with the carrier concentrations
in films sputtered from Target #11 being the next lowest followed by the

carrier concentrations in films sputtered from Target #10. As discussed
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in Section 2, (see also Table 1), increasingly improved preparation

techniques were utilized for Targets #10 through #12. First, we aimed

to produce a more homogeneous and stoichiometric composition in Target #10;
secondly, we introduced methods for the preparation in an oxygen and water-
free environment of Target #11, and finally, we added purificatien of
reacted Pby_,Sn Te target material by sublimation for Target #12. Apparently,
all improvements had the desired effects as reflected by the reduced carrier
concentrations. In Figure 3-38, these impressive effects can be seen by
comparing the results for all five tergets. We see a substantial reduction
in carrier concentration in films sputtered from Target #12 as compared

to those sputtered from Target #8 (prepared in the early standard way) .
Similarly impressive differences are seen by comparing results for Target #9
and #12. Since Target #9 was prepared to be non-stoichiometric and

Target #8 has a higher x-value than Target #12, it might be argued that

these are the factors which are influencing the relative carrier concentra-

rion between Targets #8 and #9; however, the effects of improved target
|

preparation techniques resulting from Targets #10 through #12 cannot be

mistaken.
The added results shown in Figures 3.39 and 3-40 are even more

revealing in this respect. Figure 3-39 presents the dependence of carrier
concentration on bias voltage for films deposited from the stoichiometric
Targets #12 (with x = 0.23) and #2 (x = 0.20, gstoichiometric). The
deposition conditions although not the same seem close enough for comparison.
As noted, even though the target and film x-values are both higher, the
carrier concentration in films from Target #12 are the lower ones. This
is contrary to typical trends based on x-value effects only.

In Figure 3-40 we concentrate on the relative effect of target
stoichiometry using films deposited under identical deposition condi-
tions from Target #2 (x = 0.20, stoichiometric) and Target #9 (x = 0.20,
non-stoichiometric). As noted, the film compositions (x = 0.19) are
the same for both sets of films. However, the important observation is
that the carrier concentrations are comparable in both sets of films. There~

fore, it is evident that the non-stoichiometry of Target #9 cannot
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explain its higher carrier concentration relative to films prepared from
Target #12 - as indicated in Figure 3-38. Thus, there appears to be no
other significant reason for the significantly lower carrier concentra-
tion of films deposited from Targets #10, #11 and #12, than the improved
target preparation techniques.

While these effects of preparation technique are obviously real,
it should not be overlooked that the most significant carrier raduction
occurs at the critical bias voltage. For example, at the critical voltage
the films have the lowest carrier concentrations namely in the 8 x 1016 cm-3
to 1 x 1017 (ecm=3) range in all three cases where the modified preparation
technique is employed. This emphasizes the fact that in spite of all
other parameters having an effect on the carrier concentration, the critical
bias voltage has a very strong influence. Full advantage has not, as yet,
been taken of this phenomenon since, to date, our emphasis has been on
establishing the trends so as to understand the mechanisms and, further,
on defining film characteristics as a function of deposition conditions.

We are now fully convinced that the reduction in carrier concentra-

tion near the critical bias is the result of a bias induced, stoichiometric

adjustment. There is such an abundance of consistent data to this effect
that it leaves little doubt as to what is occurring. The simplest and
clearest indication of this comes from a comparison of the observed
behavior of carrier zoncentration as a function of substrate bias voltages
with other, similar behavior induced by other techniques, such as
annealing, which have been identified as controlling the stoichiometry.
Reference to various figures in Section 3.4 shows the striking similarity
between the critical bias voltage and the critical annealing temperature.
Both cause large reductions in carrier concentration - both represent
critical values above and below which the carrier type changes.

As further evidence we chose to compare the apparent relation be-
tween film property behavior near the critical bias voltages to the film
property behavior near the critical (RT), product discussed In Section

3.2.2.3 (see Figures 3-16, 3-18 and 3-20). The similarity between the
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trends in these figures and data such as shown in Figure 3-29 through 3-40
cannot be mistaken and implies that the responsible mechanisms coincide.
A critical point for carrier type switching from n- to p-type and for
a corresponding carrier concentration mnimum is common to both and can
in both cases only be assumed to be the result of stoiciometrical ad-
justment. If this is so, a real correlation should exist between the
critical bias voltage, V,, and the critical product, (RT),. This has
if fact, been demonstrated and is illustrated in Figure 3-41. Here we
plot the deviation A(RT)/R, T, x 100 from Figures 3-18 and 3-20 against
corresponding critical switching bias voltages observed for the corres-
ponding targets. That is, we selected the critical pias (V,) for selected
deposition conditions (RT) which yielded carrier concentration minima
in experiments using substrate bias. We then defined, for the same
target and film compositions, the critical conditions (RT)o which produce
carrier concentration minima if no bias is applied to the substrate.
This latter data was derived from earlier results such as those shown
in Figure 3-7. The differences between the two sets of conditions (RT)

! with bias and (RT), without bias, provided the input for the deviations
plotted on the abcissa in Figure 3-41.

Quite obviously, the larger the deviation of the conditions (RT)
under which a particular film has been deposited from (RT),, the larger
is the positive or negative critical bias voltage required to minimize
the carrier concentration (or switch the carrier type). More generally,
if the deposition conditions are such that ART/(RT), is negative and
thus produces p-type film without bias (see Figure 3-20 for example),

Vo has to be negative. The reverse holds true for film deposited under
conditions which render the film n-type without bias. Therefore, it

appears that at deposition conditions which are removed from the p-n

transition conditions at zero bias, i.e., at conditions resulting in

the formation of non-stoichiometric film and with high carrier concen-
tration, the application of a bias voltage can adjust for stoichiometric
deviations and correspondingly minimize the carrier concentration. An
interesting consequence of this is that for a film being deposited exactly
at a set of critical conditions (RT), the critical bias condition is

Vo=0-
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We have seen in Figures 3-32 through 3-37 that the critical bias
voltage varies with film composition. This is reflected, in summary
form, in Figure 3-42 and 3-43. Figure 3-42 is a replot of Figure 3-41
but identifies the various targets and the various film compositions
applicable to each data point. Figure 3-43 actually plots the critical
bias voltage for all film compositions produced by the various targets
investigated. We note in both figures that,for any particular target,
the variations of the critical bias voltage with film composition
are quite systematic. Of particular interest are the compositions near
the zero bias conditions. Here the film x-values approach the x-values
of the targets themselves. This is indeed consistent with our earlier
observation at zero bias. In that case, the compositions of films
deposited at conditions near the p-n tra.sition curve were limited to
values not too far removed from the composition of the target (see
Table 2). This clearly shows one of the advantages of bias sputtering.
Films of a far larger range of x-values can be sputtered, stoichiometri-
{ cally, from a given target with bias than without bias. This is
amplified in Figure 3-44 in which the p-n transition at zero bias
conditions for Target #9 (solid line) is reproduced from Figure 3-6,
in addition to p-n transitions for different substrate bias voltages.
This figure thus reflects that with this particular target p- and n-type
films can be deposited which are very close to stoichiometry and have
a large range of x-values. All other targets yielded the same observation.
It has not as yet been theoretically established why small biases
can cause a stoichiometric adjustment. But it can be conjectured
that deviations from stoichiometry in single crystal films are generally
small for any set of conditions, in spite of large effects on carrier
concentration. The latter is due to the fact that fractional percents in
metal or tellurium richness are sufficient to produce order-of-magnitude
changes in carrier density. Consequently, if only a small fraction of the
impinging Pbl-xS“xTe beam is ionized or, for that matter, if only a small
fraction of one component is ionized, a bias can cause preferential

adsorption or desorption of the impinging material and consequently a
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stoichiometric adjustment coupled with large changes in carrier con-
centration. Some attempts to identify what species may be present in

our sputtering system before, during and after sputtering have already
been made by the use of a mass spectrometer. Although the spectrometer
system can be and is being used to identify species before and atter

the sputtering process, some difficulties have been encountered in
utilizing the system, as it stands, during sputtering. Some modifications
are necessary before this can be done.

One factor should not be overlooked. As noted earlier, large
reductions in carrier concentration are observed at the larger negative bias
voltage. This 1is reminiscent of results from our earlier work with thin
film metals, indicating an apparent impurity adsorption control. That
is to say, the mechanisms which are operative at the larger negative
biases are probably: (1) a bias-controlled retardation of the surface
adsorption of foreign impurity species which were ionized in the plasma,
(2) substrate cleaning by ion and/or electron bombardment. Both mechani-
sms would result in a monotonic variation in carrier concentration be-
tween positive &and negative bias conditions.

Independent of the cause, these results represent a potential

breakthrough in photo-voltaic p-n diode fabrication. To summarize,

sputtering at a critical bias voltage is & process which is extremely

easy to control - in fact even easier and more precise than the control

of the (RT),pProduct which can also be used to form p-n junctions. Most
importantly, bias control maintains constant film composition (except

for stoichiometric adjustments) and consequently will not affect the
spectral response of individual layers deposited. It does produce

detector materials with relatively low as-deposited carrier concentrations.
Should annealing still be desired, the fact that the composition is the
game in all layers, makes it possible to use only one critical annealing
condition to improve all layers and insures that no concentration gradient

will induce interdiffusion of components across the p-n juactions - thus

degrading or destroying the junction characteristics.
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3.2.4 TRANSPORT PROPERTILES OF AS-DEPOSITED FILMS-EFFECTS OF
SUBSTRATE BIAS, TARGET PROPERTIES AND TEMPERATURE.
3,2.4.1 Introductory Remarks. Further insight into the phenomena

associated with the observed results already presented can be obtained
from measured carrier mobilities and their dependence on deposition
conditions, carrier concentration and measurement temperature. For
example,we may expect that the Hall mobilities of our films show similar
dependences on sputtering conditions as the carrier concentrations - if
the observed carrier concentrations are not simply the results of
impurity compensation or similar causes. In the previous sections we
assumed that the reduction in carrier concentration at (RT)y 1.e. at
the p-n transitions observed in films deposited at zero bias and in
films deposited at the critical bias voltage Vo were associated with
conditions approaching stoichiometry. Furthermore the reduction in
carrier concentration at the larger negative blases was associated with
a purification process. If these mechanisms are correct, the mobilities
in the film may be expected to approach optimum behavior and values near
these critical conditions also. Results to be presented demonstrate
this to be the case. ‘

Temperature dependencies of Hall mobilities and Hall coefficients
can also be used to aid in the definition of mechanisms which affect
the transport properties. In particular such data can be used to
determine types of scattering centers active in the films which in turn
aid in defining the mechanisms responsible for the observed phenomena
(e.g. non-stoichiometry or impurity compensation).

In the following sections we present data showing the dependence
of mobility on carrier concentrations for unannealed films deposited with
and without substrate bias, utilizing the various targets investigated,
and data showing the temperature dependencies from 3009K to 49K of Hall
mobilities and Hall coefficients in films sputtered under a variety of
conditions also.

3.2.4.2 General Effects of Deposition Conditions, Target Character-

istics, Substrate Bias, Etc. on Transportf Properties. Figures 3-45 through
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3-54 (see Tables 3 through 14 for actual date points) illustrate results
on the dependence of measured Hall mobilities on the carrier concentra-
tions measured in the same films. In all of these figures there results
for single crystal Pbj.xSn,Te films, deposited under a variety of condi-
tions, follow the generally accepted trends. Any decrease in carrier
concentration is associated with a corresponding increase in carrier
mobility. As noted, the results shown contain data from films on both
CaF2(111) and Ban(lll) substrates. The illustrated trends, are in full
concurrence with and only explainable by suggested mechanisms involving
stoichiometric adjustments or possible purification. If other mechanisms,
such as impurity compensation, were responsible for the observed decreases
in carrier concentration, it would be expected that, in some cases at
least, the mobilities would experience a reduction rather than an increase
with decreasing carrier concentrations. A typical cause would be impurity
scattering if carrier compensation had occurred.

Figures 3-45 through 3-54 reveal, in addition, information on the
effects of target stoichiometry, substrate bias, and general target
characteristics on the mobility of p-type and n-type carriers in Pbl-xSnyTe
films. We will cover the results on films prepared without substrate bias
first, followed by results on films prepared with substrate bias. These
results (with and without substrate bias) will then be compared. As may
be recalled the work without substrate bias was performed with targets
prepared early in this program (i.e. Target #2 through #7). Targets
prepared last (i.e. Targets #10 through #13), were almost exclusively used
for work with substrate bias. However, Targets #8 and #9 were utilized

for deposition with and without bias. Figures 3-45 and 3-46 present samples

of results obtained with the early targets. In Figure 3-45, mobility

versus carrier concentration relations are illustrated for single crystal
p-type films sputtered with Targets #2 and #3 on CaF2(111) BaFp(111) substrates.
The data utilized are given in Tables 3 and 4. The trends observed may be

summarized as follows:
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Both the low temperature (88°K) and high temperature (300°K)

data show the nearly linear relation between mobility and
carrier concentration that is typically observed in bulk
and evaporated Pbj_,Sn,Te,

Films with the same range of x-values (0.09 s x £ 0.20) fit

on the same linear trend curve, independent of the target used
or the substrate on which they are deposited.
The mobility increase,with decrease in carrier concentration

is considerably higher at 889K than at room temperature - a

trend that is typical for bulk Pbj_,Sn, Te also (Reference 15 ).
The few data points included to show the characteristics of
polycrystalline films show the marked effect of film structure.
Carrier concentrations are limited to rather high values and
mobilities are considerably below those of the epitaxial films.
Figure 3-46 presents the relation between mobility and carrier
concentration for as-deposited n-type films sputtered also from Targets

#2 and #3 (data also listed in Tables 3 and 4). In general, the trends

are quite similar to those observed with p-type film (Figure 3-45).
Mobilities tend to increase with decreasing carrier concentration in a

near linear fashion. Again, such decreases in mobility are more pronounced

at the lower temperature. The mobilities in the n-type films are signi-
ficantly higher, for equivalent carrier concentrations, than in p-type
films. Comparison with Figure 3-45 shows also that lower carrier con-
centrations were achieved in the as-deposited n-type film than in the
p-type films. Both of these behavioral differences are consistent with
observations in bulk PbSnTe.

Distinctly different from the observations in p-type films is
that the substrate affects the mobility of n-type carriers. The BaF,

substrates, at hoth temperatures, are associated with higher mobilities

than the CaF, substrate, over the entire range of carrier concentrations.

No such distinction could reasonably be made in Figure 3-45. In fact
no such distinction has been found in either n- or p-type films when any

of the other targets were utilized, as we shall see. Also, the mobilities
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measured in films sputtered from Targets #2 and #3 were somewhat lower,
for the same carrier concentrations, than those sputtered from subsequently
prepared targets. in fact, we will note a small improvement in mobilities
with each target roughly in order of their preparation and apparently
independent of the target composition. This type of improvement can
only be related to improved preparation, handling and general experi-
mental teehniques as the program progressed. We have already seen,
s C et Lo A dhan e reductions of carrier concentrations in films
sputtered from the latest targets which were purposely prepared with
improved modified techniques. We shall see also corresponding effects
in the mobilities with these same targets. However, coming back to the
substrate effect noted for n-type films sputtered from Targets #2 and #3,
but not observed with later targets, it is difficult to see why general
improvements in mobilities should result in the absence of a substrate
effect for the n-type carriers. In essence this implies that the
factors which are improving our film mobilities are apparently more effective
on CaFy than BaF2. This could, of course, be simply due, in turn, to
the fact that mobilities are Better in films deposited on BaFy to begin
with. Empirically, it has been observed that electrical properties
of PbSnTe films deposited on BaFy are typically better than those of films
deposited on CaFg. This has been attributed in some cagses to the better
thermal expansion match of PbSnTe and Ban.

The following three figures, Figure 3-47 through 3-49 demonstrate :
the same consistency as seen above in the behavior of mobility versus
carrier concentration for films deposited, without substrate bias,
utilizing Targets #4 G = At = 0.20) and #8 (x = .25) (see
Tables 5, 6, and 7 respectively for data). In Figure 3-47, data is
shown for p-type single crystal films only, since as discussed in
Section 3.2.2.1, the range of deposition conditions investigated with
Target #4 included only the p-type region. Figures 3-48 and 3-49 for
Targets #7 and #8, respectively, show results for both p- and n-type
films and for ooth Can(lll) and Ban(lll) substrates. As indicated
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above and unlike the results from Targets #2 and #3, there appears to
be no distinction between results obtained with the two substrates for
either n- or p-type flLlm.

Although the basic trends are much the same for all targets discussed
so far, there are cousistent differences from target~to-target in the
mobilities at the same carrier concentrations. Figure 3-50 summarizes,
for comparison, the trend curves of mobility versus carrier concentra-
tions for all targets discussed in the preceding paragraphs. The consistent
increase in mobility, for the same carrier concentration, from Targets
#2 and #3 to Target #4 to Target #7 and finally to Target #8 are obvious.
The differcnce appears slightly larger for the p-type films than for the
n-type films. Since Targets #2 and #7 and Targets #4 and #8 have the
same composition whereas Targets #2 and #3 do not, this indicates quite
strongly that the differences are due to factors other than composition.
However, one factor which could certainly affect these results is the
measurement temperature, As noted the mobilities in films sputtered
from Targets #2 and #3 were measured at 88°K, while in all other cases,
thce measurement temperature was 77°K. This was due to limitations of
dewar used at the time of the earlier measurements. Since mobilities
in PbSnTe increase with decreasing temperature, the mobilities in films
from Targets #2 and #3 would be higher than shown in Figure 3-50 if the
measurement temperatures had been 77°K, TIstimates of the mobility

difference between 889K and 779K indicate that for the n-type films,

the trend curve in Figure 3-50 for Targets #2 and #3 might approach

that shown for Target #7. However, for the p-type films, a relatively
large difference in mobilities would still exist. Therefore, although
the measurement temperature accounts for some of the differences, il
cannot account for all of it. A more reasonable explanation is that
alluded to earlier - namely that our general experimental procedures
have continuously improved during the course of this program. Still,
the improvements up to Target #9 did not involve the systematic target
preparation modifications utilized for Targets #10 through #13 (see

Table 1). Also, the effect of target stoichiometry on mobility has
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not been represented. Finally, we have as yet not introduced the effect
of substrate bias which, based on the decrease in carrier coricentration
it produces, should result in increases in mobility also. To illustrate
these factors the next set of figures i.e. Figures 3-51 through 3-54

presents, in order, the dependence of mobility on carrier concentra-

tion as affected by target stoichiometry deviations, substrate bias
and improved target preparation techniques.

Figure 3-51 shows, for example, sdme small effects which may be
attributable to target stoichiometry. The mobilities of films deposited,
at zero substrate bias, with Target #8 (x = 0.25) are higher in both
p-type and n-type films for the same carrier concentration than of films
deposited with Target #9 (x = 0.20, 1% Te rich). Although the effects
are relatively small, the consistency throughout the range of carrier
concentrations suggests that the effects are real.

The effect of substrate bias on as-deposited mobilities, again in

both p- and n-type films deposited with Targets #8 and #9, is suggested

in Figures 3-52 and 3-53 respectively. 1In both cases the mobilities
versus carrier concentration data are plotted for films deposited with

and without substrate bias. The substrate biases selected were near the

value Vg for the specific compositions. A significant increase in the

mobilities is apparently caused by the bias for all carrier concentrations.
This result would certainly indicate that substrate bias could only be
Uimproving" film properties. Mechanisms by which such film properties
can primarily be improved by bias application are: (a) improved stoichio-
metry, (b) improved purity, (c) improved structure. Substrate bias
is unlikely to improve film structure. However, other independent
evidence has already been presented in support of ascribing improvement
via film stoichiometry and purity to substrate bias.

Figure 3-54 plots as-deposited mobility data of bias sputtered
films from the five targets most extensively investigated with subst-
rate bias. Bias values were reasonably near V, but far from optimized
at that value. We see that the mobilities measured in films deposited

from Targets #11, #12 are highest both for p- and n-type films. Mobilities,
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in turn, are higher for films deposited frem Target #10 than for films
deposited from Target #8. Finally Target #9 shows the lowest mobilities

for bias sputtered films. The improved mobilities measured in films from
Target #10 through #12 verify the effects of the improved target preparation
techniques. The difference in mobilities in films deposited from Targets

#8 and #9 indicate that the effect of stoichiometry, already seen in Figure
3-51, is maintained under bias conditions.

The consistency of the overall behavior of mobilities just presented
lends .urther support to the hypothesis that the observed behavior of
carrier concentrations as a function of deposition conditions, (e.g. the
p-n transition conditions (RT)O) and bias voltage (e.g. the p-n transi-
tion at the critical bias voltage (Vy)), is associated with stoichiometric
adjustment. Additional information in this regard may be obtained from
results on Hall mobilities and Hall coefficients measured as & function
of temperature as presented in the next section.

3.2.4.3 Temperature Dependencies of Hall Mubility and Hall Coefficicnt

I, Sputtered Pb]l-xSn,Te Films. Temperature dependencies of Hall mobilities
and Hall coefficients have always been valuable aids in defining mechanisms
which effect the all important transport properties. Therefore, tempera-
ture dependencies of Hall mobilities and Hall coefficients should réflect
some of the systematic trends presented in the preceding sections.

One of the more obvious trends was the continuous improvement in
properties with improved experimental procedures and target preparation
techniques. That this trend is also apparent in the data for temperature
dependencies of Hall mobilities and coefficients is illustrated in
Figures 3-55 through 3-57. Figures 3-55 and 3-56 show results for three

n-type films sputtered from three different targets. We note a continuous

change in the behavior starting from the film sputtered from Target #2,
to Target #7 and Target #12. We consider first Figure 3-55, and define

the deposition conditions and target characteristics associated with the

three films for which data are shown. The temperature dependence of the

Hall mobility for the films sputtered from Target #2 is typical of our
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earliest n-type as-deposited films prepared under conditions disregarding
the critical values (RT)o defined later. In contrast the mobilities of
the film sputtered from Target #7 is representative of a film sputtered
at deposition conditions closer to the socalled p-n transition condit ons
(RT)o but still at zero bias (see Figure 3-15). Finally, the film
sputtered from Target #12 is typical of films sputtered with substrate
bias near the critical bias voltage V,. Furthermore, as repeatedly
noted, improved preparation techniques were utilized in the preparation
of Target #12. For the film sputtered from Target #12 we find that the
Hall mobility follows closely the purely phonon scattering controlled
relation (PH“(I/T)S/2 to the lowest temperature of measurement. For

the films sputtered from Targets #7 and #2, respectively, we find the Hall
mobility deviating from the (1/T)5/2 dependence at progressively higher
temperatures. In addition the trend is such that the films sputtered from
Target #7 show lower mobilities than the films sputtered from Target #12
and those sputtered from Target #2 show the lowest mobilities at all
temperatures. Figure 3-56 shows the Hall coefficients as a function of
1/T for the same three films shown in Figure 3-55. These data are
consistent with the Hall mobility data with the film sputtered from
Target #12 showing the highest Hall coefficient (or lowest carrier
concentrations).

Figure 3-57 shows similar data for two p-type films, again deposited
from two different targets and at different deposition conditions. The
trends are consistent with those presented for n-type films discussed
above.

Thus not only are the general improvements in film properties
observed with improved deposition conditions and target preparation
techniques improvements, but the temperatures dependences of My and Ry
show also that the film property improvements are not likely the result
of carrier compensation or similar phenomena. Otherwise we should not
see the tendency toward the ideal phonon scatter limit described by the

(1./T)5/2 behavior of mobility.

3-107

Y




In order to show, more clearly, the generality of the effects
related to the observed p-n transitions at zero blas as well as to
the p-n transltions at the eritical bias voltages on the temperature
dependence of Hall mobility and Hall coefficient, we present the
additional results shown in Figures 3-58 through 3-63.

Figure 3-38 shows the dependencies of the Hall mobility on i fojey s
for three as-deposited Pby_,Sn,Te films from Target #8 with zero bias.
All three films were deposited at different deposition conditions (RT)
which varied from conditions near to conditions reasonably removed from

the p-n transition conditions (R1), (see Figure Bl51% Lorstiie Jrim

deposited relatively close to the p-n transition condition (i.e., 35000

1.05 bm/hr), we find that the Hall mobility follows most closely the
phonon gcattering controlled relation [Mva(l/T)s/Z]" to the lowest
temperature of measurement, i.e., to 77°K in this case. lowever, for
the two films deposited at conditions deviating from ghe p-n transition,
the results show that the 1all mobility begins to deviate from the
(1/T)5/2 dependence at considerably higher temperatures. Furthermore,
the latter two films also exhibit lower mobilities at all temperatures
and particularly at 770K, The film deposited under conditions deviating
in the p- direction reflects the lowest mobllities as expected for hole
mobllities.

Figure 3-59 shows the Hall coefficient as & funetion of 1/T for
the same three films shown in Figure 3-58. These data are consistent
with the Hall mobility data. The film closest to the p-n transition
exhibits the highest Hall coefFicient (or lowest carrier concentrations).
Furthermore, the dependence of Hall coefficient on (1/T) shows Aan
increase in Ry with decreasing temperature for the two n-type films
while the p-type film shows a decrease in Ry with decreasing temperature.
This behavior is consistent with earlier observations in thin Pbl_XSngfe

films as well as with observations in single crystal bulk Pby.ySn,Te.
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The results shown in Figures 3-58 and 3-59 lend further support
to the hypothesis that the (RT), or p-n transitions are related to condi-
tions of stoichiometric perfection. The higher carrier concentrations
and lower mobilities as well as the temperature dependence of mobility
of Films deposited at conditions removed from the p-n transition are
all indicative of effects caused by deviations from stoichiometry.

Figure 3-60 shows the temperature dependence of Hall mobility
for three Pb_glsn.l9Te films deposited with different substrate bias
voltages. In each case, Target #2 was utilized and all films were
deposited at identical deposition conditions (RT). As noted from the
inset in Figure 3-60, the bias voltages were selected such that one was
close to the critical bias voltage (i.e., -+5V) and the other two were
on either side of the critical bias voltage (i.e., at +10V and -10V).
As typical, the high positive bias y}elded a p-type film, the high
negative bias an n-type film, while values near the critical bias

voltage can produce either type but are typically associated with an

n-type film. As apparent in Figure 3-60, the film deposited at a bias

voltage close to the critical voltage showed the ideal temperature

dependence of mobility or M«aT'S/z behavior over almost the entire

temperature range from 300°K to 770K. By contrast, the temperature
dependences of the other two films exhibited strong deviations from

the T-5/2 dependences at temperatures below 1000K. We note further
that the Hall mobilities are highest for the film deposited with a bias
closest to the critical voltage at all temperatures.

Consistent with the temperature dependencies of the Hall mobility
are the temperature dependencies of the Hall coefficients for the same
films as shown in Figure 3-61. We note a significantly higher Hall
coefficient (i.e., lower carrier concentration) over the entire range
of temperatures for the films deposited close to the critical bias voltage
than for the other two. The generally observed direction of the tempera-
ture dependence for Hall coefficient is again observed in these three
films; an increase with decreasing temperatures for n-type films and

a decrease with decreasing temperatures for p-type films.
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We have implied earlier that the differences in mobilities and
temperature dependence of mobilities for the various samples are
representative of the scattering mechanisms operating in these films.
In particular, we tend to believe that the major scattering mechanisms

operating in the films deposited at conditions away from the p-n transi-

tions (RT)O or (V,) are related to imperfections in stoichiometry. The

fact that the films deposited at conditions close to the critical values
result in mobilities which follow closely the phonon-scattering controlled
relation, #H'v(l/T)5/2 supports this belief.

A quaiitative analysis of the various possible scattering mechanisms
operating in the films shown in the last few figures, reveals some inter-
esting and consisteht results in this respect. Without detailed elaboration,
we start with the realistic assumption that, in the relatively high
temperature range of T8k to 300°K considered here, the most important

contribution to the mobility and resulting scattering mechanisms are:

1. Acoustic lattice scattering which cause a T-5/2 mobility

temperature dependence for Pbl_XSnXTe

Neutral impurity scattering which has a temperature independent
mobility component and a T'l/2 temperature dependent component.
3. Surface scattering which has a T-1/2 temperature dependent

mobility.

From these contributors the effective Hall mobility, py, can be

expressed as:

mobility contribution from lattice scattering

mobility contribution from either surface scattering
or temperature dependent neutral scattering
mobility contribution from neutral scattering (temper-

ature independent)
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This can also be written as:

Hy, BN

Plotting (7%—— = _l ) -1/2 y.s. T2 with — o 28 the only

H HN° B\
adjustable parameter,a linear relation should result (if assumptions

are valid) from which qualitative values of T L and y are obtainable.

Utilizing this expression and the measured mobility trend in various
temperature ranges we were able to obtain a fit to this expression for a
number of our samples. In particular, such an analysis may be realistic
if used for comparison purposes. For example, one interesting observa-
tion which can be made from such an analysis concerns the differences
found between two of the films shown in Figure 3-60. We consider the
films labeled Tol21 (n-type - deposited near V, at +5V bias) and T2118
(p-type deposited removed from V, at +10V bias). A preliminary analysis
has shown that, above 779K, both surfdce scattering and neutral scattering
affect the mobility of the film T2118 deposited at a position AV relative
Edih S, while, in the case of the film Tp121 deposited near V,,the only
scattering effects observed are, in addition to phonon scattering,
apparently due to neutral scattering modes in the same temperature range;
surface scattering and/or temperature dependent neutral scattering
appears to be negligible in the latter case. Furthermore, the lattice
mobilities for both films obtained from the analysis conform quite well
to experimental values found in high quality Pbl_XSnXTe bulk crystals
for both p- and n-type crystals where lattice scattering is assumed to
be the dominating mode. Similar results were obtained from such an
analysis for other films.

It is quite apparent that such an analysis over such a limited
temperature range cannot in itgself reveal the nature or sources of

all scattering mechanisms which control the transport properties in these
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films. A Dbetter indication of the scattering mechanisms which affect

ties can be obtained from Hall
As has been discussed in

the transport proper measurements over a
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photoconductivity

temperature
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measurement facility was modified to permit both Hall and

be made to below 49K. Hall measurements performed on &
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ure 3-62 shows both the Hall mobility and
d from Target #8 at

few typ g this facility are shown in

Figures 3-62 and 3-63. Fig
for a Pb.798n.21Te film deposite

Hall coefficient
o Table 12 will show that this

Reference t
at a bias voltage (-10V) very close to the

this as-deposited film shows a

the conditions specified.

film (SN 21) was deposited
can be seen,

critical bias voltage. As
T'5/2 over the range from 3000K to about

Hall mobility which varies as

the Hall mobility appears to "'saturate'. The

300K. Below about OIS,

eases up to about 809K, remains relatively constant

Hall coefficient incr
00K, then decreases below 309K.

to about 3
y as a function of temperature at the

The behavior of the mobilit

particularly the saturation,
se low temperatures which

very low temperatures, is again related to

the types of scattering centers active at the

In order to

-stoichiometry or foreign impurities.
s below 30°K

may be due to non
evaluate the scattering mechanisms operating in these film

to consider additional scattering modes not considered

it is necessary
temperature range between 300°K and 77°K discussed above. For
d impurity centers may become imp

g is expected
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ortant

example, scattering from ionize
Jonized impurity scatterin

at those low temperatures.
]
pared to the t-C" for lattice

to have a TtC temperature dependence as com

impurity scattering. Therefore, at present,

scattering as well as neutral
from the observed dependence

and as will be discussed somewhat later,

of mobility v.s. L/T below 30°K it is surmised that ionized scattering

ers are responsible in part for t
coefficient with temperature can b

he observed mobility saturation.

cent
e related

The behavior of the Hall

to the concentration of imperfections such as lattice point defects
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(vacancies or interstitials), traces of foreign impurities, inclusions,
precipitates, low angle grain boundaries, etc. As mentioned above and
from results shown in Figures 3-60 and 3-61 which cover measurements

down to 779K only and from Figure 3-62 which includes results to tempera-
ture close to 49K, it is quite evident that at least the very low tempera-
ture measurements are required in order to determine with any reliability
and particularly completeness the nature of all scattering mechanisms

and of the sources thereof., Measurements to only 77°K could obviously

be misleading in a complete analysis. Expecially if this analysis 1is
used to define the experimental approaches required for producing "ideal"
films for highest quality sensors or sensors operating below T

for increased D* values in reduced (photon) background systems. However,
measurements to 77%°K only, used for a comparative analysis as discussed
earlier to compare the dominant scattering modes in two films,appears

to be valid if the same assumptions are used. The validity of the
analysis, of course, depends on the validity of the assumptions.

Analyses utilizing these and other Hall data obtained down to
liquid He temperatures are still in progress and additional low tempera-
ture measurements are being carried out to aid in this analysis.

Figure 3-63 shows an additional result of Hall measurements to
temperatures close to the liquid He temperature. The film measured was
deposited from Target #9 on a CaF2 substrate. Reference to Figure 3-37
shows that at the specified conditions (335°C, 0.95 pm/hr and a large
negative bias voltage of -30V) a relatively low carrier concentration
is observed which should be primarily due to (ionized) impurity rejection.
Obviously, the bias condition is far removed from the critical value
which is V =~ -3V and stoichiometry may be far from perfect also., How-
ever, the results in Figure 3-63 show considerable similarity to those
shown in Figure 3-62. As noted the Hall mobility for this film varies
as T-9/2 petween the range of 300°K and 779K and the slope is only
slightly less than 5/2 between 77°K and 30°K. Below about 30°K, the

Hall mobility appears to again 'saturate', However, the saturation

level corresponds to a slightly lower mobility value and saturation

occurs at a slightly lower temperature than for the film in Figure 3-63.
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The Hall coefficient varies with temperature similarly to that
shown in Figure 3-62 also. The Hall coefficient increases between the
temperatures of 300°K and 309K and then decreases at lower temperatures.

From the similarity of the behavior in Figures 3-62 and 3-63, it
appears that similar scattering mechanisms are operative at the lowest
temperatures even though the films were deposited from two different
targets and at different deposition conditions. However, the differences
in behavior above 300K are probably related to differences in film
characteristics as related to the deposition conditions employed ~

particularly as related to deviations from conditions of stoichiometry.

The results shown in Figures 3-62(and 3-63 illustrate that reliable

measurements from 300°K (or higher) down to liquid hellium temperatures
are now possible on a relatively routine basis in our laboratory although
they are, of course quite time consuming. They also demonstrate that,
in as-deposited films, mobilities approaching 10° cm?/v-second can be
attained with sputtered films. Since the data shown in Figures 3-62 and
3-63 are not representative of films with the best properties, further
optimization of bias voltage control, for example, should further improve
the film properties. Similarly, the properties of as-deposited films,
without further optimization, seem to have reached at 77°K typical
carrier concentrations in the high 1016 or low 1017 cm=3 range with
corresponding mobilities in the 1 to 2 x 10% cm?/v-sec ranges. Further
optimization of deposition conditions (e.g., bias voltage) and/or further
implementation of new preparation techniques are certain to improve
these values.

3.2.5 OPTICAL PROPERTIES OF AS-DEPOSITED FILMS - WITH AND WITHOUT
SUBSTRATE BIAS.

3.2.5.1 Index of Refraction. As discussed in Section 2.0, utilizing

infrared transmission and reflection measurements, the index of refraction
is determined from the interference maxima or minima and the commonly
used Bragg relation. Such calculations were performed to date on a number

of films which were deposited with and without substrate bias. For

films deposited without substrate bias, numerous data were collected
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for various film compositions and for various temperatures of measure-

ment. Typical results of these measurements are illustrated in Figure

3-64 in which a) room temperature indices of refraction are plotted as
a function of photon energy for films of three different compositions,

and b) indices of refraction for one Film (x = .20) are plotted as a

function of photon energy at three measurement temperatures. As noted,

each film has a maximum in index (npax) at a fairly well defined photon

energy or wavelength. As further noted, npax shifts to lower photon

energies or longer wavelengths as the x-values of the films increase and

as the film temperature is lowered. The presence of such a peak has been

observed by other investigators for Pb].xSnxTe as well as for other

materials (References 16, 17, 18), and has been associated with the photon

energy at which the maximum slope occurs in the absorption curve. From

the absorption data, to be shown later, this concept is quite compatible
with the observed shift of the peak to lower photon energies with

increasing x~-values and lower measurement temperatures. It should also

be noted, from Figure 3-64 that, as the x-value in the films increases

or as the measurement temperature is lowered, higher absolute index
values are obtained at all wavelengths or photon energies. We have been
unable to find in the literature any reported index of refraction values
for bulk or thin film Pbj_,Sn,Te, as & function of composition, which

allows us to evaluate or compare our data., However, the index of
Pb_80Sn.20Te film has been reported as a function of photon energy and
temperature by Tao and Wang (Refgreﬁce 17). The index values of these
investigators fall within the range of those reported in Figure 3-64.
Additionally, reported values for PbTe (Reference 19) and SnTe (Ref-
erence 20) show SnTe to have the considerably higher indices at 300°K.
For example, SnTe was given an index of 6.5 at .62 e.v. and PbTe an
{ndex of 5.76 at .22 e.v. This is at least implicitly consistent with

the increase in index (as the x-value of our films increases) shown in

Figure 3-64.
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As already mentioned, the results on indices of refraction pre-

sented above involved films deposited without substrate bias. Results

on indices of refraction measured in films deposited with substrate

bias showed some rather significant differences as a function of subst-

rate bias. Figures 3-65 and 3-66 illustrate such differences.

Figure 3-65 shows the indices of refraction for three Pb_788n 22Te

£ilms which, though having the same composition, were deposited at

three different bias conditions. We note again the presence of index
maxima at a fairly well-defined photon energy. The maxima for all three
films occur at approximately the same photon energy. This is, of course,
consistent with the fact that 21l three films have about the same composi-
tion.

A schematic of the carrier concentration behavior versus substrate
bias voltage, also shown as an inset in Figure 3-65, illustrates more
clearly the significance of the bias voltages used in the preparation
of these films. It appears that the index of refraction increases as
the deposition conditions deviate from the p-n transition conditions,
i.e. as the voltage deviates from the critical bias voltage.

This implies that deviations from stoichiometry causeé increases in
indices of refraction also.

In Figure 3-65, the data shown were for films deposited with
negative substrate biases only at values near and below V, and, there-
fore, all three films were n-type. Figure 3-66 includes some results
on films deposited at positive biases greater than Vg all=my s\ EnT DL
p-type films. As can be seen in this figure the index of refraction
increases as the bias voltage deviates either positively or negatively
from the critical bias voltage. As may be noted, not all of the films
shown in Figure 3-66 were deposited from the same target and under the
same deposition conditions. However, the accompanying schematic inset,
showing the general trend of carrier concentration vs. bias voltage,
{1lustrates approximately the relative conditions with respect to bias
voltage and resulting properties of the films shown. Included in

Figure 3-66 are data on the index of refraction for a Pb_goSn ggle
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film deposited at zero bias conditions reproduced from Figure 3-64.
From the schematic we see that zero bias is about as far removed from
V, as 1is +10V bias. The index variation of this film with photon energy
substantiates this.

The results presented above show that at any given photon energy
or wavelength, the index of refraction of Pbl_XSnXTe films can be varied

and controlled to a significant degree by simple variations in deposi-

tion conditions and by the use of bias sputtering. While these results
are of interest in that they may provide some insight into the basic
understanding of some material properties of Pbj._xSnyTe, they appear

to be very useful for practical application such as in the design and
preparation of interferometric filters and other optical devices for
the mid-to-long-wavelength portion of the infrared spectrum, Variable
index films or films with differing indices can be laid down in one
deposition run with one target by simple bias voltage control.

3.2.5.2 Absorption Coefficients and Energy Gaps. Typical plots

of room temperature absorption coefficients obtained by the method
discussed in Section 2.0 as a function of photon energy for several
epitaxial Pbl_XSn Te films with different compositions and sputtered
without substrate bias are shown in Figure 3-67. As noted, relatively
sharp absorption edges are obtained which readily permit the determina-
tion of the energy gap of our sputtered Pby_g Sn, Te films as a function

of composition. Energy gaps obtained from the room temperature absorption
edge data such as shown in Figure 3-67 are summarized in Table 15 for

an assortment of films with compositions determined by x-ray analysis.

In Figure 3-68 the 3000K optical energy gaps are plotted as a function

of film composition. Included in this figure are data for bulk single

crystal Pby_o Sn Te (Reference 21,22) for purposes of comparison. As

noted, the sputtered thin film data agree fairly well with values
determined from bulk measurements, certainly within the expecimental
error of our measurements. It was, therefore, considered valid to

utilize absorption edge data to determine the energy gaps and, consequently,
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x-values of our thin films as a routine first order method. The final
%x-value determination, however, is checked and compared with x-ray data.
As will be shown later similar consistency was obtained for energy gaps
determined from photoconductive threshold data.

Finally, some additional typical plots of absorption coefficients
versus photon energy are shown in Figures 3-69 and 3-70, which represent
films sputtered without and with bias, respectively. The films yielding
some of the data in Figure 3-69 are the same as those for which index
values were represented in Figure 3-64 while those shown in Figure 3-70
are the same as those used for illustration of index behavior in Figures
3-65 and 3-66. While results, relative to indicated energy gaps, are
consistent with the compositions measured by x-ray analysis in the films,
there appears to be no particular effect of bias voltage on the behavior
of absorption coefficients.

3.3 CONTROLLED INTRODUCTION OF IMPURITIES - "DOPING WITH GASEOUS
ADDITIVES DURING SPUTTER DEPOSITION.

In line with the general objectives of this program, the results
presented to this point were associated with the experiments utilizing
improved techniques and modifications for the preparation of Pby_ySn,Te
films with highest electrical, structural and stoichiometric quality.
However, we stated that the ultimate objective is to achieve film
properties resulting in thehighest possible photo-response. One approach
we selected for achieving improvements in photo-response was to generate
trap-enhanced photo-response by means of controlled doping of the

Pbl_xSnxTe films. As an initial attempt to do this, experiments were

performed in which Pbl_xSnxTe films were sputtered in controlled

gaseous environments. This means of doping was selected initially based
on some early results, presented in Reference 1,which showed
significantly enhanced photoconductivity in films which were exposed to
oxygen in anuncontrolled manner. With the feasibility of the approach
thus established, sputtering experiments were systematically performed

as a function of the partial pressure of the doping species in the
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sputtering gas. To date, such experiments were confined to sputtering
environments (Ar) containing pure oxygen or nitrogen as additives. As
in the case of films deposited with substrate bias, very interesting and
encouraging results have now been obtained on the properties of films

which were sputtered with these two additives.

Representative data on the effect of such "doping" on the electrical,
structural and compositional film properties are presented in Table 16
and Figures 3-71 through 3-76. As noted in Table 16 and the figures,
sputterings with partial oxygen and nitrogen pressures were performed

with and without substrate biasing.

We consider first the results of experiments performed with zero

substrate bias.

In the example shown in Figure 3-71, the deposition conditions

used, (T = 330°C, R ~ .8 p/hr) resulted in p-type films if deposited
without additives in the sputtering gas. The background pressure was
in all cases in the low 10-7 torr range. As can be seen from either
the table or Figure 3-71 the films remain p-type (but the p-type carrier
concentration decreases) as the partial pressure of 0, is increased
above the background to approximately 5 x 10~6 torr. A further increase
in the pp 07 results in an increased p-type carrier concentration. As
ghown in Table 16, the film structures and compositions remain essentially
the same as those of films deposited without the addition of 0y, at least
up to pp 0y close to 5 x 10-6 torr. Above that pressure, a) the
structure deteriorates, b) regions with polycrystalline structure are
observed, c¢) the film composition is significantly changed (i.e. from
x = .21 to x = .13), and d) in some samples, x-ray data indicate the
presence of more than one phase.

The addition of nitrogen during sputtering has somewhat different

effects. First we note that for all partial nitrogen pressures used,

the films are deposited with n-type properties. Since a film deposited
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at the same conditions is p-type if neither N2 nor O2 is added to the
sputtering gas, we must conclude that even the smallest nitrogen addi-
tion used switches the film from p- to n-type. However, results with
lower partial pressures of N2 than those shown are not as yet available
(see dotted line). It may be that switching occurs at very small
partial pressures of NR and also that the n-type carrier concentration
is critically reduced at some small value of pp N2. Up to pp N2 values
of 1 x 10-5 torr, the film structures and compositions are consistent
with those of the undoped films. However, as the pressure of N2 is
increased above 1 x 107 torr the structure deteriorates and the composi-
tion changes as in the case of high partial pressures of oxygen. On
the other hand, contrary tc what was observed with the oxygen addition,
the n-type carrier concentration continues to decrease up to the highest
nitrogen partial pressures used to date.

As seen in Table 16, only a very limited number of experiments of
this nature have been performed to date in’ which substrate bias was
applied. However, even these limited results are interesting and,
therefore, the data are presented at this time in both Table 16 and
Figure 3-72. Only one bias voltage was investigated thus far (i.e.
+30V). The deposition conditions were maintained as closely as possible
to those utilized with films deposited at zero bias conditions. In
this figure, the data shown in Figure 3-71 at zero bias are reproduced
(solid line) for purposes of comparison.

Most striking in Figure 3-72 is the fact that both p- and n-type
films could be deposited with the application of +30V substrate bias at
the same partial pressures of N2 at which only n-type films were depo-
sited at zero bias conditions., While the n-type film carrier concen-
trations were consistently below those measured in films depositéd at
zero bias conditions, the corresponding p~type carrier concentrations
were somewhat higher with bias.

The application of a +30V substrate bias during deposition in a

partial oxygen environment resulted in p-type films only, with the
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p-type carrier concentration being somewhat higher than in films
deposited under identical conditions, but with zero substrate bias.

The effect of the bias voltage is not easily understcod; one
possible interpretation is that the bias affects any impurity content
in the gaseous additives - though only high purity gases were used.
In nitrogen, in particular, it may repulse positively ionized impurities
when the effective carrier concentration is lowered. In oxygen it may
in addition have the effect of repulsing some ionized 02, thus requiring
a somewhat higher pp 0p to achieve the same effects relative to effective
carrier reduction or compensation.

The data are also still insufficient to define with any certainty
the mechanisms which cause the effects of Ng or 0z themselves. Some
first insight into the mechanisms which are operative may be obtained
from mobility measurements. Results from such measurements are summarized
in Table 16 and illustrated in Figures 3-73 through 3-76. We first
note in Figures 3-73 and 3-74 that the linearity of the mobility dependence
on carrier concentration in these films is consistent with undoped films
over the entire range of partial nitrogen or oxygen pressures at which
the films are not structurally or compositionally changed. Over this
range the mobility increases in the typical fashion with decreasing carrier
concentrations. However, at the highest partial 0o and N2 pressures
(not shown in this figure), at which we noted a large change in composition
as well as a deterioration in the structure, the films exhibited a rather
drastic decrease in the mobility. Therefore, we consider here only films
which have not been structurally affected by the N2 or 02 addition. In
both figures we see the same effects: a) the mobilities in doped films are
lower than in undoped films of the same nature; b) this difference becomes
more pronounced as the measured carrier concentrations decrease (that is,
as the partial pressures of N2 or 0y increase). By comparing the two figures
it can be seen that the general "doping" effects are quite similar for biased
and unbiased film depositions or for oxygen and nitrogen additives.

These results seem to indicate the presence of an additional scattering

3-136



Tl

W

[ | il :1‘
g x |
5[ :
; "6 |- ﬁ
3 > L ni
t y -
o As-Deposﬁed
5 T AR st A
g LB —— —  Ao-Deposiice (Wi Nz in Spu ring
> | [ ST e T | e 4
ae Ix\OY? 2 Y 6 % ;o ) 2 | 5xi0"
CARRIER CONCENTRATION (cm3)
a) n-Type
7
IFaE | e e | === :
g% il i
+ o —
S L ™ Fi
o o0
gq — o % - .
;>:— Bs-Deposited T NS
2 [ — As-Deposited i ,
2 (with Oz Sputtering Gas)
Zo b 4
155\0° | - ey ] | L1 : 3
i \o'7 2 4 6 3% 0 L2 g svio'? :
CARRIER CONCENTRATION (cm™) .
; b) p-Type g -

Figure 3.73 Effect of Doping (09 or N3) on Electrical Properties of 2 .
As-Deposited Pb).xSn,Te Films (Target #8 - Zero 2
Substrate Bias)

3-137

=




s

.

e i s e N T

ee . As-Deposited With Substrate Bias

— e - As-Depositea With Substrate Bias (Ng in Sputtering Gas)

MOBILITY CamYvsed

et

Rl s ol AT sl Sald il
2l CARRIE R lC(_)ON(_E?\\lTRH—T'lON Com™)

a) u-Type Film

e P 1 3 S W TR AL el A PN T A e SRt

s

|

!

T

T —
—
—

i
As-Deposited With Substrate Bias =

b—

— — — Asg=Deposited With Substrate Bias (N, or 0 in Sputtering Gas}nzf“mh
— —

i o O

N
= MORBILITY .(CNV\/.sc».J

o ok 1 S

X0 o'e S
CARRIER coMNCEMTIRATIGN (M 1)

b) p-Type

Figure 3-74 Effect of Doping (0 and N ) on Electrical Properties of

As-Deposited Pby_,Sn,Te Films (Target #8 - with Substrate
Bias)




mode which becomes increasingly operative in films deposited with
increasing pp of O2 or N2 gas.,

Figure 3-75 shows the mobility and Hall coefficient as a function
of temperature between 300°K and less than 10°K for a film deposited in
the presence of N2 gas and at a positive substrate bias. We see that

the major scattering mode remains due to lattice or phonon scattering

as indicated by the T-S/2 dependence to temperatures lower than el

At temperatures below about 30°K the mobility seems to saturate as in
undoped films and becomes nearly temperature independent. This beha-
vior is probably the result of scattering due to imperfections related
to the same active carriers that we have seen in undoped films. In

order to see the effect of the N2 addition more clearly we compare in
Figure 3-76 the mobility and carrier concentration for the film shown
in Figure 3-75 (deposited with N2 gas) with those for a film deposited

without the N, addition (Figure 3-62). Both films exhibit about the

2
same temperature dependence of both the Hall mobility and the Hall

coefficient down to about 77°k. Below 770K, the mobilities in the N2
-5/2

doped film begin to deviate slightly from the T dependence.
Although both films show a mobility saturation at temperatures below
about 300K, the mobility of the doped film saturates at a lower value.
Perhaps most revealing is the fact that the Hall coefficients in
the N2 doped film does not exhibit the anomolous drop at temperatures
below 30°Kwhich is very pronounced in the undoped films. This means
that higher Hall coefficients-corresponding to lower carrier concen-
trations-are measured below 30°K in the doped films along with the
lower mobilities. Although it is not possible to draw any firm con-
clusions as to scattering mechanisms from these few results, it is
apparent that an additional scattering mode which appears to be carrier
independent is operative in the doped films. This additional scattering
mode may very well arise from neutral type scattering centers, attri-

butable to neutrals resulting from trapped or compensated carriers.

While more detailed information collection and analysis are planned to

3-139




<
~

11] |im|

Lj/‘:lu-u ] ‘%-'.3

f./ - Oﬁo %

/«é_—RH/— — M h
//L

3/cour)

<=
S

HH»LL COEFFICIENT (e

Pb.795n.21Te Film

SN 16 n-Type
Deposited at:
+30 V Bias

5 x 1076 pp N, in Sputterlng““‘i
Gas

A
1Y
v
v
>
N
~
£
2
N
PN
=
=
M
O
-
A
-4
-~
X
iy
I

S

SRR

G 2 tan e

il S o I[

/ooo

1222 (o))

3-75 Temperature Dependence of Hall Mobility and Hall Coefficient
Film Sputtered in pp Ny - Liquid He Measurement Facility




HALL MOBILITY (em?/vsee)

St

site s

l

P et

\‘THH\\

n-Type Deposited
-10 V Bias

Targer #8 (Reproduced from
Figure 3-62)

n-Type Deposited

+30 V Bjas

5 x 10° pp. N

Target #8 (Reproduced from
from Figure 3-75)

L snir e e

10

1000
—r'

Gla

3.76 Comparison of As-Deposit~d Temperature Dependence of Hail
Mobility and Hall Coefficients for Two Fb 79Sn 21Te Films
Deposited with and without the Addition of Nj to Sputtering

Gas

Jcou)

HALL CoEFFICIEST (om?

—




identify conclusively the scattering mechanisms as well as the respon-

sible carriers operating in these films, we have, to date, concentrated

on the main objective of these studies which is to explore if electro-

optical properties can be improved in these films by some means of

carrier compensation or trapping. We shall see in a later section that

it appears that a systematic and gsignificant photoconductive response

enhancement is quite feasible in films deposited in the presence of

small partial pressures of 0 and N,.
3.4 ANNEALING CHARACTERISTICS - PROPERTIES OF ANNEALED Pbp._xSnyTe

FILMS
3.4.1 INTRODUCTION AND GENERAL APPROACH. A considerable amount

of information from annealing studies with sputtered Pbl_xSnxTe performed

under this contract has been collected during the course of this contract.

eriments were initiated at the very beginning of this program

Early in the

Annealing exp
and, therefore, have progressed through various stages.

program, procedures to be utilized for isothermal annealing experiments,
as described in Section 2.0, were established. In general, the annealing

temperatures and times as well as the type of charge was selected, for

a particular film, on the basis of the as-deposited properties of this

film - including its structure, composition, carrier type and concentra-

tion, carrier mobility, etc. The annealing results obtained by others

for PbSnTe bulk crystals were used as initial guidelines to define annealing

procedures for PbSnTe films. This included, e.g. the equilibrium phase

diagram for bulk Pbl_xSnxTe near the stoichiometric composition. As the

work progressed it became obvious that the annealing results obtained
with sputtered thin films showed considerable consistency with annealing

behavior of bulk crystals. This type of consistency aided considerably

in the implementation of a systematic annealing program.
With the objective of optimizing the annealing conditions for the
f achieving the best electrical properties, that is, the lowest

ghest mobilities, various systematic

purpose 0

carrier concentrations and the hi




investigations involving charge composition, degree of metal richness
etc. were performed, For example, 3%, 4%, 6% and 107 metal-rich charges
were investigated in some detail and are reported in the following
sections. In addition to the studies on the effects of various degrees
of metal richness, the effect of annealing charge composition on x-value
was also investigated. Specifically of interest was the effect of de-
viations of the x-values of the annealing charge from the x-value of the
film being annealed. As the following sections will show, small
deviations of this kind can result in significant changes in the
electrical properties particularly near the optimum annealing conditions.
Or, in other words, this portion of the study shows the necessity for
utilizing charge compositions identical to those of the films being
annealed in order to achieve the best electrical properties.

Another approach for metal-rich annealing was investigated which

utilizes small traces of the Pbj._4Sny alloy only, instead of metal-rich

charges [(Pbj.x5n, )14+yTe] . It was found that annealing with Pb;_,Sn_

only does not require the critical matching of film and charge composition
and, as will also be shown, films annealed in such charges exhibit film
properties which are as good as those annealed in the metal-rich Pbj_,SnyTe
charges. However, the annealing procedure is very much simplified.

As repeatedly mentioned, the annealing results with the sputtered
Pby,_,Sn,Te films are consistent with the bulk crystal equilibrium phase
diagram near the stoichiometric crossover. However, we found some
interesting results at annealing temperatures considerably different from
and below those near the stoichiometric crossover temperature, At the
initiation of this study, no investigation nas been systematically pursued
by anyone for either bulk single crystals or epitaxial films at such low
temperatures. Such an investigation was initiated during the course of
this program with some interesting results to be reported in the following
sections.

The reason that all our early annealing studies utilized only
metal-rich Pbj.xSnyTe charges or traces of Pbj._,Sn, alloy itself
was initially based on the equilibrium phase diagram coupled with

the fact that early starting, i.e. as-deposited films, were p~type in
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type as-deposited films, as we have seen,

nature. However, bcth p- and n-

For as-deposited n-type films,
ch Pb

can now be deposited by sputtering.

Sn Te charges
-X X

thermal annealing experiments utilizing Te ri 1

consisting of small traces of Te only (no Pbl_xSnx

iso
as well as 'charges"
charge) were therefore introduced and also s
ility of the bulk annealing data made it possible to

ing conditions and charges for

Te
ystematically performed.

The availab

immediately select near optimum anneal

the annealing of any particular sputtered EblﬂxSnxTe film and to achieve

desired carrier types or desired carrier concentrations equal to or

d carrier mobilities equal to or above the limits achieved to

below an
it was possible to utilize the results of the

phase of this program to

date. Furthermore,

annealing studies performed during the first

readily initiate some annealing studies with bias sputtered films, as

well as with some films sputtered in environments of nitrogen and

oxygen partial pressures.

To investigate the substrate bias effects, standard annealing

charges were selected in most cascs (e.g. 6% metal-rich Pb1 xSnxTe

charges with x-values equal to the film x-values) and annealing tem-

peratures for each composition were selected based on the equilibrium
phase diagram near the stoichiometric composition. Thus, a set of

films deposited at the same deposition conditions but with different

substrate biases was subjected to the identical annealing conditions

and identical annealing charges for comparison. Since such films

y have very nearly the same as-deposited composition, the

For several films, annealings were per-

generall

comparison is meaningful.

formed at a number of temperatures to determine whether the critical

annealing temperature (i.e., the temperature &t which the metal-rich

gsolidus crosses the stoichiometric composition in the equilibrium

phase diagram) was affected by substrate bias. As the following results

will show, if identical annealing conditions are used the lowest

carrier concentrations are typically achieved in films which were

deposited with relatively high bias voltages.
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3.4.2 ANNEALING OF FILMS DEPOSITED WITHOUT (OR ZLERO) SUBSTRATL

BIAS.

3.4.2.1 1Isothermal Annealing with 3%, 4%, 6%, and 10% Metal-Rich

As discussed above, one of our early annealing

Pb SnXTe Charges.
o the

1-x
studies involved the systematic investigation of the effects due t

degree of metal richness of the annealing charge.
annealing conditions for achieving the

The objective, of

course, was the optimization of

best electrical properties. The experiments performed initially utilized

3% and 10% metal rich Pb. Sn Te charges;
1-x %

some differences in results between the 3% and 10% metal-rich

however, those initial studies

revealed

charges. In order to evaluate these differences and provide a more

interpretation, charges with intermediate levels of metal-

These ineluded 6% and 4% metal-rich

reliable
richness were also introduced.
charges.

Typical results from some isothermal annealings in 3%,
of this program, are

Tables 17

4%, 6% and

10% metal-rich charges, performed inthe course
presented in Tables 17 - 19 and Figures 3-77 thru 3-83.
composition, annealing conditions

As noted

thru 19 present the data on structure,

as well as the unannealed and annealed electrical properties.

in these tables, all as-deposited films used in these experiments were

initially p-type with similar as-deposited properties. We consider

first Figure 3-77 which presents the 88°K carrier concentrations of

films with three different compositions as a function of annealing

temperature (Table 17). As noted, these films were all annealed

As also noted the electrical

utilizing the 3% metal rich charges.
o 88°K only, due to

measurements on these earlier samples were made t

limitations of the dewar at the time. Subsequent samples were all

routinely measured to 770K. As can be seen in Figure 3-77, the beha-

viour of carrier concentration as a function of temperature is quite

consistent with bulk crystal behavior. For each composition, we find

that the filme remain p-type at the highest annealing temperatures.

As the annealing temperature is decreased the p-type carrier concen-

At a critical annealing temperature, which

tration also decreases.
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n of the as-deposited film, the films switch

depends on the compositio

to n-type. As the annealing temperature is further reduced the n-type

carrier concentration increases from the rather low value at the switching

temperature. These results can be qualitatively explained by reference

to the generally accepted equilibrium phase diagram for bulk Pbl_XSnxTe

{llustrated in Figure 3-78(a). The metal rich boundary of solidus field

for a material having & given composition is seen to cCross the stoi-

chiometric composition at a temperature designated as Tx' We note that
the material will anneal on

If

{f the annealing temperature 1is above Tx’
the Te rich side ¢i the boundary and, consequently, remain p-type.

the annealing temperature is below Tx’ the material is annealed to the

ch side of the boundary and exhibits n-type characteristics.

possible, it is desirable

metal ri
To obtain the lowest carrier concentrations
to anneal as close to Tx as possible. Thus, the switching or crossover

temperatures in Figure 3-77 can readily be assumed to correspond to the

TX temperatures in the schematic given in Figure 3-78(a).

As we also noted in Figure 3-77 (but is not illustrated in Figure
3-78(a)), the critical switching temperature or crossover temperature
is a function of film composition. This can be seen more clearly in
Figures 3-78(b) which plots the crossover temperature observed in films

by us and in bulk by others as a function of film composition. This

plot has been developed on the basis of bulk Pbl_XSnXTe data., The solid

line for bulk annealing data was obtained by plotting the crossover tem-

ures from Reference 23 (Figure 13 and Table IV in Reference 23)
Based on the phase diagram, any

perat
shown as a function of the composition.

composition annealed at temperatures above the solid line should result

in p-type films while annealing at temperature
It is apparent that the data points from

s below the solid line

should result in n-type films.
our film work concur with these predictions.

Figures 3-79 and 3-80 show the annealing effects for films
annealed with 4% and 6% metal-rich charges (Tables 18 and 19) and

deposited from Target #2 to #7. Here the 77°K carrier concentrations
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of Pbl_xSnxTe films are again plotted as a function of annealing
temperature. Figure 3-79 shows results for films with a composition of
x = 0.19. As can be seen the results obtained with the 4% and 67 metal-
rich charges show very little difference in behavior, i.e., the data
points for the two cases fall on the same trend curve for both the p-
type and n-type films. The general annealing temperature dependence is
again quite consistent with bulk crystal behavior as in the case of
films annealed in 3% metal-rich charges shown in Figure 3-77. For this
composition, we note again that the initially p-type films remain p-type
at the highest annealing temperatures but the p-type carrier concentra-
tion decreases as the annealing temperature decreases toward a critical
temperature value at which the film switches to n-type.

Figure 3-80 shows the 77°K carrier concentration of films of three
different compositions, annealed again in 4% and 6% metal-rich charges,
as a function of annealing temperature. It is observed that the tempera-
tures at which the films of the three different compositions switch from
p- to n-type decrease with increasing x-values, consistent with the
trend shown in Figures 3-78(b) and are also independent of the difference
(4% and 6%) in metal richness.

Finally, Figure 3-8l (Table 20) again shows similar annealing data
for a Pb_goSn zqgTe film, deposited later in the program from Target #8,
utilizing 6% metal-rich annealing charges. As may be recalled from an
earlier section, most of the work performed with the later targets (i.e.
Targets #8 to #13) involved bias sputtering. Therefore, the annealings,
for which data are shown in Figure 3-8l, were performed on films deposited
without bias, a) to determine whether consistency with results from earlier
targets (i.e. Targets #2 to #7) could be found, and b) to establish a base-
line for disseminating bias and other effects on the annealing behavior
of more recently prepared films. As is apparent from the results in
Figure 3-81, films sputtered from Target #8 (and for Target #9 to be pre-
sented later) are equally consistent with bulk PbSnTe crystal behavior
as those prepared from earlier'targets. The critical annealing tempera-

ture of about 530°C (i.e. the temperature at which the p-type film switches
p-typ
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to n-type) agrees, for the given composition, with the bulk crossover
temperature obtained from the equilibrium phase diagram and shown in
Figure 3-78(b).

Whenever annealing of Pbl-xsnxTe films is required to achieve
the desired properties, the type of data presented in this section
provides an excellent tool for sglecting metal-rich annealing condi-
tions, for any film composition, which result in a reduction of
carrier concentration with or without changing the carrier type.
Reference to Figures 3-77 to 3-8l and Tables 17 to 20 shows thaf
utilizing 3%, 4%, and 6% metal-rich charges yields annealed sputtered
n-type films with significantly reduced carrier concentrations (e.g.

2 x 1016 to 9 x 1015 cm-3). Such results are, of course, only possible
by using the systematic experimental approach which defined the cri-
tical switching temperatures with considerable degree of accuracy for
each film composition explored. It should be noted, however, that
improvement in annealed carrier concentrations was realized also as we
progressed into the program (i.e. with time)., These lowered carrier
concentrations should, in addition, be the result of some of the opti-
mized annealing procedures which were gradually introduced. For example,
quenching speed after annealing as well as annealing times were inves-
tigated. Results of these investigations will be discussed in more
detail below. However, they are reflected to some degree in Tables 17,
18, and 19, with the data in the latter indicating the use of longer
annealing times and faster quenching conditions.

As discussed at the beginning of this section, early annealing
studies revealed some differences in results between the 3% and 10%
metal-rich charges. First, it had been observed that films annealed
in 10% metal-rich charges had consistently higher mobilities for the
same carrier concentrations than films annealed in 3% metal-rich charges.
Secondly, the observed crossover temperature (i.e. Tx in Figure 3-78(a))
for films annealed in the 10% metal-rich charges was different from

that expected from the equilibrium phase diagram and from other films




i

annealed with 37 metal-rich charges. Reference to Table 21 which
presents some annealing results obtained with the 10% metal-rich charges
shows qualitatively the effects discussed above. Although, as Table

21 shows, the 10% metal-rich annealing results are by no means as exten-
sive as may be desired, they are adequate to demonstrate the effects.

We note that annealing temperatures investigated were for the most part
restricted to 600°C. One reason for this is that for all film composi-
tions utilized (0.16 £x <0.22), annealed with a 10% metal-rich charge
produced exclusively n-type films, although the starting as-deposiced films
were p-type to begin with. Reference to Figure 3-78(b) shows that for

a film with x = 0.16, a metal-rich anneal at 600°C could change the film
from p- to n-type since 600°C is very close to the crossover temperature,
However, for a film with x = 0.20, a change from p- to n-type would not
be expected.

The reasons why a 10% metal-rich charge would change the cross-
over temperatures for a given film composition are not apparent. However,
we considered the possibility that the speed of sample quenching on
completion of the annealing run may be a factor since if the film is
quenched too slow, it may remain sufficiently long below the crossover
temperature for n-diffusion to take place. Thus it has become apparent
that one should avoid the slow cooling process. To do this, as well
as to try to resolve the unexplained results with the 10% metal-rich
charges, various quenching procedures were compared., For example,

Entry #1 in Table 21 corresponds to an annealed Pb.SAsn.16Te film on

Ban which was air quenched after annealing while Entry #6 corresponds

to a similar film on Can, which was exposed to a more rapid water quench.
As noted both films were annealed under the same conditions. However,

the air-quenched films yielded a higher carrier concentration than those
exposed to the more rapid water quench, Comparison of Entries #3 and

#10 illustrates the same phenomenon. Still, even with the faster water

quench, the change from p- to n-type persists.
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M:st of the examples in Table 21 which are denoted as "air
quenched' correspond to films on BaF2 substrates. The reason is that
BaF._ substrates cracked readily on fast quenching in our original set-

2
up. CaF,, on the other hand, could be quenched very rapidly without

’

exhibitiig thermal shock failure. Some redesign of our annealing
ampoules to allow for a more uniform and faster heat dissipation from
the substrate overcame this problem. Indeed it was possible to utilize
an even faster quenching procedure: a combination of LN2/water quench.
Results with this faster quenching procedure are included in Table 21
and, as noted, the switching from p- to n-type at higher temperatures than
expected still persisted. This behavior which appears to be related to
charge composition rather than annealing conditions can also be seen on
comparing some of the results in Table 21 for 10% metal-rich charges

with those shown in Table 19 for 6% metal-rich charges. For example,

films of composition x = 0.19 annealed with the 6% metal-rich charge

at temperature of 700, 600 and 570°C followed by HZO quenching remain

p-type while those with the same x-value, annealed under the same condi-
tions, with the 10% metal-rich charge change to n-type. This type of
result has been observed repeatedly; the observation, therefore,

appears valid. Explanations of these observations are not apparent at
this time.

We refer to the results presented in Table 21 for 107% metal-rich
anneals along with results for the 3%, 4% and 67 metal-rich anneals
presented in Tables 17 to 20 to answer still another question in
connection with the 10% metal-rich anneals. The question concerns the
initially observed higher mobilities measured in films annealed with
10% metal-rich annealing charges as compared to the mobilities measured
in films annealed with the 3% metal-rich charges. That is, are the
mobilities measured in films annealed with the 4% and 6% metal-rich
annealing charges consistent with these measured in the 10% metal-rich
annealed film or 3% metal-rich annealed films? The results illustrated

in Figures 3-82 and 3-83 show that the differences between the electrical
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properties of films annealed in low (to 4%) and in high (6% and 10%)
metal-rich charges persist. Figure 3-82 shows some of the earlier
results obtained with 3% and 10% metal-rich charges while Figure 3-83
shows similar data for the 4%, 6% and additional 10% metal-rich charges
investigated. All annealing conditions utilized for the data in Figure
3-83 were identical. The films annealed in highly metal-rich charges
show considerably higher mobilities for the same carrier concentration.
Still, for both levels of metal-richness, the mobility shows the syste-

matic increase with decreasing carrie: concentrations expected for

P, _Sn_Te.
1-x X
We still do not have a specific answer for this behavior but it

is also apparent in this case that the degree of charge metal-richness
is the controlling factor and not the annealing conditions. In spite .
of this lack of understanding, this empirical information should be of
value in the preparation of films for device application where high
mobility is always of value.
The next two figures illustrate one of the systematic approaches
which was used to optimize the annealing cycle. As discussed above we
had found that annealing time did affect the electrical properties.
Therefore, an optimized annealing time (i.e. optimized to achieve the i
best electrical properties) was sought. Specifically, Figures 3-84
and 3-85 illustrate typical results on the effect of annealing time on
carrier concentration and mobility, respectively (all other annealing
parameters were kept constant in these experiments). We note from
Figure 3-84 that the increase in annealing time (or added annealing
cycles) continuously reduced the carrier concentration. Similarly
Figure 3-85 shows that the mobility increases significantly with annealing
time but seems to reach a limiting value of about 15 hours beyond which
e the mobility decreases. Since further investigations of the effects of
annealing times on electrical properties with other annealing charges
showed similar results, an annealing time between 15 hours and 20 hours

was adopted as optimum for most later work. In addition, annealing times
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were optimized for the more complex annealing cycles such as the final
low temperature annealing cycles for carrier type control.

The improvement in film quality on annealing is also apparent
in the results on the temperature dependence of electrical properties
in annealed films. Figures 3-86 through 3-95 illustrate data on
temperature dependence of electrical properties of typical films

annealed with the metal-rich Pb xSnxTe charges just discussed. For

example, Figure 3-86 shows the iemperature dependence of mobility and
Hall coefficient for an as-deposited p-type (Pb‘SASn'16Te) film before
and after annealing in a 3% metal-rich charge (see Table 17 for actual
data points). Reference to Figure 3-78(b) shows that for a film with
x = 0,16, the annealing temperature of 580°C is below the crossover
temperature so that the carrier type of the annealed film should be
n-type. This is, of course, confirmed by the data (note also from \
Figure 3-78(a) as well as Figure 3-77 that annealing of this film at
600°C should have produced a considerably lower carrier concentration
than that obtained at 580°C with a corresponding potential increase in
mobility).

The results in Figure 3-86 demonstrate again the typical annealing
effects in sputtered films. Aside from the mobility increase, a sub-

stantial increase in RH or reduction in carrier concentration (since

RH = —(ne)-l) occurs., The temperature dependence of mobility for the

3% metal-rich annealed films still shows some deviation from the
5/2
(/>

scattering still persists after this particular annealing process.

relation at low temperature, i.e., some kind of low temperature

However, we have already seen that improvements in mobility in annealed
films was possible by changing the concentratioii of the excess metal in
the annealing charge (e.g. using 10% and 6% metal-rich annealing sources)
and by increasing the annealing time.

Figures 3-87 and 3-88 give a few more examples of annealing results
with the 3% metal-rich charges in terms of the temperature dependence of

ﬂH and RH which show the criticalness of the annealing temperatures. In
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both cases, the as-deposited films were p-type before annealing. In
reviewing these figures it is again interesting to evaluate the results
in terms of amnealing temperature and composition as compared to the
various crossover temperatures. This allows for a comparison of the
expected with the actual carrier type as well as for an indication of
the relative carrier concentration that one can expect at the chosen
annealing temperature. For example, Figure 3-87 shows the properties
of a £ilm (x = 0.20) annealed at 450°C and 500°C which as expected (see
Figure 3-77) has n-type characteristics and an increase in Ry
(or reduction in carrier concentration) as the temperature is increased
to 500°C. Figure 3-88 shows a relatively high temperature annealing
result for x = 0,21 films. For both temperatures (580°C and 60000) the
film remains p-type and, as expected, the lower temperature produces
lower carrier concentrations and higher mobilities. These examples,
as well as all the other data already shown, demonstrate that the 3%
metal-rich annealing results, while not representing the best mobility
results that we have seen, do exhibit some rather systematic behavior.

Examples of the significant improvements achieved with the 10%
and 67 metal-rich charges are presented in Figur2s 3-89 and 3-90. In
either case, the as-deposited film properties (see Tables 19, 20) were
far from the best values achieved (note that the sample designations -
e.g. 451 - refer to a set of films prepared under identical deposition
conditions rather than to one particular film). Figures 3-89 represents
the change due to a 10% metal-rich annealing experiment with a duration
of 15 hours at 60000, i.e. considerably longer than was used for most
3% experiments.

The more significant change is that observed in Figure 3-90 from

a 6% metal-rich annealing experiment. The 88°k mobility changed from a

value of about 1000 cm2/V—sec to 12,000 cm2/V-sec and the carrier con=-

centration from a very high value of 8 x 1018 cm-3 to the low 10_16

range. This is, of course, also an example that includes the improved

quenching technique and a more complex annealing cycle. We note also
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in this figure the improvement in the temperature dependence of mobility
(i.e., less of a deviation from the (1/T)5/2 dependence of the mobility
down to the lowest temperature). Figure 3-91 presents results for still
another sample, this time with x = 0.20, annealed in a 6% metal-rich
charge. We again note the considerable improvement in properties achieved
by annealing an as-deposited p-type film of average quality (i.e. the
as-deposited film was deposited at conditions considerably removed from
the critical conditions yielding lowest carrier concentrations that were
discussed in Sectioms 3.2.3.3 and 3.2.4.3).

In Figures 3-92 through 3-95, additional data are presented on
temperature dependence of electrical properties of various annealed films
which illustrate various annealing effects. For example, Figure 3-92
shows results for samples deposited on CaFp and BaF, substrates and
annealed for different times at 600°C. The effect of annealing times on
electrical properties is self-evident in this figure. In Figure 3-93
the effect of the annealing temperature is further explored. Here the
temperature dependencies of mobility and Ry are shown for a Pb_g1Sn, 19Te
film annealed at three temperatures, two at which the film remains p-
type (as expected for a film of x = 0.19) and a third temperature at
which the film switches to n-type. As the results show the mobilities
of the p-type films increase consistently as the annealing temperature
is lowered toward the crossover or switching temperature. The n-type
film, also annealed near the switching temperature which apparently lies
between 550°C and 570°C, has a higher mobility yet - as expected.
Simultaneously the non-phonon scattering mechanisms (deviation from
B~ T5/2) become effective at lower measurement temperatures for films
annealed at lower temperatures. The change in Ky is also interesting.
It increases considerably as the annealing temperature is lowered from
600°C to 570°C - that is within the range in which the films remain
p-type. However, an even more dramatic increase is observed when the

film switches to n-type.
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Figures 3-94 and 3-95, aside from giving some typical data on the
effects of different annealing temperatures, illustrate one area which
is very critical for achieving the lowest possible carrier concentrations.

The final annealing temperature in Figure 3-94 is nominally 530°C for

both films. If we refer again to Figure 3-80 it is seen that this is
more than 20°C below the critical switching temperature for a film
composition of x = 0.19 and as indicated in the same figure, the carrier
concentration should not be too sensitive to small temperature deviation.
Repeatability of results should, therefore, be quite good at this tempera-
ture. The results in Figure 3-94 are in reasonable agreemént with this.
By contrast, Figure 3-95 shows the properties and their temperature
dependence for two Pb gqSn 17Te films annealed at nominally identical
final annealing temperatures of 580°C. Reference again to Figure 3-80
shows that this temperature is quite near the critical switching tempera-
ture for a film composition of x = 0.17. The Ry values are obviously quite
different for the two films. As indicated in Figure 3-80, this is not
surprising since the carrier concentrations are extremely sensitive to

small deviations in temperature near the switching temperature. It is

thus apparent that in order to achieve, repeatably, carrier concentrations

below 1016 cm=3 the annealing temperature control must be extremely
precise and the temperature uniformity over the sample near perfect. In
fact, temperature accuracy of better than 0.29C is required.

3.4.2.2 Effect of Annealing Charge Composition on Film Properties.

To this point we have shown that the annealing conditions and procedures
for achieving best possible electrical properties require critical
control of the annealing temperature, the degree of metal richness of
the annealing charge, the annealing times as well as the sample cooling
rate. In particular, the critical effect of deviating only slightly
from the switching temperature stands out as a severe control problem,
Arother potential optimization parameter is the annealing charge composi-

tion. To investigate, a special set of experiments was carried out to

establish the relation between the x-value or composition of the annealing

charge and the x-value of the as-deposited film.
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Table 22 summarizes the results of these experiments. As noted,
two conditions are included. In one case the charge composition is
X, ™ 0.15 and the film compositions vary from x = 0.16 to x = 0.19; i.e.,
are always higher than Xx,. In the second case the charge composition is

x. = 0.20, while the film x-values are s X, and range from x = 0.13 to

o
x = 0.20. All films are initially p-type and change to n-type on annealing.
In these experiments, combination annealing cycles were used; however, the
secondary annealing temperatures (i.e. the lower temperatures in the table)
were designed to coincide reasonably well with the switching temperature
for each film composition. It can thus be assumed that the observed
effects are primarily due to the differences in film to charge composition.
Figure 3-96 illustrates the results. The post-annealinz carrier concentra-
tions are plotted as a function of the percentage compcsition deviations
(Ax /xo, where Ax = x (film composition) - Xg (charge composition)).
Generally speaking the carrier concentrations of annealed films seem to
be less sensitive to negative composition deviations (x < Xo) than to

{ positive deviations (x > x,), except for very small values (A x/x, <5%).
Most important, though, is that the data point witk the lowest concentra-
tion corresponds to Ax/%o ~0 (n =6 x 1.016 cm"3) and that, for best
results, composition match must be as carefully controlled as the annealing
temperature. As can be seen from Table 22 the annealing conditions for
the film with the lowest concentration (film T223) represent the most
carefully controlled annealing cycle in every respect.

3.4.2.3 A Simplified Isothermal Annealing Technique for Sputtered

Pb].xSnyTe Films Utilizing Charges Consisting of Small Traces of Pbj._xSny

i Alloys. The isothermal annealing techniques (References 24 and 25) utilized
! in this work to date have involved the equilibration, under isothermal
conditions, of a relatively large Pb] -xSng-rich Pbj.xSnyTe charge with

x-values being the same for as-deposited film samples to be annealed and

annealing charges.
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A simplified annealing technique, which has been used successfully
for bulk Pbl_xSnxTe (Reference 26), has been investigated as to its

utility to sputtered Pb;_,Sn Te films. This technique involves the use
of small traces of the metal alloy,Pbl_xSnx only,as the annealing charge,

without imposing any critical x-value matching requirement between

Pbl_xSnx and the as-deposited film sample.

In fact, it was found that the only requirement is that the com-

position of the sample and charge combined (x ) lie between

, + x
film charge
the solidus and liquidus curve at the annealing temperature. The amount

of charge required is as shown in Reference 26 given by the following

B

where p is the carrier concentration, V the volume of the sample, and c

relation:

atoms of charge > |p (sample) - p (at the solidus line)

¢§ is the number of carriers per vacancy. As implied by the inequality, it
is unnecessary to use the exact amount of charge and, in general, it may
be larger than that calculated from the expression above. However, if
the amount of charge used is so large as to prevent the charge from

reaching the liquidus line before the sample reaches the solidus line,

then surface melting of the sample will occur. Thus, to prevent the

melting of the sample, there is an upper limit to the amount of pure

PbSn or Te charges which should be used. These upper limits are, from

Reference 26, defined by:

atoms of PbSn charge s [—A-E--V—] [-%{-I

atoms of Te charge = [-A-E-l [-L-l
c 1-x

in which ApV/c is given by the initial inequality relation and x is
| the compos$ition of the appropriate liquidus at the annealing temperature.

The Pbj.xSny alloy charzes were prepared to have a Ph:Sn ratio as close
to that of the Pbl_xSnxTe sample as possible. However, it is not nec-
cessary to match the Pb:Sn ratio in the charge and sample very exactly

as long as the charge is kept small with respect to the sample. Thus,




one advantage of this technique is the fact that the charge preparation

is simpler than that used for the standard technique which uses Pb]._xSn,Te
charges. Another advantage is that the charge and the sample can be
accommodated in a much smaller quartz ampoule; thus, the whole ampoule
will be more nearly in the region of constant temperature in the furnace.
Also the smaller size of the quartz ampoule lends itself for achieving
higher quenching rates due to the reduced thermal mass.

The results of the isothermal annealing experiments utilizing this
simplified technique with PbSn charges are presented in Table 23 and
Figures 3-97 through 3-100. Table 23 includes data on the structure,
composition and annealing conditions as well as on the unannealed (as-
deposited) and annealed electrical properties of films utilized for
these experiments. Figure 3-97 plots the 77°K carrier concentrations
as a function of annealing temperature for Pb_g2Sn 18Te films annealed
with Pb_gaSn ;g metal alloy charges. Reproduced in Figure 3-97 are
similar data for Pb_g)Sn jgTe films annealed with the standard metal-rich
Pb_g1Sn,19Te charge. As noted in this figure, the trends resulting from
these two techniques are indeed very similar. The apparent switching
temperatures for the two film compositions (i.e. x = 0.18 and x = 0.19)
are consistent with those expecte! from our previous thin film data
(see, for example, Figure 3-78) and from previous bulk Pbl_xSnxTe work.
It appears, therefore, that the simplified annealing techniques utilizing
small traces of Pb;_,Sny alloy may be quite adequate for annealing
sputtered Pbl_xSnxTe films. Additional annealing data shown in Figure 3-98
confirm this. Here we plot the 779K carrier concentration for three
Pbl_xSnxTe films having different x-values annealed with Pbj_,Sny alloy
charges of corresponding compositions as a function of annealing tempera-
ture. The trends are, again, as expected. The switching temperatures
are also consistent with those obtained utilizing the standard
annealing charges. However, we do note from Figure 3-98 and Table 23
that the lowest carrier concentration obtained, to date, utilizing this

annealing technique is just above 1.0 x 1017 (as compared with < 1016 cm=3).
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However, only a limited number of experiments have been performed to

date utilizing this technique so that no attempt was made as yet to
optimize for the lowest carrier concentration. For example, we see from
Table 23 that most annealings were performed for 4 hours only. As we

have already shown, the optimum annealing time with the standard annealing
charge was found to be 15 or more hours. Furthermore, as also seen from

Table 23, most annealings were performed at a single temperature. The

annealing cycle [e.g. 70000"’6000C"Tc0 (switching)] which was found to

be optimum for the standard charge,has not yet been used with the metal
alloy charges. Finally, the annealing tubes and quenching procedures
were the same as those used with the standard technique. Thus, the pos-
sibility of using smaller annealing tubes and correspondingly faster
quench rates, which may aid in achieving better results, has not been
investigated as yet. It is thus expected that some optimization of
annealing time and procedures will significantly lower the achievable
carrier concentrations with the metal alloy charges.

As has been the case for all annealings performed to date, the
observed reductions in carrier concentration on annealing with the PbSn
alloy charge are accompanied by an increase in mobility as shown in Table
23. This is also demonstrated in Figure 3-99 which shows a typical tem-
perature dependence of mobility and Hall coefficient for an as-deposited
p-type (Pb.SOSn.ZOTe) film, before and after annealing in a Pb.SOSn.ZO
charge. As noted in Figure 3-99 and Table 23, this film was annealed
to a temperature of 510°C which can be seen from Figure 3-78(b) to be
considerably belowthe switching temperature (which is near 525°C for x =
0.20). This should result in a fairly high, n-type carrier concentration
and relatively low mobilities - which is consistent with the results
shown in Figure 3-99 and Table 23. Still, as substantial an annealing
effect is observed as with the standard annealing procedures.

Figure 3-100 summarizes the carrier concentrations and mobilities
measured in films annealed with PbSn alloy charges. The linearity of the
relation between these two parameters is preserved and comparison of

these results with those shown in Figure 3-84 shows the mobility-carrier
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3% and 4% metal-rich Pb. _Sn Te charges.
1-x %

annealing with
it can be concluded that the -

From the initial results presented,

simplified annealing technique yields results which are consistent with

As we shall show

the standard annealing technique.

this simplified technique with Te annealing

those achieved with

ST R

in a later section, utilizing

sults which are also consistent with standard annealing

charge ylelds re

techniques using Te-rich Pbl_ Sn Te charges. However, further experimen-

tation is requ.red in both cases to achieve better electrical properties,

in particular lower carrier concentrations, by annealing, for example,

closer to the switching temperatures. The advantages in terms of sim- 3

plicity certainly warrant further evaluation, if annealing is to be

used at all.
3.4.2.4 Isothermal Annealing with Tellurium=-Rich Charges.
ichiometric Pb Sn Te charges,
1-x %

In

addition to annealing in metal-rich and sto

annealings have also been performed in Te-rich (Pb 5 Sn )Te charges.

Although we know from bulk Pbl Sn Te that annealing in a Te-rich
19

charge proddces p-type film with very high carrier concentrations (10

£.9) . :
cm - range), we have found such annealing to be useful under certain

conditions. As we have seen, n=type characteristics can be found in as-

deposited films (see for example Figures 3-1 to 3-6). Depending on depo-

sition conditions and film structure, these as-deposited, n-type films
17 -3

may have carrier concentrations ranging from less than 1 x 10 cm ~ to

the high 1017 or low 1018 m-3 range. Te-rich apnealing was initiated

early in the program and was aimed at improving the films with high

n-type carrier concentrations. Now, annealing n-type films (with high

carrier concentrations) in a vacuum Or with metal-rich charges leads

generally to poor electrical properties., However, it has been found in

this first effort that very careful annealing in a Te-rich charge at an

ure between 200°C and 300°C can change as-deposited

optimized temperat
dation in the film

e films into p-type film without much degra
possible to re-anneal these p-type

n-typ
properties. It has been found also
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films in a metal-rich charge at a carefully established temperature and
produce n-type films with carrier concentrations in the low 1017 cm
range and with enhanced mobilities. In fact, all the trends in mobility
and carrier concentrations that were shown in the metal-rich annealing
results with as-deposited p-type films can be observed in as-deposited
n-type films which are first annealed in a Te-rich charge to render them
p-type.

Typical results of systematic tellurium-rich PbSnTe annealing ex-
periments of n-type as-deposited films are shown in Table 24 and in
Figure 3-101. The behavior observed is analogous to that of p-type film
on annealing with a metal-rich charge. As the annealing temperature is
increased above 2000C the as-deposited n-type films become less n-type
resulting in a lowering of the carrier concentration. At an apparent
"erossover'" temperature, the film will switch to p-type, still with a
relatively low carrier concentration. At higher temperatures, the p-type
carrier concentration increases quite rapidly, with the measured hole

carrier concentration being proportional to the amount of excess Te

dissolved in the Pb 80 Sn one lattice. Figure 3-101 indicates that

the temperature range (here 275 to 285°C) in which an n- or p-type film

with low carrier concentration can be obtained is very narrow and cri-
tical. By reasonable control we have been able to establish Te-rich
annealing conditions which produced p-type film with carrier concentra-
tions between 1 X 1018 cm-3 and 2 x 1018 cm-3. These films, as already
discussed, were then annealed in metal-rich charges and the resulting
films had, after annealing, comparable electrical properties to as-
deposited p-type films of similar starting properties annealed under

similar conditions.

3.4.2.5 Isothermal Annealings with Small Traces of Te Charge.

In Section 3.4.2.3 we discussed the simplified annealing procedure in

which the charge instead of having a metal-rich Pbl_xSnxTe composition
consists only of small quantities of the metal alloy Pbl-xsnx' In this
section, the effects of using pure Te annealing charges instead of Te-

rich Pbl_xSnxTe charges, presented in the preceding section, will be discussed.
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While the annealings performed in Te-rich Pbl_xSnxTe charges were
to convert n-type films with high carrier concentration to p-type films
for further annealing with the standard metal-rich Pbl_xSnxTe charges
to produce low carrier concentrations, the annealing experiments with
Te charges were more directly aimed at improving the electrical proper-
ties of as-deposited, n-type films (i.e., without a second annealing
step). The resﬁlts utilizing this more direct approach are given in

Table 27 and are illustrated in Figures 3-102 through 3-104. Figure

3-102 reproduces results shown in Figure 3-101 which utffized a Te-rich

Pbl_xSnxTe charge along with the results of annealings with Te only. As
noted, the two techniques give very similar results. That is, starting
with n-type films, with similar as-deposited carrier concentrations,

the films become less n-type as the annealing temperature is increased
above 200°C, as evidenced by a lowering in the carrier concentration.

At a critical temperature between 270°C and 280°C, the n-type film
switches to p-type in both cases. As the annealing temperature is
further increased, the p-type carrier concentration increases rapidly.

As is evident from Figure 3-102, the temperature range in which switching
occurs is very narrow and careful control is required in order to achieve
the desired low carrier concentrations.

Of interest is the fact that, without much effort to control the
critical temperature, n-type carrier concentrations are reduced to
reasonable values by this technique (e.g. 5 X 1017). Furthermore, along
with the lowering of the carrier concentration, a considerable improve-
ment in the mobilities is observed. TFigure 3-103 shows the temperature
dependence of the Hall mobility and Hall coefficient of a typical n-type
film before and after annealing in small traces of Te charge. As noted,
there is a particularly significant improvement in the mobility and a
fairly significant increase in the Hall coefficient after the Te anneal.
As the figure shows, the temperature dependence of mobility of the annealed
film shows very little deviation from the (1/’}.‘)5/2 dependence down to
77°K. The annealing temperature for this film was,275°C, so that the film

remained n-type. The effects of the Te-annealing procedure are further
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illustrated in Figure 3-104. lere, the relation between carrier concen-
tration and llall mobility is given for three sets of films: a) Starting
n-type films, either annealed or as-deposited, with relatively high
carrier concentrations, b) n-type films annealed in Te at a temperature
below that at which switching to p-type occurs, and c¢) initially n-type
films which converted into p-type films by annealing in Te at a suffi-
ciently high temperature to induce switching. The trends for annealings
performed with 4%, 6% and 10% metal-rich charges, using initially p-type
films, are reproduced in this figure for comparison (dotted lines). It
is apparent that the simplified Te annealing procedures, carried out at
relatively low temperatures, result in trends which are quite compatible
with metal-rich annealed Films. As noted, the Te data straddle the highly
metal rich (6% and 10%) data on both sides of the trend curve and some
very respectable film properties are achieved with the Te annealing pro-
cess from some rather poor starting material.

The results of the Te annealing work demonstrate that such a pro-
cedure provides: 1) a possible alternative technique to high temperature
annealing in metal-rich Pbl_xSnxTe charges for achieving good electrical
film properties, and 2) a technique for improving process yields by uti-
lizing as-deposited n-type films with high carrier concentrations and
converting them to acceptable materials (which can be further annealed
in metal-rich charges to achieve even lower carrier concentration n-type
film).

3.4.2.6 Low-Temperature Isothermal Annealing of Sputtered Phl_xSnxTe

Films. In this section, another very interesting result is discussed,

the definition of an apparent, second crossover temperature in the equi-
librium phase diagram of Pbl_xSnxTe at a lower temperature than that
defined by Tx in Figure 3-78(a). It is also shown that this second cross-
over (or switching) temperature may be as useful as Tx in terms of a
critical annealing temperature for achieving low carrier concentrations.

As has been extensively discussed, most as-deposited or as-grown

Pbl_xSnxTe material is off-stoichiometry and requires annealing in order
to render the material completely stoichiometric. Referring again to the
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schematic represented in Figure 3-78(a), to our knowledge no experiments
have been performed to determine how closely the metal-saturated solidus,
indicated by broken lines, approaches the stoichiometric composition at
lover temperatures. In the course of this work, we performed experiments
with sputtered Pbl_xSnxTe films at temperatures considerably below Tx.
The results of some of these annealings are presented in Tables 24 and

25 and in Figures 3-105 through 3-107. The pertinent structures, compo-
sition, annealing cycles and conditions, and the electrical properties

of both unannealed and annealed films are presented in the tables. The
carrier concentrations of the annealed films are plotted in Figures 3-105
and 3-106 as a function of annealing temperature. Figure 3-105 shows
only low temperature (<500°C) annealing results. We consider here n-
type films (x = 0.19) which had previously been annealed at a temperature
near 550°C where they were switched from as-deposited p-type character-
istics to n-tvpe. Ve note that a decreasing annealing temperature resuits
in a decrease of the n-type carrier concentration down to what appears to
be a second critical temperature near 375°C, below which the film switches
back to p-type. Annealings at still lower temperaturcs appear to in-
crease the p-type carrier concentration. IHowever, this latter behavior
is not as well defined since the annealing procedure was changed for
annealings below 350°C. From here, we utilized temperature cycles such
as Tl = SOOOC“T2 = AOOOC"T3 = 300°C. It is also not possible to know
exactly at which temperature the films, annealed in this manner, switched.
The quenching speed mav be such that the actual switching temperature is
lower than that shown. Additional systematic annealing experiments

below 350°C are required before any conclusions concerning the p-type
carrier concentrations below this temperature can be drawn. However,

one result appears definite: n-type films do switch back to p-type at
some annealing temperature considerably lower than Tx' Figure 3-106
combines the data shown in Figure 3-105 with high temperature annealing
results. These two sets of data show a surprising continuity which
supports the validity of our conclusions. The critical annealing tem-

perature, Tx 550°C for a composition x = 0.19, has been repeatedly

3-192




i

e o SRS

8
0 s = :
2| | | |
e
)
i
| = JY
R >
o A P TYPE o
O, i
<
% e ——d
L‘ Bl D =i 5
[
S.I I N TYPE L
g o
Q ———
U =
O
N
Y 7
goL =
x| Nig
A )
£ I B
Y | | | |
300 350 400 450 500

ANNEALING TEMP  (°C)

Figure 3-105 Isothermal Low Temperature Annealing Results




s31nsay Buiipauuy 2InjeIsdud] y3TH pu® A0 JBWISYIOCS]T 901~€ 2In3TJg

{2 dINTFL ONITYINNY
059 o0g CSt oy oGE

| i N ﬂ M

O

L
(et ) NOLLYIUNTINOD AFAAVT

mq%.,r\z/
*3df3-d o3
yorg -dwe] I9mo0 B pPI[BIULY
asyzang ‘sdig-u :uwild gui3aelis

adf{1-u o3
sanjeiadwsy I3YSTH IB poIwsuly
2d£1~-d peirsodag-~sy :wild Sul3aeas O
w
|




sy R

R T AR SR S

o o
i
i .
E = 4
wd
e

C}:h
|

CARRIER CONCENTRATION

k] l l | | || | |
250° o L (010 S 01 500°  550° 600°
ANNEALING TEMP. (e

Figure 3-107 Isothermal Annealing Results at High and Low Temperature
for Pb g1Sn, 19Te Films Deposited at Zero Bias (Target #9)

R AT B TR R R R TR



verified. This composition seems to be associated with a critical low

| ’ - @ 0
temperature switching condition which appears to be located near 375 C.

While the latter must still be considered tentative for reasons already
discussed, the trends seem real.

This is Ffurther apparent in Figure 3-107 and Table 25 which present
data similar to that just shown for a second set of films. In this case
the annealings were performed with films sputtered from Target #9 while
those shown in Figures 3-105 and 3-106 used films sputtered from Target
44 . Also, the results with Target #f4 were obtained early in the program
while those from Target #9 were obtained considerably later to establish
repeatability. As is apparent by comparing Figures 3-106 and 3-107,
consistency between the earlier and later experiments is definitely
obtained in terms of verifying the second low-temperature critical
switching temperature at which films switch from n-type back to p-type.
However, we note in Figure 3-107 that this second critical annealing
temperature OCCUTS closer to 350°C while that shown in Figure 3-106 is
closer to 37500. Both sets of films have a composition of x = 0.19 and
both show the high temperature critical annealing temperature at 550°C
which, as already noted, is as expected for this composition. The reason
for the difference at the lower temperature is perhaps only the uncer-
tainty induced by the limited number of experiments near the critical
low temperature. More experiments are required to define this tempera-
ture more accurately.

The results just presented can be used to define, with actual
experimental data points, a modified or more complete phase diagram for
Pb.Sl Sn_lgTe in general or at least for sputtered Pbl_xSnxTe. This is
done in Figure 3-108. Comparison with the schematic shown in Figure
3-78(a) demonstrates the similarity. However, to our knowledge, no
other bulk or thin film data for conditions much below the higher
switching temperature, Tx, are available for comparison in the litera-
ture. One reason 1s, of course, that for bulk Pbl_xSnXTe, the annealing
rimes at these low temperatures would be prohibitively long - approaching

months perhaps. While the results given in Figure 3-108 are tentative,
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the fact that it is consistent with the behavior of various films pre-
pared at various times and with different targets throughout the course
of this program should provide considerable credibility.

An analysis of this very interesting observation has not been
attempted as yet. A more detailed exploration of the characteristics
of films annealed near the lower switching temperature needs to be per-
formed before such an analysis will be fruitful. It is, of course, of
considerable interest if as much of an improvement in electrical pro-
perties (n, p) can be achieved at the lower switching temperature as at
Tx. Finally, a key question in the utility of this observation is
whether photoconductive (or photovoltaic) response is optimized by using
the lower critical annealing temperature. 1f both improvements are

feagible, these new findings would be of considerable advantage in the

preparation of thin film detector materials.

Perhaps more interesting is the deduction that can be made that
this low temperature annealing point is the key for the critical
substrate temperature experienced during sputtering. The latter, which
we associated with stoichiometric perfection, is in a similar temperature
range (above 300°C). It could be that the film experiences "annealing"
during deposition which at a critical temperature produces the observed
stoichiometry.

3.4.3 ANNEALING OF FILMS DEPOSITED WITH SUBSTRATE BIAS. The
annealings for which results were presented above were performed with
films deposited without substrate bias. As discussed in Section 3.4.3,
annealings were also performed, later in the program, with films which
had been deposited with substrate bias. The results of annealing
studies with bias sputterad films utilizing Targets #8, #9 and #10 are
presented in Tables 28 through 31 and in Figures 3-109 through 3-114.

We present the results on films sputtered with Target #9 first since, to

date, the most complete set of data has been accumulated for this case.

Figures 3-109 and 3-110 and Table 28 show, as a function of bias

voltage, the effects of two sets of annealing conditions on the carrier
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concentration for films deposited with Target #9. In one figure, the
films used were deposited on BaF2 substrates, in the other figure on
CaF2 substrates. All annealing conditions represented entail initially
a 67 metal-rich charge and a 12 Hr anneal at 600°C. Beyond this, one
condition, defined as Condition I, has an additional low temperature

anneal of 4 hours at 52000, while the other condition, defined as

Coudition II, experienced an additional anneal of 4 hours at 540°C,

Condition I causes all films to convert to n-type. In contrast, Condi-
tion II retains the carrier type (p- or n-type) of the as-deposited
films. In both Figures 3-109 and 3-110, data on carrier concentration
versus bias voltage for the unannealed films are reproduced (see Figure
3-31) for comparison.

As can be seen in Pigure 3-109, bouth annealing Conditions I and II
are exceptionally effective in reducing the carrier concentration,
except in films deposited near the critical bias of about +5V which,
as was expected, already had a relatively low carrier concentration.

The carrier concentrations in films annealed at Condition I appears to
show some dependence on the bias voltage and some of the lowest annealed
carrier concentrations are achieved in films which were deposited at
fairly high positive and negative biases. Indeed, the largest reduction
in carrier concentration occurs in films deposited at the higher positive
biases. It appears, therefore, that the observed dependence of annealed
carrier concentrations on substrate bias is probably related to the as-
deposited stoichiometry (i.e., largest reduction on annealing occurs in
films with the largest deviation from stoichiometry). Of particular
interest, however, is the observation that at certain annealing tempera-
tures, such as given by Condition II in this case, both films deposited
with positive or negative bias can be annealed simultaneously, resulting
in a lowering of the carrier concentrations in both films and not
affecting the p- and n-type film characteristics of either., The signi-
ficance of this observation relates to the potential of forming p-n

junctions in a single deposition by merely varying the bias potential
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during the run and then to anneal the resulting p-n junctions in a
single annealing run which lowers both the p- and n~-type carrier concen-
trations.

1t should be noted that although Figure 3-109 shows that relatively

l —%
low carrier concentrations (in the 10 b cm : range) have been achieved

under the specified annealing conditions, in neither case were these

annealing temperatures optimized for the lowest carrier concentrations
and further optimization should lead to even lower carrier coucentrations.
The data shown in Figure 3-110 for CaF? substrates reveal no new trends.

It is interesting, however, that although the unannesaled carrier concentra-
tions are somewhat below those of the films on BaFp, after annealing under
Condition I, the carrier concentrations are almost identical for the two
substrate cases ovef the entire bias voltage range considered.

While Figures 3-109 and 3-110 give the results for two sets of
annealing conditions, Figure 3-111 and Table 29 show similar results
for Pb.81 Sn'lgTe films, also sputtered from Target #9, and annealed
several sets of annealing conditions. As noted, 1) the as-deposited p-
and n-type films retain their carrier type but with lowered carrier
concentration at an annealing temperature of SSOOC, 2) the as~-deposited
p- and n-type fiims are found exclusively n-type after annealing below
550°C (i.e., at 540°C and SZSOC) put with still lower carrier concen-
trations, and 3) all films are p-type if annealed above 550°C (i.e.,
58000) and have higher carrier concentrations.

In Figure 3-112, we plot, from the available data, the carrier
concentration as a function of annealing temperatures for films deposited
at three bias conditions. Although the data are somewhat limited, they
are adequate to show that a) films deposited with substrate bias exhibit
the same behavior on annealing as films deposited at zero bias conditions
and b) the bias has no significant effect on the critical annealing
temperature.

Two cases illustrating the annealing effects on bias sputtered
films from other targets are given in Figures 3-113 and 3-114 and Tables

30 and 31. The observed effects are quite similar to those demonstrated
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for films from Target #9 in the previous figures. This provides certainly
for some coufidence relative to the generality of the annealing trends.
In comparing the data for Targets #8 and #10 with Target #9 results,
attention must first be given to the film x-values, which are x = 0.22
for both the Target #8 case in Figure 3-113 and the Target #10 case in
Figure 3-114. Since the Target #9 data, in Figure 3-112, were obtained
with films having x-values of x = 0.19, the switching temperatuie should
be considerably lower in the examples for Targets #8 and #10. Con-
sequently, the annealing conditions in Figure 3-113, which are similar
to the Condition I case (Tfinal = 520°C) previously discussed, caused no
change in the carrier type of the films bias sputtered with Target #5.
But we see again a large reduction in hoth n~ and p-type carrier con-
centration in the films which were sputtered at bias voltages which
deviate from the critical bias voltage of -5V, while films sputtered
at this critical value show little improvement. In Figure 3-114 the
annealing conditions include temperature values considerably lower than
in the previous examples (T¢inal = 475°C) and all bias sputtered films,
independent of the initial carrier type, are found to be n-type after
annealing.

The next few figures deal with the effects of annealing on the
transport properties of bias sputtered films. The pertinent Hall mobi~

lity data are presented in Tables 28 through 31. As noted, mobilities

exceeding 104 cm? /v-sec at 779K are consistently measured in the annealed

films. The corresponding figures (3-115 through 3-118) show that in all
cases, qualitatively similar temperature dependencies of the Hall mobi-
lities (and the Hall coefficients) exist at temperatures from 300°K to
779K. However, some variations are apparent in the magnitudes of the
Hall mobilities (and the Hall coefficients) which can be related to the
deposition and annealing conditions. For example, the annealed Pb g15u
£ilms shown in Figures 3-115 and 3-116 were deposited with two signifi-
cantly different bias voltages (+20V and ~-30V) and annealed with two
gomewhat different temperature histories (600°C/540°C and 600°C/525°C).
Reference to Figure 3-111 shows (shaded circles) that the first set of

conditions yields the lower carrier concentration after annealing. Now

3-207




Deposited at +20V Bias (p-Type)
Annealed at 6009C—540°C to n-Type

MmoBILITY (em7vses) S,

Cw

R T
3XIo 1, : : L |

10 20
lQDCJS}ﬁL (fbkg-d)
Figure 3-115 Temperature Dependence of Hall Mobility and Hall

Coefficient for Isothermally Annealed Pb,giSn, 19Te
Film (Sputtered from Target #9 at +20V Bias)

Op

HALL COEEFICIENT (om¥Kow)

c




N

G

Deposited at -30V Bias
Annealed at 600°C/525°C n-type

79
v
"
>

s
=
J
\4
»
=
3
©
0
z

HALL COERFICIENT (Cm’/oud)

Sw
o

\\_L |
(O 20

(0004 (oK)

Figure 3-116 Temperature Dependence of Hall Mobility and Hall
Coefficient for Isothermally Annealed Pb gqSmn 19Te
Film (Sputtered from Target #9 at -30V Bias)

3-209

fw e »;ﬁ;eé‘w i 4 R A S R A A B R R TR R BN e

4

e e e e e




Cr

Deposited at +6V Bias (p-Type)
Annealed at 475°C to n-type

15
u
n
>

o
5
S

g/
»
=
J
)
O
=
3

|0

llll] ] 1

S
N

HALW coeFFicten t(em/toul)

Q

2 |O 20
1000 £ ((© K")
Figure 3-117 Temperature Dependence of Hall Mobility and Hall

Coefficient for Isothermally Annealed Pb 7g5n 22Te
Film (Sputtered from Target #10 at +6V Bias)




.

o et s e
ey

DL L

-

T

Il-llll 1

| I PO RS G e U

100

¥ et

Figure3-118 Temperature Dependence of Hall Mobility and Hall
Coefficient for Annealed Pb_84Sn, 16Te Film - Liquid

He Measurement Facility

3-211

o i R RIRRES AR

e L D e AT




the mobility data indicate that in both cases, the mobilities are

similarly high and show excellent adhierence to the T-S/z plionon limited
behavior down to close to i I However, in Figure 3-116, i.e. for the
films with the higher carrier concentration, the temperature dependence
starts to deviate from the T'S/2 relation at a somewhat higher tempera-
ture. The Hall coefficient shown in the same two figures reflects more

drastically the difference in annealing and deposition conditions, being

directly representative, of course, of the respective carrier concentra=
tion depicted in Figure 3-111.

Figure 3-117 shows, as another example, the mobility behavior
(and . the R} temperature dependence) for a Pb 78 2Te film sputtered
from Target #10 at -6V bias and annealed at 600 C/47 5°C, TFigure 3-114
(shaded circle) showed the corresponding carrier concentration at 77 IS
Its magnitude is similar to that in the film represented in Figure 3- 116

and the carriers are n-type also. Obviously, the results in Figure 3-117

reflect the carrier concentrations with respect to the Hall coefficient
and the mobility slope shows again a '].‘-5/2 dependence to below IOOOK,
being quite similar to those in I'igure 3-116,

At this point, it seems important to call attention to the fact
that while the annealing results show considerable improvements in the
Hall mobility and the llall coefficient of the sample films, equally good
films can be obtained, for the same film compositions, without annealing,
provided the bias sputtering conditions are carefully controlled and
optimized. Figures 3-60 and 3-61, if used For comparison with Figures
3-115 and 3-116, can attest to that.

It could be argued that annealing allows for a less critical deposi-
tion condition control. While this may be true to some degree, it would
call For an even more critical annealing condition coitrol. It stands to
reason that the annealing process itself and its critical control are

considerably more time consuming and expensive than the relatively

simple application of the purely electrical bias control.




As can be inferred from Figures 3-115 and 3-116, the ma jor scattering
mode in films that are well annealed is that due to lattice scattering

p ; ! =372 o

since the mobilities show a T / dependence on temperatures from 300 K
) - e A ;

to close to 77°K., llowever, in some cases, small deviations from this

. o o Bl A 5 3
dependence set in near 77 K. As discussed in connection with the as-

deposited and doped Pbl_xSnxTe films: to explore th+ scattering mechanisms

responsible for these deviations studies and measurements over a wider
temperature range is required.

An example of the temperature dependence of Hall mobility and lall
coefficient from room temperature to close to liquid lle temperatures, for
an annealed film, is shown in Figure 3-118. We sliow the results for this
particular film since it exhibits a behavior slightly different from that
usually observed. That is, this particular film shows a Hall mobility
which varies as T C with a value of ¢ which is slightly less than 5/2
above 77°K. However, between 77°K and BOOK, ¢ is almost exactly 5/2
a behavior which is typical only for good bulk crystals, Below about
30°K, the llall mobility appears to "saturate"; in fact c¢ is actually
slightly negative,

We have noted this saturation of mobility near BOOK in most of our
"better" annealed films, However, critically controlled deposition
conditions seem to yield as-deposited films with the same results,
independent of whether the depositions entailed biag sputteriing or not,
or whether doping took place. A sample comparison can be made between
tigure 3-118 for the annealed film and Figure 3-62 for an as-deposited
film sputtered at conditions (e.g. substrate bias voltage) which yield
close to stoichiometric films. DBoth films,for example,show the same
T’S/2 increase in Hall mobility at temperatures between 77°K and 30%
(and the as~deposited filmhas the same dependence to 3000). Below 30°K
the as-deposited film "saturates" also, indicating that the scattering
modes operating in both films, below about 30°K, have similar origins.
These, as we have previously discussed, may originate from imperfections

(due to remaining stoichiometric deviations or lmpurities).




3.4.4 ANNEALING OF FILM SPUTTERED IN OXYGEN AND NITROGEN ENVIRON-

MENTS. Some results of isothermal annealing experiments performed on

films which were sputtered in partial oxygen and nitrogen pressures
with and without substrate bias are presented in Table 32. For all
cases, 4% and 6% metal rich charges were utilized. As seen, the results
are limited. However, they seem adequate LO i{llustrate sgome annealing
effects. We consider, first, the films sputtered with zero substrate
bias. As noted in Table 32, these films, if sputtered in low partial
nitrogen pressures (SN12, SN14), are n-type prior to annealing with
carrier concentrations in the mid 1017 cm‘3 range. On annealing close
to the critical annealing temperature for the identified composition
(x = 0.21) a decrease in carrier concentration with a corresponding
increase in mobility is measured in these films. The films remain
n-type. This is a desired and typical annealing result. If we, on

the other hand, look at the annealing results of films (SN7 and SN6)

whiech were sputtered with partial oxygen pressures between 2 x 10~

-6 :
and 5 x 10 = Torr and were annealed at temperatures above the critical

temperature (i.e. 580 °g S Te ot pdI 5 .20) the results differ considerably.
The films remalned p-type on ann oncentration

b, 1

increased to values in the high 101”an:? range from values in the mid
1016 to mid 10 5 cm-3 range. The anreése in p-type carrier concentra-
tion may be due to: 1) the oxygen, which caused compensation oOr
produced traps, being released on annealing, 2) a stoichiometric ad-
justment toward the Te-rich side. By contrast, | annealing slightly
below the critical annealing temperatures (e.g. final anneal of sample
SN7 in Table 32) causes the film to switch to n-type and lower the
carrier concentration which is again typical annealing behavior for a
Pb.BOSn‘one film. Sample E&N8 was sputtered with a rather low partial
pressure of oxygen but under less than opt imum conditions. The high

carrier concentration is slightly improved on annealing but remains

higher than usual.




anneallng results for films deposited in pp O2 and N2 environments
and with substrate bias are also presented in Table A9 e droted [t
results are limited to films deposited with a substrate bias of -+30V
and with relatively low partial pressures of 02 and N2. The starting
films were, in all cases, p-type with carrier concentrations in the
1018 cm-3  range. That is all films were deposited under conditions
which yielded rather non-stoichiometric compositions. As can be semn
for samples, SN16, SN19, SN15, and SN17, for the annealing temperatures
used, the film properties realized were very typical of those achieved
with undoped Pbl Sn Te films of the correspongln%3comp031tlons. ginfé
carrier concentratlons ranged from the low 10 to the low 10 )
0f course, it is possible, perhaps probable, that the doping that had

taken place in these latter films was minute due to the low partial

pressures of 02 and N2 used and the relatively high positive substrate

bias applied.

3:5 PROTON BOMBARDMENT OF SPUTTERED PbSnTe FILMS,

The purpose of an, at leasc, cursory investigation of ion implanta-
tion in this program is aimed at exploring its potential in improving
electro-optical properties of sputtered PbSnTe films as well as its
potential in the preparation of PbSnTe sensor devices. For example,
ion implantation may be used to improve the properties of Pbl_x-SnxTe
films by reducing the effective carrier concentration via impurity
compensation or it may be used to introduce trapping centers for the
potential enhancement of the photo-electric responsivity of our “
sputtered films. For device objectives ion implantation has its
natural application in the preparation of p-n junctions. The implanta-
tion of heavy ions has severe limitations for ILWIR sensor materials
because of the ion penetration depths of most useful impurities. One
approach to solve this problem is to use proton bombardment followed
by impurity diffusion as discussed in detail in our proposed program
(Reference 27). lowever, proton bombardment can be used also alone to

control material properties for many applications. For example, it

3-215




has already been well demonstrated for bulk and thin film materials
that proton bombardment can change p-type Pby _xSn,Te to n-type
(References 28 and 29). In certain cases, n-p junctions were achieved
and photovoltaic response recorded (Reference 29).

As part of the program of ion implantation or proton-bombardment
followed by ion diffusion, we initiated first the experiments on the
effect of implanted protons on the properties of sputtered Pbl_xSnxTe
films. Initial, limited results are presented in Table 33. As noted,
the initial experiments were performed with relatively low proton
energies (~ 60 - 80 KeV). For these proton energies, proton doses of
9 x 10! p/cm2 are required in order to change the carrier type.
Proton doses of 1 x 1015 p/cm2 did not result in change of carrier
type regardless of the starting carrier concentration. However, the
carrier concentrations showed a small decrease.

For proton doses in the 1016 p/cm2 range larger decreases in
carrier concentration resulted along with the change in carrier type.
These decreases were greater than an order of magnitude, yielding
films with effective carrier concentrations in the low 1016 em-3 range.

The mobility in each film was increased after bombardment by
factors on the order of four if the films changed carrier type. For
films which did not change carrier type, the mobility increase was
limited to within a factor of two. Although the results shown are
preliminary, they demonstrated the fact that in sputtered Pbj_y5n,Te
films, the as-deposited properties can bg altered by proton bombard-
ment without any degradation. In fact, improvements result in most
cases.

3.6 ION BEAM SPUTTERING

3.6.1 INTRODUCTION. The proposed plan for the latest phases
of this program, called for emphasis on ion-beam sputtering as the
technique for the deposition of Pbj_ySn,Te thin films. However, before
the ion-beam sputtering system could be used as a ma jor technique,

a modification in the ion-gur assembly had to be implemented. Primarily
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therefore, the

this entailed an increase in the ion-current and,

deposition rates of PbSnTe films. Without this modification, un-

sit sufficiently thick

cconomically long times were required to depo

posed applications such as for photovoltaic

films for most of the pro
Perhaps more importantly though, the range of the possible

such as reflected in the phase diagrams for

devices.

composition control,

supported discharge sputtering (e.g., see Figure 3-1) would be

undesirably limited. Furthermore, the modification was aimed at

energy effects, independent of the ion i

allowing the study of kinetic
However, it became apparent

beam density (or deposition rate) effects.

soon after the start of this phase of the contract that some delay

d be cxperienced in the implementation of these modifications.

re experienced with the newly procured ion-gun

woul

Severe difficulties we

assembly - resulting from inferior comstruction of several parts. This
required extended waiting periods for replacement parts from the

manufacturer and severe delays in the assembleage.

Despite these difficulties, some initial experiments for defining

the range of deposition conditions for which single crystal films can
be formed and the measurement of the corresponding electrical and
compositional properties have been performed and are discussed below.

3.6.2 INITIAL ION BEAM SPUTTERING EXPERIMENTS.
cover a reasonable set of depositions

from less than 2 kV to 10 kV, with

to near @OOOC and with film growth rates

carried out it was possible to
with ion beam energies ranging

substrate temperatures from RT

from 0.01 to 0.5pm/hr. As was seen jater, the growth rates are

deceptive in many cases due to post depdsition reevaporation.

Thus far it was not yet possible to determine the entire range

itions for which single crystal films can be formed - on

of cond
and BaF_. One fact has, however, been confirmed;

substrates of CaF2

excellent single crystals are produce

than by the other sputtering techniques. At temperatures as low as

25000 very good (mono-) crystallinity was observed both by electron
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microscopy and x-ray cnalysis. This is at least 50°C below the
temperature at which comparable quality film was found by the other
sputtering techniques. Typical examples of epitaxial film structure
(¢lectron microscopy) film orientation (x-ray diffraction) etc. are
shown in Figures 3-119 and 3-120. In Figure 3-119 we show a typical

2 @ scan of an ion-beam sputtered Pb B”S Te film on a (111) CaF

substrate. As is apparent from this Elguri? the film is epitaxialiy
(111) oriented on the (111) substrate (confirmed by the presence of
(111), (222), (444) lines for both the substrates and th: films).
Indeed, to date, all single crystal films, ion-beam sputtered on (111}
CaF2 and (111) BaF2 substrate, have shown a (111) orientation. These
x-ray results are supported by reflection electron diffraction results.
To illustrate, typical epitaxial film structures of an ion-beam
sputtered Pb S,Sn 1,’1‘«3 film are shown in Figure 3-120. Here we see
the (110) and the (121) electron diffraction patterns of a cleaved
,ab (111) substrate and of the Pb 8,qn 1516 film deposited on the
same substrate. As noted, since the <111> direction in the film is
normal to the surface and, therefore, parallel to the substrate <1ll1>
axis, the (110) and (121) patterns are obtained by proper positioning
of the sample and rotation about its normal. A rotation angle of 30
degrees separates the (110) orientation from the (151) orientation, as
expected for the cubic lattice. It is apparent, from this figure that
the film patterns indicated a crystal quality which is comparable to
that of the substrate.

As was mentioned above good quality single crystal films are
sputtered with ion-beam sputtering at temperatures as low as 250°C.
These low epitaxial temperatures may e the solution to two problem
areas discussed in the following paragrapns - low growth rates and
re-evaporation.

The unit contains a substrate holder which c¢== accomodate up to
nine substrates. The substrates are arranged in sets of three and

each set is exposed simultaneously to the target by means of a shutter
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aperture. In this fashion, three experiments can be run during any
one pump down - each experiment using a different set of deposition
conditions. Considering the fact that at least an overnight pumpdown
is required to establish the desired background pressure of 1 x 10
torr or less; this arrangement represents a considerable time savings.
Unfortunately, we have now found that, in the case of Pbl_xSnxTe, we
may not be able to take advantage of this feature. During the time
one set of films is being deposited, any of the films previously
deposited are subject to re-evaporation. In part this is due to the
fact that the substrate heater is common, i.e. all sample, are at the
game temperature before, during and after deposition. A new substrate
heatcr arrangement could eliminate this problem. Yet, even in single
sets of films, a considerable amount of evaporation takes place after
the completion of a deposition, i.e. during the time required to cool
the substrate holder system to a reasonable temperature near ambient

so that venting of the system can be safely performed. Maintaining a

background pressure of high purity argon of about 2 % 10-7 torr can,

to a large degree, reduce this re-evaporation.

The re-evaporation is certainly an undesirable phenomenon. It
reduces the effective deposition rate to in some cases unusable
levels (e.g. <.02 pm/hr in cases where multiple substrate sets were
used and to lower than desired levels in all cases). More importantly,
it is feared that it is associated with a preferential re-evaporation
of the higher vapor pressure film components, in particular tellurium.
This seems to be reflected in some rather high n-type carrier concen-
trations in films in which re-evaporation was not controlled. The
difference between the carrier concentrations of films sequentially
deposited under identical conditions may be as high as two orders of
magnitude depending on effective deposition rates.

Another problem which has not been confirmed but may be real
is that high energy argon, jonized or neutral, may be implanted in

the film during deposition. It must, of course, be expected that a
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certain percentage of the ions in the ion beam is elastically reflected
from the target. A portion of these ions, perhaps neutralized on
collision with the target, will be incident on the substrate surrace.
Although the sticking coefficient for physical adsorption should b=
relatively low, it may be considerably increased by partial imbedding
of the relatively high energy argon particles. All this would be
maximized with the inherent system geometry where incident beam and
substrates are at angles of 45° from the surface of the target. The
density of the elastically reflected particles is in this case highest
in the direction of the substrate, as would be the energy of particles
reaching the substrate. Thc same arguments hold for any impurity ions
or atoms in the argon beam which could be the result of sputtering from
orifice walls etc. Since the original design had exactly the apparently
most undesirable geometry, experiments have been carried out with
considerably different arrangements. In particular it was found that

a target whose surface is nearly normal to the incident beam (and the
substrate surface) can actually enhance the sputtering rate - while
theoretically at least minimizing the incidence of elastically reflected
elements of the ion-beam on the substrate. Such an arrangemcnt has tne
added advantage that target mounting is greatly simplified. Since the
beam comes from the top, the target can simply be layed down on a
(cooled) supporting surface - without special bouding requirements.

All identified problems appear readily solvable and are actually
only significant because the environment is so much improved over that in
the other sputtering system. This gives cause for optimism that
exceptionally high purity samples - approaching intrinsic carrier
concencration - can be produced without the need for post-deposition
annealing. For the present, the few experiments run show already the
advantage of this technique on film structure. Electrically, unannealed
samples range from poor to good. Generally poor were those which were
subject to considerable re-evaporation, as discussed. On the other

hand, the very few samples which were annealed thus far produced
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carrier concentrations as low as the 1016 cm ~ range - quite compatible
with sample prepared by other, far more optimized techniques.

3.7 1LLCTRO-OPTICAL MATERIAL ANALYSIS.

3.7.1 INTRODUCTION. As explained in Section 3.1 perhaps the
most revealing and relevant test of the quality of the thin films
prepared under this program is to evaluate their electro-optical
properties since electro-optical device application is the ultimate
goal. Therefore, as also discussed in Section 3.1, our approach has
been to systematically establish the deposition conditions under which
device quality PbSnTe films can be deposited by determining those
conditions which yield structurally and compositionally high quality
films and to then correlate these preparation conditions with the device
related electrical and electro-optical properties. Those properties which
are found to be of particular relevance to the functional performance
(e.g. photoconductive, photo-voltaic response) are then optimized by
suitable selection of the preparation parameters.

The work to be reported in this section includes results on
electro-optical measurements on both as-deposited and annealed single
crystal films prepared under a variety of conditions - with and without
substrate bias. The elcctro-optical measurements include photoconductive
responsivity as a function of wavelength and frequency, noise measure-
ments as a function of current and frequency, as well as lifetime
measurements. Where applicable, D* values are indicated. The
temperature range of measurement with some samples was to 90°K, others
to 770K and selected measurements were made to below 30°k. The
differences are due to the fact that at the beginning of this program,
the dewar utilized for these measurements permitted measurement to
90°K only. During the course of this program, the new Janis dewar was
installed which permits electro-optical measurements down to liquid
He temperatures (QOK or below). It was then possible to make

o . .
measurements to 77 K routinely and to lower temperatures when desired.
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As will be seen, a considerable number of our sputtered films have

been evaluated electro-optically during the course of this program. The
results of these investigations demonstrated, relatively early in the
program, that the measured photoconductive responses are fully
correlatable with structure, structural quality, and composition. As
will also be shown, the cut-off wavelengths obtained agree quite well
with the bandgaps predicted from the measured x-values of the films. Also,
stoichiometry, electrical properties such as carrier concentration and
mobility - in short, all quality or control parameters of interest in
this study - are equally correlatable with the electro-optical properties.
There is little doubt left that films with the best structural and
electrical properties have, in general, the highest responses as well

as the lowest noisc characteristics. These early results not only

proved the value of our approach to assessing film quality, but
demonstrated also that good quality films with electro-optical properties
comparable with bulk single crystals could be prepared. The fact that

it was possible to establish a direct parametric relationship between

the PbSnTe film preparation conditions and the electro-optical properties
is a very valuable consequence of this work relative to producibility
specifications.

With this general progress achieved early in the program, one of
the principal objectives of the subsequent investigations was, of course,
the improvements of those properties which should lead to improved photo-
electric properties of the sputtered PbSnTe films.

One example, the utilization of bias sputtering,(a technique which
as we have seen was introduced during the later phases of this work to
improve film electrical properties, in particular, carrier concentration

and mobility) was ultimately aimed at the improvement of electro-optical

properties. Results presented in the following sections will certainly

show that bias sputtering is affecting the electro-optical properties

as advantageously as the electrical properties.
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A second example includes the methods for achieving improved

photo-response by investigating means by which trap-enhanced photo-

response might be achieved. As may be recalled, the observation in a

number of films of some exceptionally high photo-conductive responses

which appeared to be due to (uncontrolled) trap enhancemeng lead us in

The doping of Pbl_xSnxTe films during sputtering, by
the

this direction.
the addition of a partial pressure of oxygen and nitrogen in
sputtering gas was one attempt. We have seen in Section 3.3 a
substantial effect of such doping on the electrical properties. As

we shall see in the following sections, simultaneous systematic increase

in photoconductive responses have been observed also as a function of

the partial pressure of the 02 and N2 in the sputtering gas.
Although the indication is that the doping of Pbl_xSnxTe film by

sputtering in partial oxygen and nitrogen pressures is introducing

trapping centers, it was too difficult, without more extensive

experimentation and analysis to identify these as traps. In fact, there
is considerable uncertainty as to what constitutes effective traps in

Pbl_xSnxTe. For this reason as well as others, one of the objectives
in this phase of the study was to extend electrical, optical and
electro-optical measurements to temperatures of less than 15°K. It is
the only possible means for a meaningful study of trapping behavior as
well as of scattering mechanisms and other response limiting properties
in small energy gap materials. The results of electrical measurements
down to liquid helium temperatures were already presented. Some results

of photo-responses in Pbl_xSnxTe films measured at these lower

temperatures are presented in the following sections.

Finally, as repeatedly stated, photoconductive behavior was
primarily evaluated. This in spite of the fact that PbSnTe is
generally accepted as being principally useful in the photo-voltaic
mode. The reason stated was that photoconductive behavior is more
directly relatable to material properties. As this work has shown,

photoconductive response is by no means impossible for device
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application - based on the enhancement achieved thus far. Therefore,
the photoconductive evaluation is relevant to devire potential also.
However, beyond this, results will also be included on several PbSnTe
p-n junction and Schottkybarrier photo-voltaic response characteristics
as a function of preparation parameters. The latter are selected data
from the General Dynamics IRAD activities referred to above.

3.7.2 ELECTRO-OPTICAL PROPLRTIES OF FILMS DEPOSITED WITH ZERO
SUBSTRATE BIAS, Based on the manner in which this program proceeded,
results are given in sequence for films prepared without substrate
bias and with substrate bias. This section reports the electro-optical
behavior observed in films deposited without substrate bias. Results
on measurementé on films deposited with substrate bias are presented
in a later section.

3.7.2.1 Photoconductive Response, Noise and Lifetime Measurements.

Figures 3-121 and 3-122 show the absolute spectral responsivities and

detectivities, at 9OOK, for several typical Pb1 xSnxTe sputtered films

with composition from x = .14 to x = .20. The photoconductive detector
performance data for these films are also presented in Table 34. The
as-deposited photoconductive response value of, for example, 2.8v/watt
at 90°K,with noise properties that lead to a D* value of 2.4 X 108
cm sz/w (BOOOK, 2T background), is in the range of or better than
values for annealed films or bulk single crystal reported by other
investigators (References 17 & 30)-1if extrapolated to 77°K. These
sources quote responsivities from about .2 to 5.4 v/watt and D* values
in the range of 1.2 to 2.7 x 108 at 77°k. Extrapolation of our data
can be based on later measurements to 77OK with the new Janis dewar
referred to above. These measurements showed that operation at 77°K
should produce an increase in responsivity by at least a factor of
2.2 over values measured at 90°K.

As we have already stated, measurable photo-response could only
be found in single crystal films with excellent structures.

Correspondingly, it was found that the measured noise was a very critical
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function of the structural quality of the films also. This is
demonstrated in Figure 3-123 which shows noise measurements as a
function of bias current for several as-deposited sputtered films.

The significantly better noise characteristics in the single crystal
films (curves b, c, d) as compared to the polycrystalline film (curve
a) are obvious. Figure 3-124 shows the noise measurement on typical

single crystal Pb. Sn_Te films (one of which was annealed - T,37)
X X 2

prepared at a latlr date. They show significantly better noise values
than even the best films shown in Figure 3-123. It is noteworthy that
yery low noise values can be obtained with as-deposited films. They
are, to our knowledge, the lowest'values reported to date on any films
of PblthnxTe,annealed or unannealed (Reference 30). Obviously they
approach the Johnson noise at the lower current levels as reflected by
values of less than 1 x 10.9 nv/. Hz at such current levels. Still
lower values are found at frequencies higher than the 1 KHz used here
for the measurements (see, for example, Figure 3-128). It is very
encouraging that unannealed films show noise characteristics equivalent
to those of annealed films. In fact, comparison of electro-optical
properties of annealed and unannealed films has shown that, in general,
as long as the carrier concentrations and mobiliﬁies are comparable in
the two types of films, the electro-optical properties are also
comparable. Some results which indicate this, are presented in
Table 35 and Figures 3-125 and 3-126. The figures show the normalized
spectral response for several typical Pbl_xSnxTe films. In these
figures, examples of unannealed films are #435 and #442 in Figure 3-126
and #T232 and #T248 in Figure 3-125.

We note, first, in Figure 3-125 that the annealed films (T2440,
T230, T239), show responses which are consistent with the electrical
properties (see Table 35). For example, films with lower carrier
concentrations show correspondingly higher responses. The same appears
true for the unannealed films. The response of film T213 is an

exception. The variations in the magnitude of the relative responses
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given in this figure are of course also related to the cut-off wave-
length of the individual films (which are correlatable with the film
x-values). It is a typical trend in Pbl_xSnxTe, that larger energy

gaps result in higher responsivities under identical operating conditions.

Figure 3-126 shows similar normalized spectral responses for three

typical Pbl xSnxTe films again with different carrier concentrations as

specified in this figure. It is apparent here also that the film with

the lowest carrier concentration shows the highest respounse. The

differences indicated are considerably higher than could exclusively be
due to energy gap variations.

We indicated one exception from the typical trend (T213 - Figure
3-125). As shown in Table 35, the carrier concentration of this
annealed film is 3.5 x 1016 cm-3 and should, therefore, exhibit very
good response characteristics. Instead, we note in Figure 3-125, the
response exhibited by this film is lower than that of the others, all
having higher carrier concentrations. The problem, which does not
seem to be as critical with higher carrier concentration films, was
definitely associated with the lead deposition. The reported concen-
trations were measured immediately before the lead deposition, while,
immediately after the lead deposition, the remeasured electrical
properties showed some deterioration. It was found that, in general,

1 -3
films with carrier concentrations in the low 10 o cm and high 1015cm

=8
range must be very carefully handled (i.e. kept in a oxygen and moisture-
free environment before and during measurements ). Subsequent m:asurements
of photoconductive responses in carefully handled films have shown
values consistent with low carrier concentrations.

We not: in Figures 3-125 and 3-126 that higher x-valies corresponded,
as expected, to longer wavelength cut-offs. The consistency of the
x-value effect on cut-off wavelength (or bandgap) is perhaps more clearly
shown in Figure 3-127 by the normalized relative spectral response of
three Pb xSnxTe films with different compositions. Other results on

1~
the measurements of energy gaps from photoconductive response data are

S

presented in the next section.
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To further evaluate the sputtered Pbl_xSnxTe material quality,
noise and response measurements were performed as a function of
frequency. Examples are presented in Figure 3-128 which shows
the frequency dependence of responsivity and noise for two Pbl_xSnxTe

films. We note that the noise shows a 1/f dependence up to relatively

high frequencies. The response, on the other hand, is independent of
the frequencies over the measured range. The latter trend indicates
very short lifetimes which is consistent with pure Pbl_xSnxTe material.
That is, the respouses do not reflect trap enhanced characteristics.
The observation of decreasing noise along with a constant response
with increasing frequency shows that higher detectivity values (i.e.,
D*) can be expected at higher frequencies than those shown in Figure
3-122, since the noise was measured at 1 KHz for these data.
Additional information concerning the quality of our sputtered
Pbl_xSnxTe films and concerning the nature and origin of the photo~-
conductive response can be obtained by lifetime measurements as
described in Section 2.0. As noted, the measurement setup includes an
RCA GaAs laser diode TA7964.  The diode is pulsed with a laser diode
pulser at a nominal rate of 50 pilses per second. The power output
from the diodes is measured using a phototube. The laser current pulse
for the measurement was about 46 ma with the peak radiant power output
of approximately 5 watts. The rise and fall time of the laser driving
pulse is shown in Figure 3-129(a) and can be estimated to be of the
order of 70 ns. Utilizing this arrangement, response times from a

number of Rbl_xSnXTe films were measured. A typical result is shown
in Figure 3-129(b) for a Pb.9osn.10Te film (T230 - see Figures 3-121
and 3-122 for responsivity and detectivity). From the waveform of the .
sample signal, the measurable lifetime of this sample is seen to be
less than 100 ns or on the order of 70 ns, which is the limit of the
response time of the equipment used for this particular measurement.
An improved pulsing and sampling setup is being implemented as discussed -

in Section 2.7.1.3 for the generation of faster pulses ( ~ 1-5 ns).
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Figure 3-128 Frequency Dependence of Response and Noise
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Figure 3-129 Lifetime Measurement in Sputtered Pb_ggSn,10Te Film
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Furthermore, a laser diode array to increase the radiant power output
will replace the single diode used for these measurements.

The results of the lifatime measurements associated with the
photoconductive response in our films, in any case, indicate that all
films with better quality have response times below 70 nanoseconds,
which values are consistent with that expected for good Pbl-xsnxTe
material.

3.7.2.2 lnergy Gaps from Photoconductive Response. It is

apparent from Figures 3-126 and 3-127 that there is consistency
between the film composition and wavelength cut-off obtained from the
photoconductive response. Optical energy gaps were obtained from such
data by defining the energy gap as that photon energy at which the
photoconductive response is about one third (1/e) of the peak value
(i.e. close to the cut-off wavelength) . Resulté from such measurement,
along with the film compositions, are presented in Table 36. In
Figure 3-130, the computed energy gaps are plotted against the film
composition for four measurement temperatures. Included in this

Figure are 77°k bulk data obtained by other investigators (References'23,
31 and 32 ) for comparison. These results do show fairly good
consistency between energy gaps obtained from photo-response data and
film compositions. Interpolation between BOOOk data (see Figure 3-68)
and the 77°K bulk data shown in Figure 3-130, verifies that results

shown for 1230K, 1000K, 90°K and 77OK have very much the expected values.

3.7.3 ELECTRO-OPTICAL PROPERTIES OF FILMS DEPOSITED BY BIAS SPUTTER-

ING., As may be recalled, the bias voltage affected as-deposited carrier
type and concentrations in two significant ways: 1) at & critical bias
voltage, Vo - the carrier concentration approaches a minimum and the
films switch type, 2) at large negative biases (V = - 30 volts) large
reductions in carrier concentration are found also. Consistent with
this, the electro-optical properties of sputtered Pbl_xSnXTe films seem

to be affected most significantly by the same two bias conditions.
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Figures 3-131 and 3-132 which illustrate these findings, show

the absolute, 779K spectral responsivities and detectivities for several

as-deposited Pbj_ySn,Te films deposited at various bias voltages. The

photoconductive performance data for these films are also presented in
Table 37.

It may first be noted that the bias sputtered Pbl_xSnxTe films
represented in Figures 3-131 and 3-132 show again higher photoconductive
responses and detectivities for undoped tilms than has beeq previously
reported by us or by other investigators for films of these particular
compositions. [hal these TESPUNLSED are {ntrinmic in nature, can be
concluded from the consistency of the relation between film compositions
and cut-off wavelengths.

The bias conditions which result in the highest photoconductive
responses are apparently measured in films deposited at -30V bias, the
largest negative bias explored to date. The next highest values are
obtained with film sputtered with a bias of -5V. The significance of
the bias conditions can be seen more clearly if we refer to the inset
in Figure 3-131 which shows, schematically the relation between the
carrier concentrations and the bias conditions in films represented in
this figure., We compare first the films with composition x = 0.21.

As noted the =30V and -5V bias conditions are associated with the
lowest carrier concentrations. The bias voltage of -5V corresponds, as
shown in the schematic, to & condition close to (and on the n-type gida
of) the critical bias condition V, which we have associated with near
perfect stoichiometry. The -2V bias condition is also close to the
critical bias (but on the p-type side of the switching conditions).
Therefore, the latter film does not exhibit the same low carrier
concentration seen at =5V. Returning to the photoconductive response
data in Figure 3-131, it can be seen that the x = 0.21 films

sputtered at -5V and -30V show nearly the same responsivities., The
latter is slightly higher, corresponding to the somewhat lower

carrier concentrations associated with this condition., The -2V bias
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condition by comparison yielded a film with a considerably lower
response even though it had an x-value of 0.21 also. It should also
be noted, that independent of responsivity differences, the cut-off
wavelengths are identical for all three x = 0.21 films.

As to the remaining film responses, the x = ,18 composition
sputtered with a -30V bias shows a higher response yet than its x = .21
counterpart sputtered with a -30V bias., However, this can be attributed
to the typical composition dependence of the photo-electric response
in PbSnTe, The x = 0.20 film, which should normally have a higher
response than the x = 0.21 films has bééqﬂsputtered without the benefit
of substrate bias and has actwvally the lgwesﬁ peak response of all films,
The x = 0.22 film which wculd normally have the lowest response does
show better than expected performance since its bias conditions of -20V
is apparently sufficiently negative to benefit from the reduction in
carrier concentration at the high negative biases. (Note that the
inset applies only to x = 0.21 film).

The detectivities shown in Figure 3-132 follow similar trends
with a few minor exceptions. Comparing again first the x = 0,21 films,
the difference between the effect of the -30V and -5 bias conditions is
considerably larger on the D* value than on the responsivity. This is
quite interesting, if verified as typical from other films. By
implication, the larger negativ: bias causes a greater reduction in
detector noise. Thus, for device application it might be more
advantageous to reduce the carrier concentration by the effects of
large negative biases than by the stoichiometry controlling Vo bias
condition. The other interesting fact in Figure 3-132 is that thc
detectivities of the x = 0,20 and x = 0.22 films are in the more
typical order with respect to relative magnitudes, This points out
also, that in assessing photo-electric property improvements by the
various techniques explored in this program it is important to cvaluate
all film characteristics contributing to the useful quality indicators

of infrared sensors., One other observation of interest (and of impértance
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for p-n junction formation) is found in Figure 3-131 and 3-132 and
Table 37. Both p- and n-type, as-deposited films show comparable
photo-responses.

Photo-response measurements were also performed on annealed, bias
sputtered films. Examples are shown in Figures 3-133 and 3-134 and in
Table 37. Interestingly enough, comparison of these results with those
for as-deposited films shows that photo-responses and detectivities of
anne: 'ed films are of the same order as those found in the better,
as-deposited films.

An inset in Figure 3-133 again shows schematically the relative
carrier concentration of the annealed films at the particular bias
voltages used to prepare the films used for illustration. As noted, the
bias voltages used to prepare the two films resulted in relatively high
as-deposited carrier concentrations in both the p~ and n-type film.
However, as also schematically shown in the inset, annealing greatly
reduced the carrier concentration in these films. However, the film
prepared with a bias voltage of +20V resulted in a somewhat lower
carrier concentration on annealing. We see in Figure 3-133 that the
photo-responses of the two films reflect the relative carrier con-
centrations. The same holds true for the detectivity values of the
same two films shown in Figure 3-134 except that the differences are
more significant.

In summary, the photoconductive properties of bias sputtered

Pb SnxTe films - while not approaching photo-voltaic values - show
-X
definite improvements over other photoconductive PbSnTe materials.

Properly controlled bias conditions yield responsivities and

detectivities 1in as-deposited films wliich are as high ae those achicved

with annealed films., Considerable improvements in the optimized bias
couttol can be expeetel - wiich stould result in comparable response
improvements. Consistent with this,the noise properties of our as-
deposited and annealed, bias sputtered films, examples of which are given

in Figure 3-135, are also comparable with those of good single crystal
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Pbl_xSnxTe. As is apparent from the latter figure, sputtered Pbl_xSnxTe
single crystal films (annealed and unannealed) exhibit noise values
approaching Johnson noise at the lower current levels and remaining
quite low up to rather large current values.

Additional measurements, which have been and are still being carried
out to further evaluate the bias sputterd Pbl_xSnxTe material quality,

involve noise and response measurement as a function of frequency. Two

examples in Figure 3-136 show representative data for some of the
Pbl»xsnxTe films already used for illustration in previous figures. As
noted, the noise shows again a 1/f dependence up to relatively high
frequencies, while the response is quite independent of frequency over
the measured range. As in the case of films sputtered without bias the
data implys a short lifetime consistent with that expected in pure
Pbl_xSnxTe material. The observed decrease in noise with increasing
frequency, along with the constant response, promises higher detectivity
values than those shown in Figure 3-132 at the higher frequencies. The

noise measurements on which the detectivities shown in Figure 3-132 were

based, were carried out at 1 kHz. Thus, for the Pb 828n 18Te film
(T124) shown in Figures 3-131 and 3-132, a detectivity of about D* =

A
2572 oX 109 cm-Hz?/w can be calculated from the measured responsivity in

Figure 3-131 and noise measured above 5KHz (see Figure 136) - a fairly
respectable value for photoconductive PbSnTe with a 300°K, 2T background.

3.7.4 FILMS WITH EXCEPTIONAL PHOTOCONDUCTIVE RESPONSE BEHAVIOR.
During the course of this program, a small number of samples have
exhibited rather exceptional photoconductive response characteristics.
Two types of behavior were observed: 1) some samples showed exceptionally
high photoconductive responses, 2) other samples, also with high
responses at the expected peak wavelength, showed, in addition, a high
short wavelength response peak at about 2.5 pm,

Figure 3-137 and Table 38 present some results on films which
exhibit the exceptionally high responses. As noted in Figure 3-137, a

responsivity as high as 420 v/w was observed in one sample. This is two
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orders of magnitude higher than in typical Pbl_xSnxTe of highest quality.
Notable is that the films which exhibit these high responsivities are
unannealed and have very low x-values (x = .05 - .12) as determined by

x-ray techniques. Furthermore, the energy gaps obtained from the

photoconductive response cut-offs in these high responsivity films are
consistent with their x-ralues. Several observations indicate that the
enhanced photo-responses in these films are due to some form of carrier
compensation. The as-deposited carrier concentrations in these films
measured in the 1014 cm-3 range which indicates heavily compensated
films. It is suspected that a higher than usual partial pressure of
air was present during the deposition. Subsequent experiments with
identical deposition conditions and typically low background pressures
gave the expected results. Moreover, the measured compositions and
carrier types of these films are, for the deposition conditions used,
not those expected from a target of x = 0.20 (Target #7). Finally,

the measured responses in these films are in excess of theoretically

predicted values for uncompensated Pbl_xSnxTe. However, since the
spectral photoresponses appear to be consistent with the measured film
x-values, and since it was not possiule to determine (from x-ray) the
presence of any secondary phase, it appears that the enhanced response

is not due to secondary phases but to carrier compensation. In addition,
and most importantly, it will be shown in the next section that controlled
background additives yield comparable response enhancement = though not
quite as dramatic as yet. This makes the compensation or trap enhance-
ment concept all the more plausible.

The data in Figure 3-137 was obtained reasonably early in this
program. Thus of considerable interest is that an even higher response
was measured recently in a film which had been prepared during the same
set of experiments as that for which data is shown in Figure 3-137, and
stoied. This (singular) result is shown in Figure 3-138. The

corresponding data are listed in Table 38. As can be seen, & response

of > 103 v/w is measured in this Pb 93Sn 07Te film. While we don't
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consider this result of practical consequence, it is just one added

bit of evidence that very high photoconductive responses, in particular,
and significant beneficial impurity enhancement, in general, are feasible
in sputtered Pbl_xSnxTe films.

While in these particular cases the cut-off wavelength is con-
sistent with the film composition, the film composition was not that
expected from the target x-value used to sputter the film.

To further explore the origin of these unexpected results,
measurements of noise and response were performed as a function of
frequency as shown in Figures 3-139 and 3-140, respectively. We note
in Figure 3-139, some differences in behavior for three different high
response films. In two cases (6-1-T258 and 8-T258) the noise remains
relatively constant from near 1 KHz to 10° Hz and shows 1/f behavior
below this frequency while in another case (6-2-T258) the noise shows
al/f® dependence up to about 2 x 10% Hertz. By contrast,
the photo-response remains constant to frequencies far below 1 Kiz.
Thige is shown in Figure 3-140. These results seem to indicate that the

response times in these films are, in spite of compensation, still
relatively short. As we shall show, films which do exhibit slow re-
sponse times also show large changes of responsivities with frequency.

The second type of exceptiomnal behavior which was referred to above
is represented by a small number of samples which exhibited relatively
high responses of up to 10 v/w at the expected peak wavelengths but in
addition, a short wavelength response peak at approximately 2.5 pm with
response values of some 50% higher than those at the primary peak.
Figure 3-141 shows a typical example, Considering earlier, similar
observations by other investigations in evaporated PbSnTe (Reference 33)
and PbS film (References34 and353) it was suspected that a secondary
phase and/or trap formation generates the short waveleungth response
peaks,

For a more careful exploration three approaches were used. First,

the spectral response and noise were determined as a function of
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200 ns/cm

Sample Photoconductive Response 6-T,-29

Figure 3-144 Lifetime Measurement in Sputtered Pb_ g88Sn_ 12Te Film
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Figure 3-146 Response Time Measurements in Pb _ggSn 12Te Film
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frequency. Secondly, the response time characteristics of these films
were measured with the pulsed GaAs laser source. Finally, the response
time characteristics were measured with a chopped blackbody source using
alternately: no-filter, a 3 um and a 5um cut-on filter. The results
of these measurements are shown in Figure 3-142 thru 3-146.

Figure 3-142 shows the response signal as a function of frequency
for measurements taken at the two wavelengths (i.e. 2.2 ym and 6pm).
It can be seen that the response at the short wavelength peak (2.2 ym)
shows a decrease of nearly an order of magnitude for a variation of
frequency from 100 Hz to 900 Hz, while the longer wavelength peak
response, shows practically no change over the same frequency range -
clearly indicating different response times for the two peaks. In
Figure 3-143, the noise, measured from 100 Hz to 104 Hz, shows a 1/f
dependence at frequencies below 2 Kliz, while above 2 Kliz the noise is
constant with frequency.

Measurements utilizing the pulsed GaAs laser source resulted in
responses which clearly showed a decay time having two components -
one near or below 100 nanoseconds and one of approximately 600 nanoseconds.
The wave form for the sample signals is shown in Figure 3-144.

Finally, unfiltered blackbody response showed a decay indicative of
a response time of several seconds as shown in Figure 3-145, along with
an initial, fast decay component. With a 3 pm cut-on filter, response
time components considerably below 1 millisecond as well as exceeding
100 milliseconds were observed. This is more clearly shown in Figures
3-146(a) and 3-146(b). Interestingly enough, the slow response components
showed a dependence on the irradiance level-typically increasing with
lower source intensity. With a 5 um cut-on filter, only the fast response
time component was observed.

The results presented are consistent with the conclusion that the
response associated with the shorter wavelength peak has a long response
time and may be due, in heavily '"doped" films, to the presence of

secondary phases (e.g. lead oxides), oxygen absorption or other surface
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and bulk trap formation; whereas, the response associated with the longer
wavelength peak has the fast response time associated with PbSnTe.

3.7.5 ELECTRO-OPTICAL PROPERTIES OF FILMS SPUTTERED IN THE PRESENCE
OF PARTIAL PRESSURES OF OXYGEN AND NITROGEN. We have seen in the results

presented above the first evidence that oxygen and/or nitrogen added to
Pbl_xSnxTe in the sputtering background environment may provide some form

of compensation or trapping, resulting in enhancement in photoconductive
response. Since one objective of this program was to investigate various
menas by which such enhanced photo-response in Pbl_xSnxTe could be achieved,
we explored these effects more systematically. To this end, a series of
experiments were performed to define electrical and electro-optical behavior
of thin film Pby_,SnyTe as a function of the partial pressure of gaseous
species in the sputtering gas. In Section 3.3, we presented results on the
electrical, structural and compositional properties of films deposited

with controlled additives of 0p and N, in the sputtering gas (see

Figures 3-71 and 3-76). The corresponding effects on the electro-optical
properties are presented in Figur:s 3-147 through ’~149 and in Table 39.
Figure 3-147 shows the spectral responsivity in some representative

films. The overriding observation is the relatively high photoconductive
responses compared to the response of all typical films shown earlier
which were sputtered without the presence of 0, eand No. This response
enhancement is obviously a systematic function of the partial pressure

of eith 0o or N2. However, not to be overlooked should be that there
appears to be a shift in the photoconductive cut-off wavelength to shorter
wavelengths at the higher partial pressures of the two additives. In the

following we will consider each of these observations in somewhat more

detail. First, the reader is referred to Figure 3-71 which shows a typical
relationship between the partial pressures of 02 and Ny and the carrier

concentration. On close inspection of ¥Figure 3-147, it becomes then

{mmediately obvious that the responsivity is directly relatable to the
carrier concentration resulting from the additives. Oxygen is apparently

more effective in small quantities than nitrogen, with a pp0Oy of about
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Figure 3-147 Absolute Spectral Photoconductive Responsivity of As-Deposited
Pby_y4SnyTe Films - Effect of 0p and Ny Addition During
Sputtering
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5 x 10-6 torr yielding a higher response than a ppNy of 1 x 1074 torr -
this in an x = 0.15 film which should normally have a higher response
than the x = 0.19 film having the 0, additive in the background. As
can be seen from Figure 3-71, a pp0Oy of 5 x 10-6 torr appears to be a
near optimum value relative to reduction (or compensation) of carriers
and a ppNy of 1 x 1074 yields about the same carrier concentration.
Directly comparable in Figure 3-147 are films with composition
x = 0.20 for 0, effects and x = 0.21 for N, effects. From the former
we note that even films "doped" with the low value of pp0, = 1 x 10-6
yield a higher responsivity than "undoped" films. Doubling the ppOg
increases the responsivity by rearly a factor of three and a slight

blue shift is observed in the cut-off wavelength. A corresgponding

increase in ppN2 from 5 x 1076 to 1 x 103 torr causes the peak

responsivity to almost double and a considerably larger shift in cut-off

wavelength occurs than with 0g.

While no directly comparable data are shown in Figure 3-147, the
cut-off wavelength of the highest responsivity film (Ra20V/W, x = 0.19)
is also considerably shorter than films without 02 additives (see e.g.

x = 0.18 films in Figure 3-132). However, it may be recalled that at
these pressures there is a small change in the film composition between
0, doped film and films sputtered without 0, under the same condition8.
Specifically x = 0.19 with 0p and & = 0.20 without Og.which should yield
a somewbat larger energy gap in the @2 doped films. In Np doped film,
the change is even greater for high ppN, values. At 1 x 1074 torr an
x-value of ¥ = 0.15 was produced for the same sputtering conditions

with corresponding shifts to shorter wavelengths. This feature, i.e€.,
the shift to shorter wavelengths can, of course, be controlled. If aij
high response is desired at a particular wavelength the depositing condi-
tions and target compositions 1s adjusted correspondingly, i.e. to

values which would yield somewhat higher x-values if the additives were
not present.

In summary, there is significant and systematic enhancement in

photoconductive response with increasing partial pressures of Ny and 0p
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in the sputtering gas. The increase can be orders of magnitude. These
enhanced responses are possible in both p-type (i.e., Oy doped) and
n-type (N2 doped) films. Although there is a shift to shorter cut-off
wavelengths, this is easily compensated for by deposition control.

In order to obtain more information concerning causes of the en-
hanced responses intensive studies are required. One approach is the
measurement of the frequency response of doped or compensated films.
Some early examples are shown in Figures 3-148 and 3-149 for response
and noise data respectively. The photo-response in Figure 3-148 shows
frequency independence for all films, i.e. over the range measured.

This would indicate that the response times for the response enhanced
films are still relatively short. Values considerably below a
millisecond are certain. This is, of course, highly desirable. How-
ever, lifetime measurements below the microsecond range are required

to determine whether small effects on response times can be observed
which could reveal the mechanisms as trap enhanced, for example. Such
experiments are still to be performed. Figure 3-149 shows the noise
voltage as a function of frequency for several of the films whose
responsivity was shown in Figure 3-147. As can be seen, the noise
voltage shows a large 1/f component but only to several kiiz - i.e.

over a somewhat smaller frequency range than in the "undoped" films.

It might be interesting that detectivities calculated from the
responsivities and the noise characteristics above 5 kHz yield D* values
of 5.5 x 102 cm-Hz%/w foar the highest responsivity films in this set.
With corresponding noise values, for the highest responsivity film
shown in Figure 3-138, a peak detectivity of 1.7 x 1010 cm-Hz%/w is
calculated, which is approaching Blip conditions. Further optimization
should be possible by careful impurity control and application of
antireflection coatings. This would make photoconductive Pby_xSn,Te

as competitive for practical devices as photo-voltaic Pby_ySn Te.
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3.7.6 LOW TEMPERATURE PHOTOCONDUCTIVE RESPONSE AND DETECTIVITY OF

SPUTTERED Pbl_xSnXTe. The electro-optical properties presented in the
preceding sections were measured at 77°K. The importance of lower
temperature measurements has been pointed out before. In particular,

it provides for the identification of noise and response limiting
mechanisms, and permits an analysis of detector performance over a

wide range of temperature. Results of such low temperature measure-
ments are still limited. A few representative photoconductive response
and detectivity data for Pby.xSnyTe sputtered films are shown in

Figures 3-150 through 3-153. The first example, a Pb g,5n, 16Te film,

is certainly not one of our better samples. However, Figure 3-150

and 3-151 demonstrate that even relatively low quality sputtered
Pbl_xSnxTe films show a substantial enhancement of both the response

and the detectivity if operated at the low temperatures. As expected,
the photo-response experiences a shift to longer wavelength at the lower
temperature. However, while the cut-off wavelength at 779K is consistent
with the film composition, the shift is larger than expected as the
operating temperature is decreased to 309K. But, the enhancement of
photoconductive response {s also greater than one might expect for this
temperature decrease. As the results show a detectivity with a D* in
the high 102 em Hz%/w is measured at 309K.

Corresponding response and detectivity measurements in one of
our better films show corresponding improvements. Data for one such
film are illustrated iu Figures 32152 and 3-153. As noted a detectivity,
D%, slightly above 1 x 1010 ¢em Hz%/w is measured in this case at the
lower temperature.

As implied, the number of samples measured over the larger i
temperature range is still limited. Of course, the long time required
for actual measurements is a factor. As discussed in connection with
the low temperature electrical properties, measurement of more samples

over the wider temperature range are required for any thorough analysis

of the results.
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3.7.7 SOME INITIAL RESULTS ON PHOTOVOLTAIC EFFECTS OBSERVED IN
SPUTTERED PbSnTe FILMS., The results presented in the preceding sections

are significant not only in themselves, but more importantly, in their

utilization and uniqueness for device application. Of particular importance

in this respect is the obvious simplicity of the bias sputtering

technique for the preparation of p-n photodiodes as well as the nigh
quality, as-deposited films which can be prepared with either type and
any composition for other types of photovoltaic devices (such as
Schottky and heterojunction diodes). Finally, the demonstrated
enhancement of the photoconductive response of Pbl_xSnxTe by simple
"doping'" during deposition, promises to provide photoconductive
detectors of sufficient sensivitity for utilization in military :
electro-optical systems.

To explore the practical potential of these findings, initial
I8 attempts have been made to prepare various feasibility demonstration
devices under other funding - entirely based on the material studies
carried out under this program. For example, an initial number of
bias sputtered p-n layered structures were prepared which exhibited
encouraging photovoltaic responses characteristic of p-n photodiodes.
Since these initial efforts were only aimed at establishing feasibility,
no particular emphasis was placed on optimizing device configuration,
passivation or antireflection. Instead, the emphasis was on such aspects
as to what happens when two PbSnTe layers of different carrier type are
| deposited sequentially in the same pumpdown. For example, tiie question
as to whether the layers maintain their carrier type when deposited
sequentially as distinctly as when deposited separately was checked
thoroughly. By the use of special shu%ter positions, single layers
of p- and n-type Pbl_xSnxTe were deposited along with the samples
having p- and n-type diode configuration. In this manner, the various
electrical, compositional and structural propertie§ of the individual
p- and n-type layers could be compared with those of the diode configuration.
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Table 40 lists some of the experiments performed toward the preparation
of p-n photodiodes. Also included are selected data on the properties

of individual layers. As noted, Target #13 was used for some of these
experiments. This was the latest sputtering target prepared and had a
larger diameter than earlier versions in order to deposit uniform
laye:s'over larger areas than was required for the earlier experiments.
This was aimed at future work on array deposition, but it was also
valuable for the preparation of the relatively large, single diode
structures used in the feasibility studies. Figure 3-154 shows some

of these configurations used. Their main advantage is simplicity,
requiring only simple shuttering and mechanical masking. As noted,
platinum was used for the ohmic contact to the p-type Pb;_,Sn,Te

layers while indium was used for the ohmic contact to the n-type layer.
In some cases the platinum was deposited on the BaF, (or CaF;) substrate
before the deposition of the diode, while in others it was deposited

on top of the p-type Pb;_,Sn Te layer. In the former case, the platinum
was deposited to form a single crystal film. To achieve this, a separate,
small investigation was pursued to establish deposition conditions under
which single crystal platinum film could be sputtered onto single crystal
BaF2(111) and CaF2(111) substrates. It was then attempted to produce
epitaxial Pb;_,Sn,Te on single crystal platinum film. The result was that
essentially the same conditions under which epitaxy of Pb;_,Sn Te occurs
on BaFy(lll) can be used to oroduce epitaxy of PbSnTe on single crystal

platinum. Thus it became possible to utilize the two illustrated techniques

for making platinum contacts to the p-type layer, i.e. above and below
this layer. Both the Pt and In ohmic contacts were carefully checked for
ohmic characteristics. As shown in Figure 3-154, both types of contacts
were deposited in such a way that they were partially located on the

Pb, _,SnyTe film and partially on the uncoated substrate for lead attach-
ment. Leads were attached with In solder at a location sufficiently

far away from the FbSnTe film area to avoid alloying or other problems.
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Figures 3-155 and 3-156 give a few examples of typical, relative

spectral photovoltaic responsivities measured in such p-n diode

structures. All were deposited by bias sputtering. Exact active area

definition was not feasible with these initial samples. However, the
main features of the observed spectral responsivities, in particular

cut-off wavelength, etc. are consistent with that which is expected

for Pb1 xSn Te films of the composition noted and the measurement

temperature of 90°k. The undulations in the response curves can be

attributed to optical interference due to the fact that the optical

thickness of the films are on the order of magnitude of the response

wavelengths. A convincing number of samples of this type have been

measured to date which exhibit the characteristic photovoltaic response
" of Pbl_xSnxTe. Careful analyses were performed to insure that, in all

cases, the measured responses are indeed those resulting from the p-n

junction and not from contact rectification, Dember effects or other

phenomena.

Absolute values of responsivities in our most recent gsamples are

becoming quite respectable but surface passivation and antireflection

must yet be completed before truly high performance diodes are possible.

While the preparation of photovoltaic p-n junction devices was
” only recently initiated, photovoltaic diodes of the Schottky-barrier
type were briefly explored at an earlier date. As in the case of the
p-n junction devices, the work with Schottky-barriers was limited to a
feagibility study only. That is, no extensive device optimization has
been performed. Again, these efforts led to encouraging results. A
number of films were successfully converted into photovoltaic diodes,
with typical Schottky-barrier behavior. Pb, Al, and In were utilized
for the non-ohmic or barrier contact. These contacts were deposited
in strips of approximately 2 mm by 10 mm., Part of each strip was

located on p-type Pbl-xsnxTe film to form the active area, the remainder

extended onto the substrate for lead attachment. The ohmic contact

for p-type Pbl-xsnxTe was platinum. Again the Pt contacts were
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carefully checked to insure ohmic behavior. In all Schottky-barrier
samples prepared, to date, the ohmic contact was deposited on top of
the p-type Pbl_xSnxTe film also, i.e. on the same surface as the
barrier metal.

Both front and back illumination was used to generate photovoltaic
signals. For the latter case, Ban served as the substrate. With
indium as the barrier metal, very thin infrared transparent barriers
were deposited which were measured to be at least 80% transparent from
8-14 pm. With Pb and Al barrier metals, no effort was made, to date,
to deposit infrared transparent thicknesses. Therefore, the effective
"aotive" area for front illumination was rather limited in the lacter
case, consisting only of the peripheral region defined approximately
by the diffusion length of the optically excited minority carriers and
the edge length of that portion of the "pbarrier" strip located on the
Pbl_xSnxTe film. Diffusion length in PbSnTe films is quite small.
This diffusion length, L, can be estimated, to a first order, from
classical theory by L = JE;:?; where the diffusion constant

D = W (kT/e). In high quality Pb _xSnxTe, with a time constant, T, on

the order of 10-8 sec, a maximum ziffusion length is about 10 microns.
A typical periphery is about 0.8 cm. Hence, the "active' area for
frogpt illumination has an upper limit of 8 x 10.3 cmz. By contrast

the somewhat better definable active area for "back" illumination is

on the order of 7 x 10“2 cmz. Thus, the effective front to back active
area ratio is greater than ten. The active area for back illumination
is, of course, defined by the entire barrier metal area in contact with
the PbSnTe film (plus the peripheral area defined above). This is in
reasonable agreement with the fact that the photovoltaic responses,
where observed by both back and front illumination in the same cells,
showed response ratios of up to 25:1. Of course, reflection loss
differences between front and back illumination contribute to this

ratio also.
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Figure 3-157 gives an example of the response measured by both
front and back illumination in a Schottky-barrier diode. The measure-
ment temperature was at or above 90°K and the barrier metal was Pb.

In this case and in other samples similarly measured, no efforts were
made to account for or minimize reflection losses nor was any attempt
made to minimize substrate losses or Pb;_,Sn, Te absorption losses in
films of thicknesses exceeding the absorption length at the measurement

wavelengths. All of these factors can considerably degrade the response

under back illumination. The uncertainty in the front illumination
cases, relative to the actual active area size, is likely to yield far
better than reported responses since the estimate of the active area,
if anything, was conservative. Figure 3-158 shows the relative spectral
responsivities of some front illuminated Schottky-barrier diodes with
transparent In barrier metal. Again, exact absorption and/or reflection
losses are not known or accounted for. However, the spectral responsivity
curves show trends consistent with the film compositions (i.e. cut-off

wavelengths) for 909K measurement temperature. A number of more recent

samples are now being evaluated which better define active area geometry
and other improvements.

Although the work was not extensive as yet, the absolute photo-
voltaic cell responsivities, as achieved during the course of this
work, improved in orders of magnitude, ranging from initial low values
of 10-1 v/watt to more recent (but not final) values exceeding 10 v/watt
at 77°K,

utilized to date, considerable improvements can confidently be expected,

Considering the relatively simple, unoptimized configuration

as passivation, antireflection and optimized thicknesses are introduced.

3o i
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This Appendix contains a comprehensive, tabulated data
base for the results discussed and plotted in Section 3.0. f
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Table 15 OPTICAL RNFRGY GAP OT Pbl_xSnxTe #1105 DETERIINED i
AR 30RPTION EDGE
tetay paca e e

Experiment Lattice 300°K

No. pParameter (X) (e.v.) ()
401 1.608 .21
402 1.609 .18
408 1.606 .275
411 1.6073 .23 .189 6.6
412 1.6060 .275 .191 6.5
415 1.6103 .13 .25 5.0
418 1.609 .18 .22 5.6
421 1.6067 .23 .189 6.6
423 1.6073 .23 .197 6.3
424 1.6090 .17 .229 5.4
425 1.6106 .15 .234 5.3
428 1.6111 .09 .265 4.7
429 1.6111 .09 .265 4.7
430 1.6108 .12 .240 5.20
431 1.6108 .12 .25 5
432 .1,6083 .20 .225 5.5
433 611 .14 .234 ¢ 5.30
435 1.6083 .20 .212 5.85
436 1.6088 .19 .215 5.75
437 1.6088 .19 .207 6
T2 1.6077 .22 .202 6.15
T,3 1.6073 .23 .202 6.15
439 116095 .16 .215 5.75

RO



L et

&l

d

SNOASYD HITIM WONId0duy

- gWIId °2198dd OINI sd

NOTILISO4Aa ONTENA SEATIIAAV

TIT¥NdWI 40 NOILDNCQOJINT QI TIOEINOD

91 1981

1997 g101 * 1-8° a ot+ 0z’ os 9-01%Z gL’

M €£59¢ g0t * € d oe+ 1T oS g-01*1 18° (A3 S1INS
13 T8ty g0l * -1 d

; 0TiL (101 X § N ot+ s 9-0TXE 6L’ 62¢  61INS
v6€S /101 * 6 d

1 0058 (01 * 71 N ot+ 1T’ oS 9-01%S T8’ ote 9INS
0S8t g101 * €2 d 0 €1 od + OS ¢-01x1 1M 0te SNS
0zZLS 9101 * ¥ d 0 61° ok} g-01%S eL’ ote 9Ns
m. 0G5S (10T X ¥ d 0 oz’ DS 9-01X2 [4:h 62t LNS
m 06S€ g1ol * T-1 d 0 12° DS g-01*1 8L* oce 8NS
| 8L2c g101 X Z a 0 o o8 ,01%S 08’ ocE  OINS
- e

0S1¢t g10T * € d 0 (4 DS o= == gL 1% 1INS
A8

* 0019 (101 * 8-L N 0 17 DS g-01%S 8L® sve %INS
31 0099 naoa x 9 R 0 1T DS ¢-01*1 €L’ ote ZINS
...A”.v
3 686¢ 9101 ¥ - N 0 s1° od + 0S #-01*1 oL’ 1€t L1INS
mm 298A/ WD Amusov 0d4L ) (x) ean3onilg (3iol) (aaol) ay/w % *on
i £3TT1T199KW uo13I®ijuedUO) aegaae) o8wiToA uoya1soduwod wytd Tpad Tpdd 23wy -dwey "3dx3
. 11%H 197118 svld wy1d uoj3isodeq 3vAISANS

SUO13ITPUOD uojaysoded

A-29




0009 (N) ,10T%6" € say 81/0,00% £7° (V9 oS Aﬁﬁﬂvumum SeY

0005 szoaoaxm 0002 Amvm~o~xm.~ 814 06/000S% €T° 8'1 os (111)%ied €Ty

00L2 Amvwaoaxw 81y 12/0,08S

00%2 Amvwaoaxa.u 0061 Amvmmo~xm.a 81y 7/0,009 £T° £€8°1 os (111)%® 1%

s (N) ,{0TX6°9 814 61/0900% VZ 76°1

1986 (d) ;101X6° L say /0009 1¢° 8E°T

008S Amvmaoaxm.o 81y 7/0008S 1T° 9T

08y Amvw~o~x¢¢.ﬁ 00z (d)gr0o1xy 814 /05009  1Z° (A AN os Aaaavnmuo 8tY

000S AZVNHOaxo.m 0081 Amvwaoaxw.¢ 81y G1/0o00% 0T° 6°1 os (111)%a®d

9609 sznaoﬁxm.m (d)gr01X8°C 84 %/00o08% 0T’ 81°¢ os (111) % €L

9LES szﬂao~x<.q 0991 (d)gr01%8  ®1Y4 7/0,008 0T° (1 ¢ oS Aaaavwh-o qua

S§60S (N) ,{OT*T 0091 (d)grotxz"L 814 %/000%S  0Z° 60°2 os (111)%®0 nua

0086 Amwnaoaxo.m 00LT AmvwaoAxo.m 81y 4/0,0SS 60°2

00sY (a) ,{01%8 0081 Amvwﬁa.xa.q say /35,096 60°C

006¢ (d)g70IXE’1 00L1 (d)gr01X8°6 83y 7/D,009 0T° 60°C JS Aaﬁavumno nNH

8L16S (N) £101%6°6 8ay v/0,08% 91° 11°2 os (111)%aw 6E%

91%9 szn~oAx~ 81y #/0,0% 91° 11°e os (111)%aed 6Ly

L919 (N) ,10T%9 00€1 (d)gr01*8°L 814 %/20096 91° 11°c oS Aﬂﬁavuhwn (137

0089 szxaoaxo 0091 (d) gro1%L 81y %/0,08¢ 91’ we'e os Aaaﬁvumum (1%

0049 (N) ,{0TX6° 2 ooyt (d)g701%9  8aY Z/00009 91° Tt s AAAAvano [A%]

08¢€9 (N) ,{0TX% 00%1 (d)g101%9 sy 2/05009 91° (A2 os (111)%a®d (134

do88 Ao88 Ho88 Ap88  SUOTITPUOD (x) (w?) 3IdNA3Is 2381 a1duwes

(CE >\NEUVvV\ (g-wo) u (098 >\quMVV\ Am|80v u Sujieauuy uoil sgau -38qng

A3T1190W *2u0) AITTTO9W *2u0) -sodwo)  -)yoTYlL

11®H 1911ae) 11®H 1973a8)

paieauuy pateauueun
A9WVHO HOIY IVIAW %€ = SILINSTY ONITVANNV TVWMEHIOSI L1 °148L

A-30



(1 v 01§ ¢439)

|

N 9z° 0sz8 (@) 9°¢ 0S€Z + 0% 9T {009 s81” os EL o) N _
{ N
] (N) o%° 0019 + 0% 91  <z¢
. .
) se- 290, + o%H 91  00S

NM“ v [oLs

) WL 6YLS 0 91 (009
| N GID = w
@ s°z oose (&) o0°01 1821 + 0%H v 089 61" oS a® €1l
1 N1 Y Monn <
T N Ti- L296 @ €6 LE9T + o%H 91 (009
: Nt y 08§ (1D o :
i (@) 98" vzzL (@) 0°T1 (BET  + o%H 91 009 61° os a®  61%L
e NM“ v (09 G . .
i @ sz veLE (@) o°¢ Lzt +0 Z/T o0l 61° os a®0  0Z°1
w, Amnauv (o9s >\Naova Anuaov (o9s >\Naov1 youand (ag) Do (x) *3onaI3s 2393 a1dues 5
gpoI¥u £3TTT90H gpoIXu £3TTTq0R swyl dmel uoj3Tsodwop wird  -38qns
M ‘ouo0) *2u0) *puoy Bujpweuuy Wy Td ﬁ 2
| I1973ae) Ja13aw) : :
3 peeduuy peTeauuR))
3
uuM
3

JO¥VHD HOI¥ 'IVIEW %% = SINAWI¥3dXT ONIIVANNY TVWEEHIOSI 81 °2I9qBlL




= g a e b X i g MY e

] [4Y¢ G449

| (@) €270 7999 + 0%H 9 006 A oS tied gzlL :

i

: N1 Y oS Awdv ‘,
1 (N) 2270 8088 (@) LTV 7ET +o0%n 81 2009 61" oS aeD gelL :

M, i

3! (N) §S2°0 1126 @ 9°¢ vEET Iyt st LS

| + 0%H Vi . 009

z/t jooL a1

i L ' 009 AN os  ta®d 611 ¢

! N a1 z

(3) s11°0 0069 @ 12 0£82 + 0% S 009 TS os  ‘d®d tzé1

m NM“ Y 08Y : g
N) sT° 6SSL (a) 819 0L91 + 0 vt " 009 Lz s avd il
- o £
1 W1 91 {0sS (11D T i
@ w01 8689 (@) 9¢°¢L €0S1 + 0%H Y 1009 (7o 9s  taw yzll i
i : Nt i
(W) -01°0 0078 +om 91 00S g
i Gy 4 fots :
25 (4) s1°0 0069 + 00 91 {009 2
i Nﬁ Y (085 qrn -
; (a) we't 00ZE (d) 9t°8 onel 40 91 1009 ey oS ELH) gcllL {
¥ §
{ _Hn.._.__uu _nuu.m.lf_wuuu_._. (g-m2) (oe8 &/zu2)r yeuenp  (24) Do (x) *39n31§ 5381 9 0WES

e gro® A31T1T99KH owjy  dwey uorizsedwod wiyd -38qMS :

: *auod auol -puop Buyl®slUUY wytd 3
1 ETSEEL 5 13j3aw] w
pawauny palEauuRl) "
‘w.
i : FOWVHO HOTY TVIEW %y - SINEWI¥AdXd ONT'IVANNY TVWNEHIOST  (P,3u0D) 81 31qel |

St




L L i | w3

il e

B

N1 V] 098 hMAAu

(N) 661" 8908 @ 9°9 TL07 + o 91 2009 61° a5 EL ] 1z%
N1 s 08¢ 111)

(N) €20° 960L (N) e°¢ 0499 + 0% 91 009 A oS (24 0] gZl
9 fovs Aw-v

M) z€°0 SLY9 a) 9L°¢ zeYe o’ 91 1009 81" s Jeg Z9o1
- v joys §949)

(M) 9z°0 66%L @ té°t 8LST 0°H 91 {009 61" S Ty -l
[N Y “0%S 643%)

() 92°0 618L @ et %827 + 0% 91 1009 61° oS e z-eglL
v {0%S Awaav

(N) €€°0 €169 @ 9y 14144 ou 91 1009 61° oS dva  1-gel
[4} Y (085 i

(N) 60°0 85%76 (@ s°% 89.L1 + 0% 91 2009 L1 S (24 40] 9z%

N@q Y 4s (go1) L

(N) 81°0 SY%6 @) vt 0041 + 0°K 91 009 61" oS D 01°1

Amnauv (098 >\N80v1 Amnauv (o8s >\Nauv1 youand) (ay) 20 (x) *30n33s ajwva1 a1dueg
go1x¢ £3ITT1T90K g101xu £ITT TR awll dway uor3lysodwo) witd -3Isqns

Juo) *ouo) spus) Bupjeauuy wiTd
IIfaae) 1313389
pa1®souuy pa1wauuwL()

IO¥VHD HOTY TVIER %% = SINIWI¥IAIXH HNITIVIANNY TVAEIHLOST

(p,3u0)) 81 219EL

A-33




|
g v o%s (111)
m (§) 9€°0 9686 (a) tz°s 0681 ot 91 1009 81" os  liawd 1z8
| £y v /08¢ Aw:v >

E (N) 8¢°0 0986 (@ €79 IAYA + 0%H 91 1009 9r° os EL ) 61°1

: ] 1131 G849

(N) L£°0 76601 @ s°¢ 6992 otw 91 {009 61" os  tawd e

: [A)¢ S 149

N) §90°0 0198 (@) 99°¢ 62 + ot Y 1009
z/1 1004 Aw:v
..,M 81 1009 oz* oS %D XAL
| iy 00 (g -
M (N) %°0 60%6 @ s°8 08%1 + 0°H 81 1009 61" oS £L o) 19 L 4
: =4
i :
i N1 (g1 . P
..w (@) z8°0 %988 (d) %s°¢€ 5962 + 0%H 9 059 L s A0 121
| - y o%s
L y1 - 91 - 009 6439) Z
() 82°0 96L°01 @ 1L°¢ €761 + 0" /1 00¢ 61° oS ELn) $9"1
1 W
-} Y 7098 |
i 91 1009 Awﬂv z
f () £€9°0 268°01 @ z°¢ 1661 o /1 -00L 61 os  taew  §9°L
. .ﬂmnau,.. {228 h:,wﬂuui Amuanvv (398 A/ wd)d Puenp (IY) Y0 (x) *3oNna3s 2391 a1dwes
il gro1xe A3ITT19%H groT*u £ay11980 swil dwal uoy3ysodwo) witd -3sqnS

! *auog *2u0) - puop Bujpwouny wlyd

iajiaw] JI9F3a®)
pa]wauny patwauueu])

i by

3
1
|

F9UVHD HOTY IVIAR %9 - SINIWI¥IIXH INITVINNY TVWYEHIOSI 61 2198l




(N) S€0°0 000°Z1 Nt Y 005

+o0%H 91 009
@ 8z 00S€ (@) ot 00€T olu /1 004 cer” 0S (415} 2824
Amﬂv
@ 99° 00%€E (a) 8°L 9zZ€1 ote  s1 009 61" 2s FL) 9181
(N) 9600° STE9 s Y (113
91 1009
(D L1 LT6L N1 9 foLs
: + 0% 91 1009
s1 009 §349
(@) 6 489 @ 9°9 . 9891 o%u /1 fooL 61° os  Caed i
wn
3 (2]
; (N) 8€° 0.6 Sl Y 018 p
+ 0% 81 1009
{111 z
(d) o°¢ 000€ (@ L°9 £TEL oln /1 00! 61" os ta® €1°l
(N) wE° 2686 5 A (01§ ain
a) 9°¢ 7507 o‘n <1 009 s81” os  tawd stlL
INT Y (00§ (111)
(N) BE" c0E6 (a) 8L72 %9¢ + O%H 91 009 61° oS [ 0] ggll
nn|50v (oes >\N80v1 Annauv (098 ¢\NE0V1 youand (ay) Y% (x) *39n13§ 938X a1duwes
335 A311190K gro1xu £3ITTT9OH swll dusy uoj3ysodmwo) wiid -3sqng
: 2u0) *2uo0)H *puo) Bujmauuy a1d
M MO%HHQU 9} 3I3IWD

paywauuy paiwauuvuy

FO¥VHS HOIY TVIEW %9 - SINTHIYAIXE ONITVANNY TVEHIOST (p,2u0d) 61 319=L




s

R

2
i
b
W‘

i1 y roys Amﬁv 2

(N) 8LT” 0L9°T1 (a) 66°% 612 + 0% 91 1009 61" oS aed L

@ v 9€2S @ 6°¢ 9422 (40 8 08S (1D !
(@) 66° 05S¢E (@) 6°¢ 9%2¢ (31 r4 009 <81 oS Jed oy

Am|80v (098 A/, mo)d Am|EUV (098 >\NEUV1 yousnd (IY) Do (x) *3on131s a3wx a1duweg

oTxu £371790 g01x¢ LITTTAOH auwlL dway  uoj3Fsodwo)d o{fd -3I8qNS
waucoo 2109 -puo) SujrEduUuUy wyTd
IF31w) IFIa®)
paleauuy palwauusuj}

99¥VHED HOTY TIVIEK %9 -

SLNAWIYAIXH ONITVANNV TVINEEHIOST

(p,3u0d) 61 214BL

A-36

Sl

S




et st e e tar

| 9 (i

| 91 009

] @ s €ote @ ¢ 0052 z/1 00L vz os  (111) %a® CYAS
1

i (N) sT° TL66 9 0sY

9 00%

N z ezl @ € 0562 91 009 0z’ os  (111) Caww z8%1
9 (319

(n) o £986 e 009

g - ™~
; z69e 9 o%S H
i (@ € BES 1T @ s 91 009 oz os  (111) tave

9 085

(48 (@) 071 099L 91 009

‘ (d) 06°1 £05S @ v 978% 9 (34 0z 0s (111) C%a®o 9.%1
| @) 12 (14 @) s STHT 9 <9 0z* os  (111) %a® €Ll
.,.\ (g-"2)g101% es-Af u (g-we)gi0T® oeg-a/ywD (exy) Jo -dwoy -39ni13s eIvajeqns Ijduws
1 uojIwIJUusdUO] £3TTT9%H ToTINIJuRdaon A3T1T99H 03T, dme ], oyt witd

.M ] ajaawy AFIITY TSI TR

3 pe]weULY peTwRUUNL] Suj1wenny

21 _ (SVIE IONOHLIIM) 84 IADWVL

4
2 WO¥d QEYVATEd WIId - SHO¥VHD HOIY TIVIAW %9 NI SIINST¥ ONITVANNY TVIIIHIOST 0T 21481




youand ON -bri/ae3BM  (€)
youany IajeM )
youany 1ty (1)
say v/08S
688L %990 8YY1 (@) %9°9 sIy 91/009 S61° 6'1 0s ¢(111)%4%0 1481 €1
L8SS ) ev'1 0182 (d) vs°y  saq 91/Ce” 61" 1% os Nﬁaﬁavmmmm 44 A
1€89 ) z°1 6%€1 () €°€1  s14 91/009 61° S 1 os Nﬁaaavmmum 1% 11
0006 (N) ,{0T%L 00ST (d)gr01*8°€ 8IUQEL/Do009  0Z° 1071 0s z(111)%a®0 1S% 01
sozs (N) ,101%9 greT (d)g,01%8°1 83U Z/D000L 81 9T°¢ os NAHAﬁvwmuo Y 6
069 (W) ,{01%1°1 9wz (&g 01XL'S 834 ¥1/00009 02" 16T 95 z(1TD % 2’ 8
8szs  (N);{01%X8°T 0661 (d)g{0TX¥"L 834 [1/00009  0T° 61°T 95 (11D %ed 9%y L
Z108 (N) ,701X1 s1Yy (1/30009
L0611 (N) 470TXL7¢E 79€1  (d) g701X6°€ 514 ¢H\oﬂooo 91° 0°1 os NAHHHvamo 6% 9
0686  (N)/101%9°¢ 06€1 (d)g01X9°6 si4 €1/9,009 0z° (AR oS NAHHHvamo %L 9
0L89 (N)grOTXL¥"1 001z (d)gr01¥0°S 14 z/95009  0Z° 1€°1 05 (11 ded %01 Y
718 (N)gp0TX91°1 0012 (d)gq01*¥1°S 8IY4 %/D,009 0z L1°1 os HAHHHVNmum vl €
78L8  (N),101%9°8 01€z  (d)g701%9°8 834 2/D0009 go°  0%°1 os Hﬁﬁaavummm vlL [A
9086 (N) g{0T*1 8Ly1  (d)gg01%6°Z 834 61/D50009 91"  ¥6° os HAHHHvamm 1857 1
A,88 A,88 Ho88 Ao88  BUCTITPUOD (x) §sdu  3IONIIS @23va ardues Lajuz
(o098 >\Nsuv AmnﬁuV u (oe9s >\NEuV AmnsuV u Sujyvouuy UoF3l AOTYL 31sqng
£3TTT9Q0R *2uo0) £3TTT90H *due)d -godwon
T11®BH I9Faae) T11%H Iataae)
paieauuy paeauusug

STOYVHD HOTY-TIVIAW %01 - SITINSTY ONITVANNY TVRHHAHLOST

12 @198L

A-38




9102 ug
-08°qg
S YoTd
(N) 29270 (d)ezs T®3I3N %49

2102 ug
-08"qz

YoTd
(N)6L€E°0 1B38K %9

2102 ug
-08"qq
Yo Ty
T®ISH %9

9151 ug
-$8°qq
PH
TE3I3H %9

2151 ug
-68°qd

YIpy
(N)og" 0 I®3I=H %9

9IST ug

-S8°qq
Vi Yoty
0€86 dv-ez 66%1 91 123I93K %9 91"

(ous D\Nauva Anrlev (oes >\N50v1 (ag) Jo sawyy (x)
101Xu FWE«H dooy 1%suuy (uoj3jsodwo)
aTwauuy paTseuuURUf] “puo) Sujseuuy Wyt

NOILVIINFONOD YIIYIVD
NO NOILISOdWOD dDdVHD ONI'TVENNV 40 LDFAII-SINAWINIIXH ONITVINNV TVWIEHIOSI ¢t °1qelL




210 us
-08"qq
Yord
(d)9g ¢t 1933 %9

210Z ug
-08°qq
YTy
(R)ose” (4)81°9 1833 %9

2102 ug
08 qa
yo1d
(M)gsz” £Zi8 (d)c6"0 CYEL 1®32H %49 11484

5] Sa§ Aj WD) 23awqY (x)
Hnm“”w_ = n____uluu_:_ _nmm.._:w : 'z 1eauuy | uoy3iysoduod
" = witd
paweuny paTwaluwyy

—_—

NOIIVIINIONOD ¥aTYdVD NO

NOIIISOJAROD ADUVHD ONITIVANNY JO0 LOFIJH-SINIWINAdXE ONITVANNV TVRYHHLOSI (p,2u0D) 7T 2TqBL




sl

5 W W

7. \‘,

VT il | R R

AR
v

£o11V 02 us08°qq

sanoy 4/08S (111)
(d) €5°0 Zv8Y @ Lt 1891 sanoy 91/009 oz 0s Z3wn 9921
£Lo11v 0Z us08’ (13D
(d) 10°1 £6SY (@) wL°s HSST . sanoy iomm 0z oS HNm-o 9L
Lo11v 0Z us08°qq Swd
@ L1 7118 (&) se°v [A7A¢ sanoy /579 TAS oS %D 19%1
Kog1v 0% °ug08°qq (111)
) zz°o 1978 (@ v 0881 sanoy %/0SS 81° oS Cieg 19%1
Ko11Vv 02" ug08 qq 5
sanoy %/09S (111
(N) SST°0 8L08 (a4) 0s°¢ L61Z sanoy 91/009 81° 0s [£L}) 1921
*uc08”
foruwAodiliso Al (111)
(a) ost” 87¢S sanoy 4/08S g z
(4) ozs” 9.¢Y (d) 60°¢ 81S¢ sanoy 4/579 81° oS deD 19¢1
£o11v 02 ug08 qq (11D
(d) s%°0 1618 (d 1°¢% 8227 sanoy %/009 81" oS [T o1%1
Ko11v 02°ug08°qq ain
(2 s6° ZL8Y a) 9L°s 6SLT sanoy /679 81" oS Cawg 9%
fo11v ST ugS8 qq
(N) 8£°0 7889 sanoy /0SS
Lo11v ST ugS8 aa
(N) oE%°0 69L9 sanoy %/08S
ko11v S"us$8 aqa a1n
(N) 91°0 LEY8 (@) 6£°T £2LT sanoy /009 91° oS Tiwg z-a
Lo11v ST ugS8°qq (111)
@) ve’ 089% (d) o°¢ 9€LT sanoy %/00$79 91° oS Cieg (zl
Amnaovwaoaxa (oes >\Naov1 An|80vwaoaxc (o8 >\NEUV1 uoFIFPuUO) (x) EELEETS *3sqng  ejdumsS
- 5u07) IIFIARD £IFTIQOR  °2U0D ISTIIWD £IFTTIOH Tesuuy *dwo)
—vﬂﬂ'ﬂﬂﬂ.Q vﬂﬂdoﬁﬂdﬁ:

X X=1
SAOYVHD AOTIV us

qa=-SLIASTY ONITVENNY TVWEEHLOST

€C °19BL

A-41



ey apieinod

o 5 S e Eatit

Koi1v 02 ug087qg

sanoy %/01S (111)
N) (170 %T8L (d) L6°S 2691 sanoy 91/009 oz Js [F1 ) moua
Lor1v 0% ug08 qa arn
) vz'0 ¥68L @) oL €852 sanoy /00§ oz° s (FL 5 v9l1
Lop1vy 02 us08°qa
N) Lz°0 c6¢€L sanoy %/00S
Koty 02°us08°qq
8Inoy $/0SS AMMAV z
(a) ¢82°0 91YS @ 8¢ 96ST sanoy 91/009 oz’ oS awd o A 4
Annauvw o1xu (o9s >\Nauv1 (g-wo) g 01XV (oes >\Nl0v= ur UuoFITPUOD (x) I9NnI3S  “ISQNS a1dureg
*2u0) 13fiaw) L£3T1190K *2U0) IIFIAW) A3TTI90R AOTYL 1eauuy dwo)
pajwauuy paTwsuuwufn
X X1

SEOUVHD AOQTIV Uus qd=SITNSTY ONITVANNY TVWIHHIOSI

(p,3u0D) £7 21981

A-42




)

2wl alidoi el
s

gt R SR

HE S

Lo11v O2°ug

ik
(]
ja]
[Ne

(@ z£°0 8419 ¢ 00 08'qa
i 0 v {ovs Yo T (11D .
H (N) 9270 66%L (@ L6t 86ST 0°H 91 Nooo T®3ISH LY 61" oS Lyeg eztL M
@) 86° ZL1S . 91 [00¢€
{ y1 9 +00% i
+ 0°H ¥ 100§ - 2
m. = 5
() %70 000L (d) 86°% 1161 v /STS <
A % 009 ,
| qu z/1 JooL YTy QNHS . ]
i + 0"H 91 ?S TB3ISH %Y 61" oS 48D YA g
g
b (@) 9t 7016 91 [00E i
| z ‘ 5
i NI ] oow g
“m + 0% v (00§ i
“y1 i
il (x) ¢'0 LELL + 0 91 00S m
; b1 v {ows yoTH SNHC 5
(N) SE°O L99L (d) £6°9 T1L1 + 0°H g1 (oos  T1®IFH U9 cg1” as aed LT°L
nmiﬂuu {oas bmnsuuz ﬁm|EuV {2as :mnaugi yooany (aq) Do afawyd (%) *3an13g 218X oydues :
g10TxY g1oTXu awyl dwal 1eauny uo13]eodmo) ugpid ~I®INS
pa1EaULY paEauUEL]) *puon Fujpwsuny wiFd :
£

wt 1A9YVI HOMd qEEVITHd SHTEd MO SITNSTY ONITVINNY FTUAIVHEANEL MOT TVHHIOST #T °2T19BL




T ok

&lids &

(4 gl fo11y 0% us

(d) 09°0 006% +0%M 91 oOsE -087qq
3 N@“ v [(ogs oy QMAV .
(N) €60° 85Y6 (@ o1°¢L 7L€1 + 0 91 (D09 TIw3IIN %Ly (e oS AwD 9z°L
o
(N) (%€°0 LL98 + 0 91 0S¥
1y fovs 4T SMS : ®
; (N) oz° %898 ) €2L9 + 0'H 91 {009 I®I3M %9 61° 0s a0 £1°L i
4oy1v 0% ug g i
. gl
@ z°0 0995 o’ 91 o0se -087aqg M d
Lo11v 0%°ug i
W) 8Lz 0£29 o’ 91 ooy -98°aa
!
M z AOT1V ouncm
b (N) €5°0 0zZ1$ 0°H 9 00§ -08°qq
18 - v (o%s yoTH an 2
3 (N) se°0 0L6S (@) 6e°% V174 0°H 9T (009 %I %Y 61° oS deg t A A
a8
a Amu_uUV (o9s >\~BUV1 :TEUV (o8 b\~50v1 youand (ayq) pa ) agxey) (x) *3onx38 23®a I]dmes
. g01xu g10Ixu swjl dwa] 1seuuy Uuol3ysodwo) wild -3Isqng
8 polwauuy paywauuwvu ‘puo) Bujywouuy W14 .

5 b4 IEOWVI WO¥d @TYVATYd SWII4 NO SITINSTY ONITVINNV TENLVIEAWNIL MOT TVWYEHIOST (p,3u0d) %Z 31981




PR

e .'3'-

»“ uy
1 <
e ]
. <
%w NZA Lo11v 0% ug
(d) s£°0 1514 + 0lH 91 0SE -08°qg
; N1 o1ty 0% us
(N) %91° ov6L +0%H 91 00% -08"qqd
ST /ows
s 4 1009
wﬁ zZ/1 )ooL 9oy @:v z
(N) $90°0 0198 (@) 99°¢ 2627 + 0°H 91 \009 T®3I2K %9 oz’ S gD (A ¢
Amneov (028 >\NEUV1 (g-w2) (oos8 >\Nauvi youend (Iy) Do a8a8Yd (x) *30m13§ 2381 o1dwmes
g101¥¢v swyl dwel 1®ouuy uojajsodwo) WIH -asqng
LIRS

paTwvaUUY pa1veuuwul +puop Bujiweuuy

w4 IADEVI WO¥I qIEVITEd SWTIJd NO SITNSH ONTTVANNY FTINIVIIIWIL MOT TVWYHHLOSI (p,3u0D) %¥¢ °I4EL




il

- §
1

9 2%
| 91 009 z
p () sE° BETF 0T (a)e8°T CZLE it 0oL 61" o8 aeD
9 Mamm ? =
m | @ e cges |, (@ € 009E 91 009 61" a8 8D b
. | (0 eg€” B156 | @ & 00sY 91 00Y 61" 28 tisy sgiy
9 CES
| (R) 860" 098%T | 91 009
! g Mﬂm 5
(a) 81° 9256 (@) 0°1 05Ty 91 009 61" os LF 5] cgl
(4) 1z’ E9E6 91 oot
: (11 E16 11 (@) z'1 0562 91 1133 0s tawn i
w (d) e8t’ <196 9 8s
91 009
,w,.. T/t L ©
g | @ st £T6L (a) 80 009% 91 009 61" 08 Z4w g8l M
E | 0 ez z89t1 91 00%
..,m_w (W) 18" 0sz11 91 0s%
9 M-I %
() SLO° £686 @ 't 209€ o1 009 61" os FL) 8%
: (N) 91" £71°Z1 9 Mﬂm
i _ 91 009
. , 9 08¢
8 | (d) 98§° 00s8 91 009
: T/ 00L
— @t 1L (@) 70°1 0566 91 009 61" o8 Lawg veta
5 T (-m) g 01= sam-a/mo (o _me)gr01% Jeg-a/ m | (819) e “dmep -35ma3g  IwINARS  eTduws
_ uoizwijussuey  AI71140W  (uojImijuadsuoa) ATTTTIO%M swl dus] wijd wWITd
is11aw] AW uo}aFpuoed
F palwsuuy pawaunEn Fujpeeuny

6# IAO¥UVI WOMd qHIVATId SWIIL NO SIINSHY ONITVANNV TVWEIHIOSI GC 2198l

P p— I —

S AN O A T LA s o
R P T T T I T R ST ST =

A AR . e ST TS

T e e R



r-‘u:.u W

S St 1

ik

5 Ui

o

b bl

X i

i

oy

fuslidls

i

(N) sT1°
(N) €12°

(d) 6§ 8868

1749

91 009
9 1TAY
91 no9
9 08S

91 009

@ s’z GZ62 /1 004 oS

[ZL0) 981

239138qng aydmeg

Aﬂnauvmaoax oono>\u80
uoT3IBIIGIDUOY £ITTT19OW
Idjaaes
po1eeuLy

(g-uP)g101* uanl>\NEu Amunv oo uusuum
uoI3IVIIUSDUOD £3ITTT99K auT L dme ], wyya
127118) uoJIFpuo)

palwounwuy Sujiiwouuy

6# LEOYVI WO¥d qEIvdTdd SWIId NO SITINSTY HNITVANNY TVREIHIOST

R R R aa

(p,3u0D) GZ ®°19eElL




i g

i

g B ——— i
e pi SR A SRR RO

o

PRSI
3

s el
i

L

‘l.ML!"

oA

Lot

SR G ML P

i

4
m.h
5

A-48

A 3
- E 1) “d®d 8ty
) XZ't (N) g01*6°1 T0°¢ say %/0,006 0t os (11
(d) . 0TXT” ) q
% i oS aed t?
(d) ;701%9°1 (N) g01¥2"1 €1 say ¥%/0,01¢ 12
- : i oS Caeq ey
(d) o70T%E"¢E ) Hoaxma.a 8°t say ¥/0,58¢ ¢l
o % ) oS Caeq eey
(d) o701*8°C szwaoaxm.a gt say %/D,58C St -
i : Jed £Ey
X6 (N) o70T28°1 Tt sy %/0,5LC ¢l oS
szhaoa . AN oS (ZL VA
(N) g70T*T°1 szwaoaxma.a VAR 81y 7/006¢
" 0 a1dwes
Bauuwd[] (um) suo13Tpuod (x) 1onI13S 23BIISYNS 1
5 3
vwaanMM4 uw«wuwo pue ssauROIYlL gujeoUUY dwo)

Am|Euv -2u0) A9Faaw)

TOYVHD HOI¥ =1 - SITASTE ONITVANNY TYWIEHIO0ST

97 OT9EL




e eaaiinshisteteial

s, ]

Fi
4

e

@ v %591 (N) s6°1 8ZEE €0°Z ®au %/0St 1z° oS tieg tv°x
@ 9 6161 (N) L6°T 8SST 09°¢ 834 %/00t oz* 0s Cawd gl
@ 9%°s 0Z0€ ) €°2 8962 [z°7  ®34 H/00E SL1° os Cieg 09%x
@ z°z 0562 (N) €5°1 98zY 18°1 s34 /082 Tiz* os lywg 19%1
(a@) to°z CTATA (N) €8°1 6%2¢€ 96°1 8IU %/087 SLT* os livg 09%1
(a) ¢-oz 8811 81y #/0ZS
(N) €65° 1LL°91 (N) 09°1 0LLE €5 8IY v/SLT 12 os 38D 9L
(N) 609° €2€9 (N) €8°1 T66€ 6%°Z 8I4 %/SLZ 1z oS Zen e
() LL°0 L99S N 6°1 06%€ 88°1 8I4 %/SLZ (1 os [Z0) velL
N 1°1 VA% nzi-e ThEY €S°1  $I4 /0.2 T oS Zaed s9%1
(N) sT°1 T8y (N)90°2 6667 €€°7 €14 %/092 44 oS (£ 9921
mﬁasov gqoTxu (o9s >\N80vi (g-wo) g10Txv (oes >\N80v1 (mrl) SUOTIFPUOD (x) *3ona3s 23vaisqns a1dues
°oUuo0n I9}IaAWD L£ITTTQOR *2u0) IIF1IVD £3ITTTQOK NOFYl Buy eaUUY uoy3isodwo)
palesuuy pa1waouuRu)

IOYVHD oL - SITISHY HNITVINNV TVWEIHLOST

LZ ®19BL

A-49

s




R e~ 30

(N) 80~ (N) $90° N) Lo° o¢- c6" She 861
i (N 12 (N) T (N) 82" 01- 6" ve €111
& (N) §Z° ) oz’ (N sz° 0 S6° ohe 281
]
5 (N) 0T
! (N) 61° (N) 12° o+ 6 S 011l
! (N) 61"
! CV S N 1° 01+ $6° SYe 1112
(d) 81° (N) 90° (N)y Lo° 0Z+ G6* SYeE 911L
i
i () sz (N) o1° (v 11° 0t+ 66" %19 661
33e1384qng Nmnm 231ri1318Qng Nm-m 3919IIEQRG deu (83104A) us\E*\ 8 *ON
m..Eu g101 ¥ u man m.ﬁca x u -1 g101 X u aZe310A 23wy *dwa a1dueg
uc13leI3U8DUO) IVTIIED uojleliiuadouc) I211a8D uolleijuaduUOC) IITIXRVD se1d yamoin *1eqag
2qawyd YW 19 2818uD MW %49 2818UD ¥WHW %9
iy ¥/09s 34 T1/C09 1y /0TS 14 T1/009 ay v/ozs 34 T1/009.
*1] puop :3B palewsuly 1 -puop :le pIIBIULY 1 ‘puop :3® peleduly
0z*. 08" 6# IEOUVL
- gyIg FIVEISENS HIIM Q@¥VATEd WIId4 L us ™~ 4d NO SITNSHY ONITVINNY TVWNHEHIOSI 87 °198L

A~50




9 (449
1 zs1‘tn { (@) o1 056Y 91 Aroo S~ 657 Lieg v11
1
§ 9 oys 2
(N) 90° 0031 91 009 s- d61° ELl ] 711
) 1T 5056 (a) se’ 00£¢S 9 8S
91 009 G- S61° Cieg Y11
(N o1° 1866 (@) %01 0S6€ 9 (449
91 009 0 61° Cieq $8
[ 9 SES
(N) 860° €291 @ o't oszy 91 009 0 61° [£5) se
9 o%s
(N) $L0° 91 009
9 08S
91 009
) eze° €L86 () 8°0 009% /1 00L ( 61° taep S8
9 Mw«m =
(N) 2z91° £€89°C1 § (d) 8%°6 9851 91 009 o+ 61" Jed 46
9 Moem
(N) 2Z%0° cH1°€1 | (d) 8L°S S81T 91 009 0+ 61° Cyeg %6
9 0SS N
) - £L9€ (@) 60°¢L 4 44 91 009 o+ 61° Je) 46
9 08S 2
(d) 8- €186 d) s 0092 91 009 oT+ 61° Jed %6
Amnaavwaoaun O9E-A [ 4D AmnEUVwﬁoaxc 298=A/ WD (say) Do (A) (x) s3waisqng a1dwes
ucyI3IWIJUIVIUOY LITTTQON [UOTIBIIUSBDUOD A£IT1T90W Wy ], ‘dwmay 28w3T0A dwon
lataaxe)d l1aiaxe)d uoj3Tpuo) Zuiiwauuy selqd wiTd
pawouny peleauuvuf)

(SVIg HIIM) 64 1IDYVLI WO¥L qEIVaITId SWILd=-SITASHE DNITVANNY VY EHIO0ST

627 °19vL

A-51




9 00s
(M) ¥S1° oy (@) wLy 08LE 91 009 o%+ SST° Tiwa 20T
g 00s = i
() z1° 1086 (N s° 00zZL 91 009 0E+ €z’ aw so1 |
9 8BS z
(d) v zZoge (d) 5§ 0562 a1 009 oE+ 1z’ Ieg 901
. g (54 7
(¥) o1’ eys'sy (W) 1197 1599 91 009 oE- 61° dwg 101
(1) 1w70° Fasiq] 91 ows
g 66
(¥) 890° gee'zg (W) osY’ z8LS 91 009 7
T/l 0oL (] 61" awd 101
9 08S z
(a) z91” E156 {N) ¥ D569 91 009 (1] 61" aed 101
1 9 14 2
() L1’ og9'o1] (W) ETWE'O CBEL 91 009 o01- 61" 424 511
9 (1119
() sz* 9168 (N) L§°0 SHIS 91 009 0T~ 61" Tawn <11
(¢-w8)gr01¥0  298-4/7m (W) gq01¥8  S99-4/ g (#ag) De (a) (%) eamaasqng aduws
pejawajusducy  AITTIQON | UWOT Jwijusduey  £ITTIAOH oy *dusy 28w3ajop dwod
FeTiawg Ietiawg wot3Tpue) Bupywenuy swyg W14
pewemuy pa1EauuBRu)

(2vIg HIIM) 64 130UVLI WOMd dTEVdTdd

SHIIA-SLINSTE ONITVINNY TYHHEHLOST

(p,3u03) AZ SI4FL

A-52




w :
- =
:
: 41 Sy .
; (N) 290° 2L86 (N) 8ST° 0406 9 00s og- s1z° 4w EYNS ]
| (N) 07170 z£66 (0 LZE° 2856 it sLy o1- ¥ tiva  oeENS J
1 (v s1° g1l Y1 LY 9- lieo  6ENs .
(N) S€1° €126 41 SLY 0 lieg S :
1 mﬁ« i
(N) 911° Ly%01 @ 9°% 08%S 9 00s g @z 9ZNS
(N) 22°0 69S*11 (&) s8°1 2989 €1 os% 9+ Laep 1ENE
() s01°0 %0211 91 L 2
i (d) 6L2°0 oveb @ sz 90§S 9 0zs 9+ Jed 1ENS .
() 860°0 gozz1 (D) 16°€ L6LY 1 sLY ST+ |, 2% Cieg  sZNS O
; 1 5
| , (0 L0 £90%1 @ 8¢ 768€ €1 sLY oz+ Caeg 5 i
i @ 9z’ 92701 (@ 6°¢ 8907 9/91 0zs/009 0%+ liwg  19NS 1
(N) s1° [ATAKA! @ Lz GSEY 91 oSy oT+ TT” TSNS
() %80° 79121 €1 ooy 0€-  S€T° Zawo ZSNS
(M) €11°0 0926 €1 0o% 01- tawo SNS
i @ 1z°0 0861 o) €1 059 ‘01 €1 Sty G~ < 65T Cawg CENS
(N) w1° Wyl ) 1 0556 LA 00Y g sezk Ziwg £ENS
(N) €60° £566 @ 6 0s8L = 00y og+ €3 Cywp  GSNS
: AmnEovaoaxc 299-4/ud (¢-m2) g0IX® 298-A/ U0 (®1y) % (&) (X) e3valeqeg e1dues
5 u613eajuaduo)  A3ITTT4OK uojleijuaduoy  AITTTAOW W], +dwey ®8w3tes dwod
1 19131189 FEREE 1) uo1311puUo) Sujjwewuy sejg Wlld
58 palwauuy pewauuwup
,mﬁﬁ,,z,

(SYI€ HIIM) OT# 1HO¥VI WOEd QEEVATdd SWIIA~SIINSTY ONITVINNY TVWEIHIOST 0t 219BL




1
:
g
& “
| ! m
_ (a) 1590 6£96 ) vz 00€ Zgeg |
1 9 00Y
+ (N) s12” 60911 (@) 1°¢ 60€Y 51 00S 01+  ST° Tawg €011
$ ‘y 0%
(N) 84170 98811 (d) 61°6 VAT A 91 00% o+ A Laeg LOTL
: 9 08S
(@) o1z” ovs6 W sz 5786 91 MOS og- 2T Cae0 961
9 0zs
(R) %60° $6121 N) 8° 0098 91 {009  O€- T (%4 1t 961
9 mowm n P =
] (N) S€T1°0 LTY11 (N) 817 €GL8 91 009 Pl | JSTT “I¥D 40 AR
: 9 02¢ !
({0 S11°0 L0011 (n) se” 8E€S0T 91 Mooo = oT; £ L) 601L!
1 9 W/\oum
(a) sLz°0 8566 (@ s'e szie 91 009 0 sTT” Cae 0l
9 (A9
: (a) L£2°0 8698 @ v'¢ 00vE 91 /009 01+ Zr Taw 24071
| 9 fozs ;
| (@) 6z1°0 €816 (@ 6°9 6152 91 (009 0%+ 7 Cieg qy011!
9 {ozs
(@) 160° 9LL11 (@) 8L 042 91 (009  Oz+ 1T Ziwg  Qysil
9 1749
(d) 8s1” €6.21 @ 9 %19¢ 91 009 ot+ 2% Lawq 847011
N , (g-w2)g10TXU 238-A/ WD (g-wo)gr0TXV 288-A/ 80 (#ay) Do (a) (x) ajeilsqng adweg
m uo13vIIUIDUOY A3ITITQOH U0}IVIIUIDUOCY A3ITTT190R ! W}l -dway 9Bwijop dwo)
BERE 8-y} aayxxe)d ! uoi31puo) BuTwsuuy s®ld i 1 Ot ~
pR1wsuuy paleauuRup ~ '

(SVIg HIIM) 8# IHDY¥VI WO¥d qHavdddd SRIIA-SITINSTI HNITVANNY TVREEHLOST 1¢ 214BL




€166 (N) €1° 008% @1 W 91 00s o+ 0z’ 0-01 X 2 LINS
Mm (o%s
€88 (@ z €S9 (a) € 91 009 o€+ 12° 9-01 X 1 STINS
5 b Tl B 005
L 98601 (w) tzo'o BE9E (d4) 9°'1 91 009 oc+ 9-0T % ¢ 61NS
, Z0%6 (x) #1° -
72971 (W z1° 7689 (a) 6° 91 00S o¢+ 12° ¢-01 X ¢ 9INS "
) (5 g
09LL () 670 008E (a) wo- 91 009 v il 9-01 X 6 9xs
1 7€06 (D 91§ 91 00S
| 08¢S
. 008. (@) 8° 0059 (@ % 91 009 0 0z’ 0-0T1 X T LNS
| 0zes (@1 00Z¢ (@ z A ()19 0 Al - 9-01 X 1 8NS
ZO%11 (0.0 A 00€!L ) 8" - L° 91 00§ 0 12° g-01 X § 71INS
‘ £596 0 vo1- L€89 v 91 00s 0 12" cBI X1 ZINS
3 Ee8-A /LW ¢-T> 9101 098 ~A/ 7 WD g~ 101 (say) e (s37104a) (x) (aaol) (1axel) a1dmeg
£3131790K UOT3BIJUADUOD | AIFTIGOR  UCIIVIJUBOUCH 3w} *dumy, swyg -dwop Iy -dd g -dd
: 131119 aataaen vwoOI3ITPUO) wiTd
* pa]wauuy pe1eauueuf Buj1eeuuy w
2 (SVIg INOHIIM NV HIIM)

SHATIIQAV N pue No HIIM QEIvdTdd SWILA~SITINSTE ONITIVINNV TVWIEHIOSI ¢¢ °14BlL




(N) 9701 X 1°€ ¢101 * 6
(@) 4101 * S°9 21039¢ 08 12° L0°1 ZoNs
(N) 10T X 6 c10T * 6
(D 01 % %°C a103e¢ 08 1e’ 78°1 TZNS
(N) ;q0T X T°1 c101 X 6
(d) ;101 X 8°2 a1039¢ 08 1 1€°1 SINS
(N) ;40T X 1 o101 X 1
(@) ;101 % 8 a1030¢ 9L e €1°1 08’1
(N) (10T ¥ < 9101 X 1
(@) (701 X €°¢L 210394 89 1z’ L£°1 teta
(@) g01 x 1 101 X 1 )
(d) g101 x 1 210339 09 e’ 89°1 00121
(@) (101 X € ci0T X 1
(@) ;101 X ¢ 210394 08 oz’ 60°2 €6 &1
(&) ;101 * 9°2 G101 X 1
@ 01 %€ s1039¢ 08 oz 86°1 otréy
(¢-wo) (z-mo d) (A®3) (x) (urh a1duwg
Voll 3I¥ UOFIBIJUIIVGY °80( A310uy * dwo) S83UNOTYL
astjaae) uoloag uo3load g ¥

X X
SWII4 =l us

“lqa 40 INTHQEVEWOE NOLO¥A NO SITINSTY

£¢ 9TqeL

A-56




R 2 st o
Rt s R

i
’il'!

zipl 1 - Aousnbaag JUIWRINSEIW

ey

(0T X € sT” L1 0L1 gL TG oS () 61" 1521
01 X 9°% A 81 00§ %9  0S°1 oS () 0z L€%L i
s <
-
% g01 X ¥°2 8'C 02 00€ g 821 os (N) (O oels
13 (111) %a®
] ,01%¢°2 0Z" 07 09 s 9°¢ 0s () 61" ey
| , (111) %aee
i ,OTXE"€ 62" 07 €2 s €£°1 oS (N) 81" 9%y
(001) %a®d
! g01XC 1 €1 0z 06 %°9  0°€ oS ) y1° gey
W (m/32 mw)  (M/A) (vw) 5 zy M /au (W) 39035 adA1 13j1a®) a3BII8qNS
w LI xmsz JuaaIny aouewls] 83y 98TON sgal pue (X) 3 ayduwes
! seld 119D =4O TYL * dwop

(punoa8yoed A 00€ ¢ 12) Yo06 = LV TINSVAN
- g1 or%us¥"1lqa qIIIS04HA-SV HHOS J0 IDONVIIOLdHd YOLDELAA FAIIONANODOIOHd  ¥€ @T1qBL




T,

dig
4

e

e

e

- bewrmiboir iy

i

4

S Syt b

e

|
5
i
g

...AM
il
-

-

SINTATEASVIN TVOILI0-04LOTTE Y04 @ASN SWILA 2L US

qd A0 SHIIYEd0Ud

patweuny
0S9°T1 s€0° 8z°1 N 0z Ziwy  x €101
89S oL €5°1 N 1e° Zawp  x el
Le19 6e” 86°1 N 4 5 (£1 5 gyeL
08€6 9€° 80°2 N (1 Ziwo  + 0el
Z5%9 sT° 10°¢ N y1° (Z¢h) zelL
9€6L [z 60°€ N o1° Cimp  xowyls
0194 sz 21 N 61° L L 15T
9€ZS 6% 0s°1 N oz* tiwp , LEA
L% 6€° 8z°1 N Tk (£ 1 oclL
(oes >\Nauva (g-m0) @101 X U (an) adLy (x) *38qng 21dueg

£3TTTI9OR uoyleIITIIUCH g59WOTYL I033131%) *dmon

11%H 1911a®)
X X=T

Ge °1qel

A=58

Wadlpriss

s

i

AR



wytd peTEeUY  x

(111) ¢aeq ghY
(0o1) %aeo €ey
(111) %aeg cEw
(111) %aes *6EY

(111) Caed z4%

000 9°2 (111) %aen

Ao88 Asy\v adf] I9131aed 33vaIlsqng
(o2s >\Naovw.\ 889U°TUL pue (%)
A3TT790UH - dwo)
11B8H

X XK=
I¥DILJ0~-04I0HTE Y04 CQHSA SWILA 8l US ﬂﬁm J0 SHILEAIOEd (p,3u0D) ¢g °IqeL




oot 0

R

e e

bl s

39

b

! E
w [ o 1°1 W z1° (111) Caeg oeY
go1” 05°1 (N) 9T1° (111) taeq 7%
1€1° €0°1 £E- (111) Caed 64
GeT” €L6° (N) 91° (111) Caeg 15%
6ST” 7' (N) 91" (111) %aeg 6EY
o rlsa 2z () T (111) %aeo geY
: €1 6hE (@ oz (111)%aeo x4
941" L0°2 ) sL1° (111) taee 8%y
w =% by 9°1 560" (111) %ae0 Sy
, ‘ 4 95°1 (N) 91" (111) %a®0 €y
% 5s1” 621 (N) 591" (111) Caeg AL
11" 58°1 (N) 0z (111) Czed sy
o1 0°€ ) v1° (001) %a®d €ey
ETT 9°2 () 61° (111) %aeo zey
gt 91 (@ s1° (111) Gaws czy
cHT” g (N) £1° (111) aed AL
Ngll 06 Mo00T NoEZ1 (un) 2d{] pue a3eI3ISqNS o1dweg
{*a-@) asuodsay 03044 ssouNdIIYUL (x)
wo1y desy 4£Basuy *dwon

@TOUSTYHI FATIONANODIOIOHd WO¥Yd CANIWMELIA dvo XO¥ENZ TVOILdO 9¢ °T14BL

A-60




3 %
3 m
| e e “ |
: i :

‘ 260" i 89°2 (v) zz° Cieg #0TLE :
. 660" | m 0°2 (n) oz Caeq 161% :
1 960" ; 18°1 () 1z Caeg ¢ Nsf ¢
| 260" | | 06°1 (w ze Caeg S61 %
i : 960" m 68°1 ) 1z Caeg 6011
1 960" . 05°1 n 1z geg €y NS§ i

€11" H 9T (R) 81" Caeg yzlL w
960 €5'1 () 12° ¢ieD 6elii g 2
| 20t 821 () 0z Zep el < !
i 21 861 w Lt 2geo gyC1
| A% 80°Z ) et Caep oglL; :
61" 10°2 ) Y1 lieg zelis W
691" 60°€ (n) 01" Cgeg ov¥s: w
H 711 Z1°1 (D 61" Caeg 15% :
| LOT" 06°1 ) oz Cieg LelL m
i co1" 8Z°1 (n) 01" Cieg oelL W
i1 Ao LL M06 | N001| Noeel (wr) 2di] pue 238138qng o1duwg W
: (*a'a) ssuodsay o3joyg SSaUNDTUL (x)
woiy deq A81evg * dwon
CTOHSTYHI HATIONANODOLOHd WCYd QANIWNELIQ 4VD AD¥ANE TIVOLIA0  (p,ju0p) of STqel
o w i




-z 1 Jo fouenbeij I® POINEEIY «x

A el x Z 6°1 81 05t 8 06°1 oS YA u T2°0 S61
SO Y 9°Z 91 082 9 89°7 oS 0T+ o 20 4011
Qorxegt| sor| s ove 9 0z o8 0 u 0z°0 61 |
. i
: QL1 01°1 g1 087 6 (8°1 98 s a | 12°0 SE NS :
,01 X 9°6 B (&4 072 01 6671 as 0Z- . rAALY) S6L i
(S &
O ¥ §°1 gk 81 oce o1 68°1 s c- u 12°0 6011
AOpEe 2948 °7 0z 09t Yy 051 58 o€~ u 12°0 €4 NS
mS X 7°¢ 9°€ Sl 08¢ gy %3 oS ce- o 81°0 $Z1L
(»/ , z-mo) (M/4) (@) o) Aum\,\awv £8aUX01YT | 2An3ONIAG (A) edAy Cnv e1duss
‘ (28 _ XBH Jusain] | 9OUPISTENY %S8TON s®1g { A9TIIED upyaysodue)d
. #Q d 8819 1120 2381180NG
. i

54 B (1,00€ © &7 QNOOWDNOVE “Moll~
¢ N LYNEAEL ¥OLOZLEA) SWTLA L u§  '4d EHOS 40 EONVIEOMNEZ ¥OIOAIAC FAIIONANODOLOHd L€ ST4EL

oL ¥




- a \ .\.ﬂw . : : 2 : ‘ . N ‘n. ) o F&«,S..\...Ii uxﬂwﬂﬂ'li“. G
9
2 1 - 4ousnboag JUSWRIANSEIN »

&9 §
¢ <
A gco01 e ¢ B 00% - £0° 86lL
6°¢ L & 5056 (@) 0" tag
!
if ¥/ wr 09 B M 00¢€ (@) L0’ gsli-8
i 59 ued g3 OH 6° () s0° 86%I-1-9
! Y4 er 8 BDH 9°T (N) 0° 85¢1-7-9

umk\bv JuaxIny 22U} SISaY adAT (%) a1dueg
; % mf selg 119D I91IaBD uo1aTsodwon
|
: SWITd 25 us® lqd qa1IS04aq-SV EWOS NI SEIIIAISNOISTY HOIH ATIVNOIIJIOXT  8€ 219qel

NG = . e il g




T

bmeloarinr 3 s

‘

RPN S

FHe

D ANk T T i

e e

Y

o i ettt o b

e

SIAILIAAY N

4 g

0 HIIM @E¥Vamdd SWII4 °1 uS

P sTe Ll s 00% 1z YINS
]

: Y su g s 01§ 7 TINS

15§ LA 6 3: QA e1° £INS

(AR B0 QT p 0St ez 8Ns

ol LAY U 019 0T° INS

0t v 90° Uv3A TS 61" 9NS

(M/A) Jusiangd UV EY (x) a1dweg

Xy selgd 112D uo131sodmwo)d
¢ qd THOS NI SASNOLSHE AATLONANODOLOHL 6¢ 21dEL

s

A-64

SR e




o R STELEE SR s ARt

i
i |
i :
; (&
- :
1 % (d) o't - S+ s 0€e 96 &
- 1
b 4 (d) 0°1 i G- g (11 56 :
] z (d) st s 3 8y’ zee %6 i
£ |
W z (w) €1’ -- <1- 0s” 1€€ €6 m
: z (w) 11 y1° o€- 16° zee 26 1 i
-3
|3 €1 (u) ot” o 0¢- 0S see €ST :
i8 €1 (@) “el 81" oz- 25 see Z5 W
% €1 (d) s9° 81" TS tc- cee 161 i
1 €1 (u) 60° €T 0g- ZEMT 8Ye 901 S
| €1 () €1° -- 0zZ- AR e 011 <
2 €1 © z szT” S- 7 Va2 AR
| €1 () 1z -- z- 1 7€ €11
i} €1 (u) zz° €z’ 0 AR 3 601
w €1 ) 71 -- G+ 21 %€ B
H €1 (d) ¢8° €T” 0T+ 1 %€ LOTS
‘w €1 (d) z°1 & 0Z+ R 9%¢ 801S
i " oN (¢W) g{0T X U (x) (s3104) ay/ur o "o
.w 398ae] uoI3IBIJUIDUOYD * dwop 28e310A a3ey *dway a1dues
i bENS$4:1)] witdq se1lg yimoin 23ea13sqng
4
15K 515018
1 SHAOTAOIOHd u-d 0 NOIIVNVAENd ¥O4 SWIIZ 2Iusdd NO VIVQ ONv SINIWI¥AdXE 0% ST14BL
m“m




6 N/d 0g-/0T+ TR €€ 701 L ]
6 N/d 0z-/01- 05" 0ce 85 1 5
6 N/& 0£-/ 5+ 0S" %€ 00T I :
6 N/d 0g-/01+ 6" see 66 & e
6 N/d 0¢-/02+ $6° $ee 10T L 8 _
6 N/a 0E-/0T+ 56" se e it A IR |
€1 N/ 0g-/01- & cee T : W
€T N/a 0g-/02+ ¢’ 133 051 I : |
£1 N/d 0u-/01- &* 865 691 L . w
Z N/a 05-/5+ EE ose S0T x W
z NE 0g-/01- 5 1€€ 901 W
*ON adiy xoTaxvl 28231704 u£~5«%.mumm Do ‘o g
39818] w4 setd SELGED dwe L a12s
531B8I18GNg ’

ucTleangiyuc) 2poTd vl 194de7 N/ 4 @19n0d

gHACIAOLOHd u-d 40 NOILVEV4EEd ¥04 gWIId 3Iugqd NO YIVD NV SINTRIEEIXE {p,3uo)d) 0% ?°19%1L

e

giue

i

Sl S o = SR 2 - N SR R

" TR Sa feet s syonion o sty




