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Section 1 

INTRODUCTION 

1.1 PROGRAM OBJECTIVES 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 spectral 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 77^ or above - thus con- 

siderably reducing the cryogenic requirements of earlier sensors such as 

doped germanium detectors. 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 is doubtful that the 

desired functional performances can be achieved with conventional 

approaches; 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 

1-1 
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The selection of Pb^St^Te as the thin film sensor material, was 

the most logical 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, Hg^Gd^e, 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. 
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their balk or thick film counterparts which should contribute to the 

feasibility of increased sophistication in electro-optical devices. 

Multi-color sensors, charge-coupled Integrated 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  It 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 Pb^Sn^e. 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 Pb^Sn^e and other narrow and/or variable energy gap 

compounds in recent years to a very promising level.  This becomes 

apparent if one reviews the various thin film detector programs presently 

underway.  One finds an obvious emphasis, and corresponding progress, in 

the exploration of binary 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 Xc. 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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aimed at reducing falaa target   Information. 

Slgnlfloant also la the abaenee,   In Table 1-2,  of another ternary 

eompoond which,  as a but. material, baa Sho„n some ^^ea1™". be- 

havl„r - namely HgOdTe.     It too la an Intrinsic, variable    an    gap 

material useful fro. the mid to long wavelength portions of the IK 

spectr» and baa good sensitivity at reasonably high operatrng tempera- 

1   .^c matPrlal by virtue of the vapor pressure 
tures.  Unfortunately, this material, oy VL 

0f it, „ercury component, 1. not readily producible In the ^ 

5lngle crystal fllM. Even without this probl». Its compoal 1 n control 

Jd be extremely dlfflcnlt by „oat thin fll. deposition technics. 

•  ■  ^ ,0 t-n the Urge differences of vapor pressure of the 
This again is due to tue i«rgt- 

alloy components in HgCdTe. ^nr-pcent 
„e do not pretend that the material» listed In Table 1-2 re resent 

a compute and comprebenalve list of aU thin fll» *™°' ^"^ 

A  <„ this country. Scanning through the various jonrnala 
being prepared rn this country.       a        „„.,,,  T,Ts 

which publish work in this area of research (e.g.. JAP. ML. ms 

roceedlngs). It Is obvious that the list la extensive  " -j" ' 
„ ^r-, «-v.» field  They include, a; 

t-o list some of the more active groups in the field,  in y 

LTcleltlfic Research Staff of the Pord Motor Co.. the Onlvers ty of 

.TU _„»-„v-%r (a*  an tn-house activity; , 
Pennsylvania, the Night Vision Laboratory (as an m n 

el plied Laearcb Laboratory of the Oeneral Dyna.lcs Pomona 0 vision- 

!„ the deoosltlon of the.e materials by vacu^ techniques Including 

evaporation and sputtering; b) the Horth African Science enter the 

Lln oln Laboratory. Aerojet General and the Santa Barbara Research 

Center-ln the preparation of these material, by U,uld phase epitaxy, 

and c) very recently Texas Instruments and others.In vapor phase 

deposition. . 
'  „„rk on vacuum deposition of IV-VI thin films Is also herng 

performed In Germany at Talefunken and In Italy at the C.N.R. Solid 

State Laboratories. 
, ,     ~nA   in i-hls field as well as the number 

The number of techniques used in this      a 
,     i*   ninstrate the importance of exploring 

of laboratories active in it illustrate tne  v 
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,.riouB approache, to ins.r.  that tha Idea! »aterUl, »U! evantually 

c<»e .„to .ain, an. the need for pracUca! p.ocesaea. Baae on 

potential pay-o£f. a certain a„o„nt of redundancy Sce„s , U adv a d 

ntU an optt„™ approach L, cieari, defined. Tatie i-3 irsts some 

of the .ore plains techni,ues-tHat ia, ooiy thoSe tec n  aa  icd 

.re preSently «oat U.aly to produce high quality epitaxial Eil.e 

the varioue .aterials of intereat. It haa. of course, becce „uite 

parent that any useful ill. »ateriai for sensor application .ust e 

8 „gle crystal In nature. This is the only structure which can avoid 

the perfections which cause the scattering „echa„is.s that i.pede 

the carrier „ohllity and increase noiae. But having high quality fil.s 

is only a prerequisite for the fabrication of aensors. 

Lt of the fil» methods used to produce electro-optical evrces 

„11 ac t-hP mode of operation of the device 
of the IV-VI compounds as well as the moae OL F 

^ A  .M-vP^) have to date, been borrowed from (e a       photo-voltaic, photoconductive) have to aat , 

1 . v, nln.v  Table 1-4 presents some of these various film bulk crystal technology.  iaoie J. ^ F 

cessing methods being used at present.  Of course, these ^ -— - 

echniques apply also for hetero- or ho^unetion for.atiO„ "-'"" 

substrates. As can be aeen, tost of the techniques listed in Table 1-4 

ai„ed at thin fil» .unction formation a. required for photo-vo ta c 

,   ^ t-hP last technique which also represents a 
elements.  The exception is the last tecnniq 

-  „„„t-t-nl reauired for achieving enhanced means for the film property control required 

photoconductive sensor response, namely the use of gaseous addi ives. 

'    All but two of the techniques listed .ave been used for the 

preparation of electrical or electro-optical devices prior to th s 

v   ov-ö cmit-t-prlne of iunctions as well as work  The two new approaches are sputtering or j 

Te"ontrol of the carrier type h, 02 and % additives during sputtering, 

referred to .hove, which „ere developed in this 1^""ry ^     lublc 
Pb  s„ Te. Both „nat he considered rather unique and e.srly controllable 

tectalquea for device preparation .a „ill he thoroughly discuaaed 

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 

films and film structures are presented in terms of some minimum 

material and device property values one should strive for.  For compari- 

son, Tables 1-eAand 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 than 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 films 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.  In all cases the films are single crystals 

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 repeatibllity.  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 M achieved by 

the other techniques if an equally systematic dependence on the 

deposition conditions had been defined as has been for triode sputtered 
fl: 
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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 E-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 photoconductlve 

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.  However, in those cases where the conditions are 

given, the values are comparable with desired values.  Similar 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,  Sn Te or n-PbTe constitute, the 

substrate on to which the n-PbTe or p-Pb-  Sn Te (respectively) is 
JL ""X   X 

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, 
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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 appltcattons-thls 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 portion 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 laboratory 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^ 

should rapidly lead to high sensitivity or Blip elements. All device'« 

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 bUs 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 technique for the preparation of thin film Pb^SnJe 

detectors, is the feasibility to deposit structurally high quality 

single crystal films with any specified 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 conditions (R-T)0, 

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. 
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The possibility of further property improvements by all three 

techniques will be quite obvious from the restuls.  For example, near 

intrinsic 770K carrier concentraticns seem to be feasible.  However, 

considering the control requirements to achieve such improvements, bias 

sputtering stands out as the most promising technique.  Both annealing 

and the use of the critical (R.T)0 product without annealing, require 

uniform temperature control over the entire film area with an accuracy 

on the order of 0.1oC for reaching ultimate properties - not .easily 

achieved in production.  By contrast, with bias sputtering the required 

equivalently accurate voltage 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 basic deposition conditions (R.T) can be kept 

constant during the entire deposition process, while the easiest 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 photoconductlve response and 

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

electrical properties they yielded.  Peak responsivlties of up to 4 v/w - 

depending, of course, to some degree on composition - were observed 

as were nplse values approaching Johnson noise to relatively high bias 

currents.  These values, measured at 77°K compare well with those 

observed in the best single crystal bulk materials of PbSnTe - partl- 
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Table 2-1 

TYPICAL LOT ANALYSIS 
6-9 GRADE 

COMINCO AMERICAN INC 

Pb Sn 
ppm ppm 

Bl .2 In .2 

Sb .1 Pb .2 

Ca .1 Bi 

Fe ,1 Ca 

Si .1 Cu 

Cu<.l Fe 

Mg<.l Mg 

Ag<.l Si 

Te 
ppm 

Se- < 1 

S .3 

Al 

Bi 

Ca 

Fe 

Mg 

Pb 

Si 

Cu <• 1 

Bi .2 

Sb .2 

Ag .1 

Cu .1 

Fe .1 

Other metals < .2 

Pb 

log HPM 3776 

Si  .2 

Ag < ,1 

Cu < . 1 

Mg <.l 

TYPICAL LOT ANALYSIS 
6-9 GRADE 

ATOMERGIC CHEMICALS 

Pb< ,3 

Bi < .1 

Cu< .1 

Fe < ,1 

Sb < .1 

ACTUAL LOT ANALYSIS 
COMINCO AMERICAN INC. 

Sn 

ot HPM 2725 

Al .1 

Bi .1 

Ca .1 

Si .1 

Ag< .1 

Mg< .1 

S < .5 

Cu <.l 

Fe <.l 

Mg <.l 

Pb < .1 

Si < .1 

Other metals nil . 
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Table 2-2 

TYPICAL ANALYSIS  OF STARTING MATERIALS 

FOR PbTe and  SnTe REACTION 

SEMI-ELEMENTS,   INC. 

Pb Tin Te 

Sb 0.5 ppm 

Bi 2.0 

Cu 0.5 

Fe 0.3 

Ag 0.2 

Th 1.0 

Sb 1.0 

Bl 0.3 

Cu 0.5 

In 0.5 

Fe 0.3 

Pb 2.0 

Cu 0.1 

Fe 0.1 

Pb 0.1 

Mg 0.1 

St 0.2 

S 0.5 

Se<2.0 
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Te is pr.rchased 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' torr). 

As discussed in Section 2.1, a continuous effort to improve all 

experimental aspects of this program for producing Pb^Si^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 cases was melted in a reducing atmosphere to remove 

any oxygen inclusions. 

2. 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 50oC 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 unsubllmed residue, 

assumedly containing the bulk of the Impurities, is discarded. 

A 



■ niiiiL.iii .uiJMVii mvßimiV^vwm'^v^.™>!-^.vmwKUW»i^wrowww^w-RnB!^^ 

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. 

3.  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 

is 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 

Pb1 xSn Te compound. As discussed above, after the starting materials 

hav^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 1000oC 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 Pb^^ .or excess Te, 

is carefully weighed out and added to the stoichiometric Pb^Sn^e 

mixture before the initial reaction. 
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early in the program.  However, for later targets an improved technique 

which utilizes a specially prepared high purity Pb^Sr^ 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 obtained with the added benefit of a signi- 

ficant reduction in potential 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).80(SnTe).20 > and sealed in the fused 

quartz flask as described above. After a six hour reaction at 1000oC 

the target was cooled at the rate of 400OC/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 H2O to over- 

flowing is then added. After mixing, the etch is allowed to stand for 

one minute, 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 1100oC using a diffusion pump, Liq. N2 trapped vacuum system. 
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2 2 5 SUBSTRATA PREPARATION.  Substrate materials were primarily 

.i r.v     ^nd BaFo  Both substrate materials were 
i,-m-{t-pri ^.) single crystal Ca^ cna oaL2 

Hill direction parallel to the axis or c 
, ,. „if, Its IlOOl direction parallel to the rod axla. 

U alao received wltl.    U»" subsl:rate wafers about .050 
The 11111 materials are cleaved into substrate w 

dncbes thlch (as the last step In setting up the sputtering systems). 
1   ^e CaF2 U00,  is cut, „1th a diamond so. Into .030 Inch „a.ers 

Ihe ,100! „afers are checked for orientation by cleavrhg the. in two 

ft directions and measuring the angie between the cleavage pUne 

lapping „heel, with successively finer grinding compounds ™ £ " 

sZo  0.5. . anally the, are polished on a .11. covered polishing 

W ^ 2 3  DEPOSITION APPARATUS AND PROCEDURES 

2'3l    SUPPORTED DISCHARGE SPUTTERING.  The supported discharge 

A in this work Is diagramed in Figure 2-1. Ultra 
sputtering system used in his work g ^.^ purifi. 

high purity Argon passes through a gas purser 
, f. introduced into the top plate of the system. A diffuse 

cation and is introduced -Remitter and a low voltage 
plasma is produced, between a tunsten thermionic emitter 
v ,- ^u  t" „ A" hprd  Pvrex cross, 
anode in the horizontal arms of the 6 x 6  herd Fyr 
anode, in ^ attached to the water- 

The material to be sputtered (target) is attached 

cooled target probe which is inserted through the top arm of th pyrex 
cooleo targe. P Smce 

pipe cross.  The system can operate rn both a DC and 

Ph  Sn Te is electrically cohductive, the direct current mode 

! Uyel The target voitage is maintained by a d.c. suppiy wrth 

10 hilovolt 50 ma capacity. All substrate holders are fahrt 
„axtmum 10 Ul volt. ^^ ^ ^^^^^ ^ sub8tr(ites 

cated from tantalum. The sputtereo 
1„ a tantalum bolder on the horizontal receiving surface  bach sub t 

te hoider can accommodate up to nine substrates and a shutter ailo, 
rate noiut different deposition con- 

„„r three experiments with three oineicui.   K for carrying out tnree expci. 
,  .,h a set 0f 3 substrates - all in one pump down. A 

ditlons each with a set or J => 
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JH 

[_  ~n   ri^—-   GAUGE   CONNECTOR 

BOOT   GASKET 

SOURCE(TARGET)SURFACE 

^-^IIIHIIln 
^3 

CATHODE 
ASSEMBLY 

^ B" 
HEATER 

HEIGHT...29" 
WIDTH... 26" 
6"K6' PYREX CROSS 

BOOT GASKET- 

V 
i—FT'Hl 

P 
< 

Q- 
FOCUSING MAGNET 

ADJUSTABLE 
RECEIVING SURFACE 

FLEXIBLE  WATER TUBES 

COOLING   WAT 
Z  EACH 

YOUR DISI1N0 

BASE PUTE 

E5_—r O    ] 

,. 6  PORT COLLAR 

,, THERMO COUPLE AND 
HEATER   POWER 

BOOT   GASKET 

w 3r-—- 

MtCHANiCAi. 
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^a 
?5 

&^) 

MANIFOtD 

GATE VALVE 

BAFaE 

DIFFUSION PUMP 

Figure    2-1    Triode Sputtering  System  for  Pb1_xSnxTe 
Thin Film Deposition 
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„eater allows substrate heating up to 450°C.  Substrate temperatures 

are measured with a chro.el .Xuma! thermocouple In intimate contact „tth 

both the substrate holder and the substrate (he« to the film being 

deposited).  The sputtering module was used with two types o£ vacuum 

stations - both providing lor a bac.ground pressure In the low to m d 

IQ"' torr range.  Initially the system consisted of a carefully cold 

trapped (Lt.,) 4" diffusion pump station (CVC). Early In the program 

these pumps were replaced by turbomolecular pumping station. (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 

eoulpment used In our supported discharge sputtering experiments. 

Several Improvements .ere Introduced during the earlier phases to mlntmrze 

the probability of Introducing Impurities In the film during deposltron 

and to improve the substrate temperature control and uniformity etc. 

These as discussed In the Interim Reports for this program (Reference 1) 

„tlllled radiative substrate beaters „1th all tantalum shielding designed 

to improve temperature uniformity and eliminate any outgasslng from the 

heaters, themselves. 
In addition to these early modifications, three Important mod.fr- 

catlons in the effort to further Improve our films, »ere Introduced. 

First the sputtering modules .ere provided with first order mass analysis 

capabUlty to evaluate the relative purity of the sputtering envlrohment. 

Secondly all-metal seals and feedthroughs »ere Introduced into the 

modules. Finally, both supported discharge systems were provided „tth 

substrate bias control. 
The mass spectrometer »as found to be instrumental In optmr.rng 

sputtering procedures relative to baRe^out periods, system and target 

conditioning and other envlro^ental controls - and gave dlrectron to 

the second modification. This involved the replacement, of the „on- 

metal gasRets 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 

substrate holder.  The construction of this holder is swai  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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The reason is that the ternary PbSnTe has a fairly good conductivity 

particularly at the temperatures above 300oC at which the substrates 

are typically held during deposition. The end result of all this is 

that the bias does not. within the deposited .aterial. establish any 

significant field gradients nomal or parallel to the substrate that 

could be credited with producing the rather large effects of biasing 

on the material properties. 

2.3.2  ION BEAM SPUTTERING.  The Ion beam system is schematically 

shown in'Figure 2-2.  High purity Argon gas is injected into the 

Duoplasmatron acceleration section, where it is ionized, accelerated 

(through a voltage ranging from 0 to 30 Kv). electrostatically focused 

and collimated.  The argon ion beam passes into the ultra high vacuum 

chamber through a small orifice and impinges on the sputtering target. 

The ion beam current is measured before and after sputtering by 

introducing a Faraday cup into the beam below the orifice. 

The ton beam system described above was equipped with a new ion 

beam gun in 1973 primarily to improve the deposition rates and to provide 

independent beam current and energy control.  Unfortunately the gun 

system did have extensive problems on receipt from the vendor.  On-sxte 

acceptance checks revealed numerous shortcomings and eventually an 

insulator crack forced rework of the gun.  As a consequence, long delays 

were experienced in implementing Ion beam sputtering. However, using 

an old gun with the new controls made it possible to initiate a sequence 

of experiments which revealed many basic phenomena to be dealt with in 

ion bea. sputtering of ternary compounds such as PbSnTe - i.e. materials 

with components having relatively high vapor pressures. 

In the present operational model deposition takes place with 

a typical background pressure of <1 x lO"» torr and a working pressure 

(argon beam on, target cooled and substrate heated) of 1.5 x 10 ' torr. 

Substrate temperatures are readily controlled to considerably above the 

present range of interest which does not exceed 400OC.  After considerable 

optimization, film growth rates of up to .5 micron/hr were finally 

achieved with argon ion beam energies of up to 10 kV.  Such rates 
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Figure 2-2  Schematic of Ion Beam Sputtering System 
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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 rP:tes for the fabrication 

of thin film detectors which will generally be considerably thicker 

than 1 micrometer.  Other features are that up to nine 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 

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.  More 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 ANNEALING TECHNIQUES 

2.4.1 ANNEALING 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 is then pumped 

to the low to mid 10"? 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 Pb1_xSnxTe 

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 closed 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 PROCEDURES 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 diagram for Pb^SnJe as will be di/ussed in a later section. 

During Ithe latter phase of this program./he emphasis was on generating 

comparable data. That is. instead of exploring new charge compositions 

and Conditions previously used, "standard" 4% and 61 metal rich charges 

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

\ 

2-17 

aasffls 
mniiiinwni" ii'nt~r'"T'~*~*,*'w' 



:•,■•'• ■■.•.'•■■',::: " .• ' ■• ', ■■,' ■   '■ '  ■•• ■"■ > ■ ■■ '■    ■■••,•.■,: •■•.»•;,  , •." 

of the film properties achieved with the newly introduced deposition 

procedure 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 early work it has been observed that relative fast quenching 

produced improved and more systematic results.  This, in turn, revealed 

problems with BaF2 substrates which, although they have a good thermal 

coefficient match with Pb^Sn^Te film, are more susceptible to thermal 

shock failure than Cal^.  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 BaF2 

breakage 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 IMPURITIES.  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 SiO,,.  The specific areas of the films 

to be doped were left uncoated and the St02 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 StOz mask stripping.  The Si02 was stripped using a 

buffered HF acid etch consisting of the following: 1 part (vol) 49% HF, 

9 parts sat'd NH4F solution (approximately 40 gm Niy dissolved in 60 ml 

H20, at 250C). 

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 +20C 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 Pbx.xSnjjTe films are first evaluated with HS-6 and HU-UA 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. 
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is  some occurrence of (100) film. Figure 2-4a and 2-4b show similar 

29 scans for a BaF2 substrate and for an epitaxial Pb.86Sn.i4
Te film 

on this substrate. 

2.6.2.2 Infrared Transmission and Reflection Measurement.  To 

characterize the optlrr«! properties of Pb^Sn^e 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 data 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 reflections 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 i f    T ^ a = J In (-TTT") 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 (X)d = m\ 

where d is the physical thickness, m the order of the maxima and X the 

measurement wavelength. 
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For the temperature-dependent measurements the probe described 

above is mounted in a Sulfurtan variable temperature dewar.  The dewar 

is capable of a temperature range from room temperature to liquid helium 

temperature (4.20K).  An Internal heater is used to stabilise 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 

meaSured with a Chromel-constantan thermocouple, which is mounted to the 

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 prescribed by Van der Pauw 

(Reference 10). With Si in position 2 (see Figure 2-7) the current 

flows through a sample from point B to point C (all measurements are 

checked with forward and reverse currents and magnetic fields).  The 

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

VA - VP 
RBC AD = — 

A second measurement is made with switch SI in position 3 so that the 

current flows from A to B.  The voltage drop is then measured from C to 

D.  This defines 

' Vr 
R 

vc 
AB, CD ^B 

The resistivity is then obtained from 

p= 2.266 fd (BAB, CD + RBC, 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 R^ence 10>' 

The Hall mobility ^ H is measured with switch SI in position 1. 

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

magnetic field is measured from B to D.  The change in resistance of 
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the  sample   is  defined  as 

I 

RAC,   BD =  RAC,   BD(B)   "   RAC,   BD(0) 

The Hall mobility   is   then calculated   from 

d      ARAC   BC 
^H - B P 

From the., two measurements the carrier concentration (n) can be 

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

PMHe 

The electrical properties 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 sample; 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 us.ng 

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 a first order, the corrections are 

P 2 In 2 
(1)2 

and 

and 

A ^ 

A n 
p - 

JL (1) 
IT  VD^ 

A P 
P \x      - 2 In 2 

A 2 er + ^ a 2 (d. 
TT KV' 
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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 "clover leaf" bridge.  Figure 2-8 

shows the results of an experiment which experiment^ 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 (S = .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 am, 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: 

(corrected) n^    - 
(measured) MH 

0.75 

and 

(corrected)   P  =  1.035 (measured) P 

n (or p) measured 
n (or p) corrected =     1>3g 

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 beeh 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 Monochroraator. 

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 80oK in a Janis Research 

Corporation liquid-nitrogen dewar, whose windows are KRS-5 or to very 

low temperature of less than 20K in a Janis Model 8DT Dewsr (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-N2 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 fi-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 wavelength, 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 only one substrate in the cold-finger at 

the bottom of the dewar, it is possible to have several samples 

deposited on the same substrate.  In this case, one can hook up more 

than one sample at a time with the multiple connectors in the dewar, 
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be Inserted into1 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 

preamplifior-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 phas? 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 Q of the tuned circuit of the HR-8 amplifier.  This arrangement 

has the advantage that excess noise or current noise (which is proportional 

toAf/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 with an IMS amplitude in the sabnanovolt range. 

2.8.3  PHOTOVOLTAIC RESPONSE MEASUREMENTS. The experimental setup 

for photovoltaic response measurement is identical to that used for 

photoconductive 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 BaF2/CaF2 substrate. Back wall 

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

radiation on the front side. 
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2.8.3.1  Electrode Deposition and Sample Preparation.  The photo- 

voltaic detectors investigated in this study include both Schottky 

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

devices, both the barrier and ohmic contacts are deposited on top of the 

sputtered 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 PbSnTe 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 

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 

critical for device performance.  Surfaces are extremely important; 

therefore, background pressures are kept in the lO"8 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 20K 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 40K to room temperature and an electronic controller. Antronix, 
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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 Pb^Sn^e 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 Pb^/n^e 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 Pb^Sn^e 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 

relatlble 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 
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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 to those of other infrared sensors responsive 

in the LWIR spectral bands - in particular to HgL-xCdxTe-   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 properties by expressions such as: 

—^ amps/watt 

DVfJ = 2E, 
L2  

t e k T (n ^n + pp p) 

2       fc )    cm-Hz'2/watt, 

for Johnson noise limited conditions. 

I —-: or g 
neb peU 

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; TJ the 

quantum efficiency of incident photon conversion; Hn,  Mp 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 responslvtty and detectivity. 

The effective carrier concentration should be minimized, preferably 

approaching the intrinsic value ni which at a temperature of 7 70K is 

below but approaching 10^ cm-3 tn 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 T= l/B-(n+p), 

reduction tn carrier concentration also increases the lifetime.  The 

lifetime must, of course, be limited to a value compatible with the sen- 

sor response speeds required tn typical appltcations.  Generally this 

calls for response times of no more than microseconds. Mobilities, 

though not explicit tn 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 tn turn senstttvites are 

critically affected by mobilities also. Material perfection is again 

the limiting parameter here.  In PbSnTe, values in excess of 104 cm2/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: 

I) The initial phase of the work was concerned with an 

investigation of the material properties of sputtered Pb^St^Te 

films which included: the definition of epitaxial deposition conditions 

on various substrates including single crystal CaF2(lll), CaF2(100), 

and BaF2(lll); the characterization of film composition as a 
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function of deposition conditions; the correlation of as-deposited 

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 

initial 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 

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 LWIR application. 

A significant finding, for example, was the result that compositional. 

optical, structural, electrical, and electro-optical properties of sputtered 

Ph  Sn Te films could all be controlled, over relatively wide ranges, 
1 —X  X 

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 

found in as-deposited films. However, Lt soon became apparent that 

Pb^SnxTe 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 is 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, e.g.. fewer 

A,™  the chance for contamination and handling failures, 
processing steps reduce the chance ror 

'    Although thes. result, «are sho„l„8 that the necessity for auueallug 

„a, be ellnauatad, « contluued this „orh until a sufficient a.ount of 

data „as collected on the effects of annealing on sputtered Pb^ÄTe 

flhas to validate this.  As „ill he sho„u In later sections, all of 

these data demonstrated that annealing effects In Pb^S^Te frits are 

consistent „itb those observed  in good „uallty, bnlh single crystal, 

very significant outcome, ho„ever. of the annealing studies „as the 

demonstration of a critical low temperature annealing condition at which 

a significant reduction In carrier concentration Is obtained.  Thrs 

critical temperature seems ..uite analogous to the critical high tempera- 

ture annealing condition usually employed to achieve stoichiometry In ulK 

crystals of Pb^Sn.Te.  In effect. It defines a second crossover (in the 

«.„llbrium phase diagram fur Pb^Te) from the metal saturated soUdus 

field with the stoichlometric composition.  This result la not only of 

interest from a scientific standpoint, hut also from a practical stand- 

point, since the availability of a low temperature annealing condition 

is obviously of significance for reducing thin film device fahrication 

difficulties. Also, as will be seen later, the existence of the low 

temperature annealing conditions may be relatable to the fact that 

stoichiometry control is 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 Pb^SnJe films beyond the 

"state-of-the-art" they had already achieved in the first phase, as well 

Wt- the  encouraping results of the initial phases as an effort to exploit the encouragj-ug 

for defining and optimising fabrication techniques which showed a rea 

potential for generating new and more economical detector devices  The 

„aslc means selected for further film material Improvement were, for 

example, extensive improvements and modification In deposition technHues, 

handling techniques, starting material preparation techniques and others 
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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 included 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, 

b) The utiUzatton of ^n-heam sputtering.  This was to permit 

sputtering in a significantly improved environment as well as 

control over the kinetic energies of the depositing particles. 

c) The introduction of sputtering from non-stolchiometrlc targets. 

This was to be a possible means of carrier type control or 

control of as-deposited film stoichiometry. 

d) The controlled doplns of Pb^Sn^e 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. 

e) The initial investigation of proton bombardment of sputtered 

PbSnTe films. Carrier control and trap enhancement were the 

desired objectives. 

f) The extension of electrical, optical and electro-optical 

^eammsm  t° ^P^atures of less than 150K.  This was to 

facilitate the study of scattering mechanisms as well as the 

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 infrared 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 photosensitive p-n junctions 

utilizing doping techniques, c) the prtparatlon 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 CHARACTERISTICS. 

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 Pb^_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 stoichioraetric 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 receat targets (i.e. Targets #10 through #13) utilized the 

abov>.. trentioned improved preparation techniques. 

In order to investigate the effects of controlled doping or 

deviation from stoichiometry on film properties, non-stoichlometric 

targets were prepared and utilized.  Examples are Targets #5, #9.  As 

noted in all cases, the composition of the non-stolchiometric 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.  In 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 in1the film depends among other factors, strongly on 

the stoichiometry and homogeneity of the target. While all targets 

fabricated prior to Target #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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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 Pbi_xSnxTe thin films suitable 

for photodetector application, is that the films have high quality 

single crystal structures.  Polycrystallinity will seriously 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 Fb-^Sn^e 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 CaF2(lll), CaF2(100), BaF2(lll), 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 ID"7 torr 

region.  Deposition rates were controlled over the range from O.lUm/hr 

to about 0.3p,m/hr.  Substrate temperatures were explored over the range 

from room temperature to 500oC, but were confined to a range between 

200oC and 400oC 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 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-la, 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 broad 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 nonunlfortuity or lack of stoichiometry.  This can occur for several 

reasons.  One is the vapor pressure difference of the individual components 

in the Pbi_xSnxTe 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 vapor pressure components.  Te for one has a vapor 

pressure of about ICT3 torr at 300oC 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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In sumnary, 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 

these 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-lc - the systematic dependence of film carrier type on these deposi- 

tion parameters.  The sputtered single crystal films plotted in this 

figure exhibited p-type or n-type characteristics in apparently well 

defined regions of conditions.  High substrate temperatures and high 

rates tend to produce n-type film and, couv-ersely, low temperatures and 

rates yield p-type material.  The "transition" temperature is again very 

rate dependent.  The boundary between the p- and n-type regions is 

later identified as  a transition curve since it defines the sets of 

conditions (Ts, R) at which films switch 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 composition and in one case in 

stoichiometry (the preparation and some characteristics of each of these 
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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 conditions 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 while, as §hown 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.  In fact, as we shall show later, it is possible to utilize the 

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

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

tions . 

/ 
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For reasons discussed in Section 3.2.1, Target #9 was purposely 

prepared to be non-stoichiometric ((Pb.8oSn.2o)Te1.Ol)•  The evaluation 

of effects, if any. of target non-st0ichiometry on the structural quality, 

the composition and the carrier types in the deposited films is done by 

comoaring data from Target #9 with those previously collected utilizing 

Target *2 and #7.  The latter are stoichiometric and have the same 

composition as Target #9.  Figure 3-6 illustrates such a comparison be- 

tween Targets #9 and #2.  In this figure we focus our attention on the 

region of epitaxy only.  That is. all data shown are derived from films 

which were single crystal.  Figure 3-6(a) shows the now typical Systeme 

variation of composition (i.e.. x-value) with substrate temperature and 

growth rate.  Of interest, however, is the fact that the compositions 

.easured in films prepared with this Te rich target are. for equivalent 

conditions, the same as those derived fro. the corresponding stoich.o- 

metric targets (i.e. Targets #2 and #7 both with x = 0.20).  It appears, 

therefore, that the compositions are not affected by the non-stoichiometry 

of the target. However, we do note in Figure 3-6(b) that the carrier 

type is measurably affected by the non-stoichiometry of the target. For this 

we focus our attention on the p- to n-type transition boundary established 

with Target #9 and the dashed line transition curve for Target #2 which 

ls reproduced from Figure 3-1. We note that the transition from P-tyPe 

to n-type behavior occurs at higher substrate temperatures for a g.ven 

deposition rate (or at higher deposition rates for a given substrate 

temperature) with Target #9 than with the stoichiometric. Target #2  This 

shift is qualitatively not inconsistent with the fact that Target #9 

is Te rich-provided the transition conditions are associated with condi- 

tions at which the films approach good stoichiometry.  Such a conclusion 

is consistent with all of the results presented and. as we shall see later, 

the electrical properties of the films deposited with all targets invest.- 

gated support this hypothesis. 

The variation of the transition conditions with target composition 

is further illustr^ed in Figure 3-7 for several other targets investi- 

gated to date.  In all cases the as-deposited films prepared under cond.- 
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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-stolchiometric 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 

differences. 

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 stoichtometric 

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 crystal film with controlled composition over a 

reasonably wide range with a target of a single composition is also 

verified.  In 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 is 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 

Pb  Sn Te molecules are adsorbed on the substrate or, b) if dissociation 
1 —X  X 

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. 
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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 Cal^.  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.  In 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) films 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 stoichlo- 
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metric composition crossover in the Pb1_xSnxTe phase diagram,and b) by 

controlling the annealing charge composition.  We shall show in a later 

section, several kinds of evidence that confirm this kind of comparison. 

One, of course, is the electrical properties near the p- to n-transi- 

tion and another,along with annealing results, is the establishment of a 

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

Pb1_xSnxTe which occurs in the same temperature range as our deposition 

temperatures (i.e. «300 - 350oC), 

3^2,2.2 Crystal Structure, and Orientation of Epitaxial Films. As 

determined by reflection electron diffraction and x-ray diffraction 

techniques (see Section 2), to date all single crystal films sputtered 

on CaF2(lll) and BaF2(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 Pb^Sn^Je 

are shown in Figures 3-8 through 3-11.  Figure 3-8 shows the (110) and 

(121) electron diffraction patterns on a cleaved CaF2(lll) substrate and 

of a Pb o/Sn , fiTe film deposited on the same substrate.  The <11I> direction 
. 84  ■ *■" 

in the film is normal to the surface and, therefore, parallel to the 

substrate <111> 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 (121) 

orientation, as expected for the cubic lattice.  Figure 3-9 shows similar 

patterns for both a cleaved BaF2(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. (Ill) 

Pb  Sn 25Te film on CaF2(lll).  Finally, Figure 3-11 illustrates the 

electron diffraction patterns of a polished CaF2(100) substrate and 

the corresponding pattern of an epitaxial Pb#77Sn-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 (011) patterns of the film.  In this case a rotation 

of 45 degrees separates the (001) and (011) orientations. 
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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 CaF2(lll) and BaF^Ul) 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 (100) substrates was also clearly demonstrated by 2-6 x-ray scans. 

Typical scans for films on CaF2(lll). BaF2(lll) 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 CaF2(lll) and BaF2(lll) substrate. 

Similarly, scans of the polished CaF2(100) 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 4001^ and Ka 2  lines of a CaF2(100) 

substrate as well as the 400 KQ 1 and Ka2 lines of the single crystal 

Pb 78Sn 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 2-9 half-width of the 

400 Ka1 line of the CaF2(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 

nn Target Characteristics and DeBOgltlgn 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_xSnxTe 

films have shown rather systematic dependencies on deposition conditions 

The structural characteristics of Pb^Sr^Te 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 

photoconductlve response. While we shall show in a later section on 

transport properties of Pbl-xSnxTe films that the as-deposited electrical 

properties, in particular the mobility, of PbSnTe films are. in general, 

correctable 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 

stolchiometry.  Therefore, if direct deposition of films close to stoichio- 

metry were feasible, annealing would no longer be required. As already 

alluded to above and in earlier sections, results on sputtered Pb^Sn^e 

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, tt was observed that 

(for a given composition) substrate temperatures and/or deposition rates 

which were higher than the critical values defined by the transition 

curves produced n-type films, lower values produced p-type film.  It 

„as 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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•> 77 nf this reoort). This switching n-type (see for example Figure 3-77 of this report;. 

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 carrier con- 

centrations.  Thus, if there is 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 transition curve (above which all films are found 

to be n-type).  The data points are annotated with the measured carrier 

concentrations in units of lO^ cm"3.  Inspection shows that the lowest 

values for both p- and n-type films are looted near the transition curve. 

Quite apparently the concentrations increase as the deposition conditions 

differ, increasingly, from those located on the transition curve.  It is 

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)0 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 illustrated 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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Figure 3-14  Effect of Deviation from Critical Deposition 
Conditions on Carrier Concentration 
(Target #3) 
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Figure 3-16 Effect of Deviation from Critical Depoaltlon 
Conditions on Carrier Concentration 
(Targets #2, #7) 
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Figure 3-18 Effect of Deviation from Critical Deposition Conditions 
on Carrier Concentration (Target #8) 
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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 r.?te 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 3450C and growth rate of 

.95Hm/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 

1th the same depositions conditions (i.e. 3450C and .95 pm/hr) can yield 

both p- and n-type, single crystal Pb^Sn^e 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 BaF2 substrate, the critical bias voltage 

is about +5V for the reference conditions of 345 C and .95 ßui/hrt 

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. 

w 
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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 

parameters. 

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 critical 

bias voltages for the two substrates (CaF2 and BaF2) used.  Using the same 

conditions as above as an example (345oC/0.95 P/hr), the critical bias 

voltage is seen to be +10 volts for films on GaF2 as compared to about 

+5 volts for films on BaF2. 

Figure 3-21 also shows results for two substrate temperatures, 

namely 3350C and 3450C, at one film growth rate, namely 0.95 Uhr. 

Reference to the zero-bias structural phase diagram fot Target #9 in 

Figure 3-6 shows that at 3350C and 3450C the films are p-tfpe and n-type, 

respectively, for a deposition rate of .95 (im/hr.  As noted is Figure 3-21(a) 

the critical switching voltage changes from about -5 volts to +5 volts 

as the substrate temperature of BaF2 Is changed from 335 C to 3450G. 

An effect of similar magnitude is observed for CaF2 in Figure 3-21(b), 

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 if they 

are deposited at higher substrate temperatures and/or at higher 

deposition rates. 
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deposited at conditions, which at zero bias, yield single crystal 

structures. Typical reflection electron diffraction patterns and 

x-ray 2-0 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 Pb,  Sn Te, 
' 1-x x ' 

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

decrease in concentration with decreasing bias voltages (from positive 

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, BaF2 and CaFj 

and five different targets are investigated.  In 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, BaF2 and CaF2.  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. AH 

films were deposited at a substrate temperature of 340oG and 1.05^m/hr 

using Target #10.  First, we note that all films deposited on the CaF2 

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 CaF2 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 monötonic decrease in carrier concentration alluded to 

earlier as the bias becomes increasingly negative.  For example, on 

GaF2, a carrier concentration (holes) of about 3 x ID18 cm-3 is observed 

at -M7V, a value which changes to about 1.5 x IQ17 cm"3 (electrons) at 

-30V. 

Figure 3-29 shows similar trends for films deposited frrn Target 

#12. As may be recalled Targets #10 and #12 were prepared to have 

identical compositions, the only difference being the preparation techni- 

ques 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 film 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 is 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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in Section 2. (see also Table 1). increasingly improved preparation 

technics were utilized for Targets #10 through #12.  First, we ai.ed 

to nroduce a more homogeneous and stoichiometrlc 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 purification of 

reacted Pb,  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 targets. 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-stoichiometrlc 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- 

tion 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 309 and 3-40 are even more 

revealing in this respect.  Figure 3-39 presents the dependence of carrier 

concentration on bias voltage for films deputed from the stoichiometrlc 

Targets #12 (with x = 0.23) and #2 (x = 0.20. stoichiometrlc).  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. stoichiometrlc) 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 reduction 

occurs at the critical bias voltage.  For example, at the critical voltage 

the films have the lowest carrier concentrations namely in the 8 x 101 cm" 

to 1 x 1017 (cm-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 concentration 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)0 product discussed In Section 

3.2.2.3 (see Figures 3-16, 3-18 and 3-20).  The similarity between the 

i 
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stolchtometrlc 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 after 

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 is 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- 

cs 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 ctiode fabrication. To summarize, 

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

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

of the (RT)0product 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 

same in all layers, makes it possible to use only one critical annealing 

condition to improve all layers and insures that no concentration gradient 

„ill induce interdiffusion of components across the p-n junctions - thus 

degrading or destroying the junction characteristics. 

3-86 

_ _ _ _    _ ^ _ _ _. _ __ _ _ _ ___ _____ _   • 



. -  .:.; :. 
"'"" :"'" ■—-«••-,---■ ■.'■■'■'I ~-r"    ^*—~      ;  —-      - ''■ ■ * 

3.2.4  TRANSPORT PROPERTIES 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)C, i.e. at 

the p-n transitions observed in films deposited at zero bias and in 

films deposited at the critical bias voltage VQ were associated with 

conditions approaching stoichiometry.  Furthermore the reduction in 

carrier concentration at the larger negative biases 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 300oK to 40K 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 Transport Properties. Figures 3-45 through 
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a) Both the low temperature (880K) and high temperature (300oK) 

data show the nearly linear relation between mobility and 

carrier concentration that is typically observed in bulk 

and evaporated Pb^_xSnxTe, 

b) Films with the same range of x-values (0.09 S xi 0.20) fit 

on the same linear trend curve, independent of the target used 

or the substrate on which they are deposited. 

c) The mobility increase,with decrease in carrier concentration 

is considerably higher at 880K than at room temperature - a 

trend that is typical for bulk Pbi^St^Te also (Reference 15 ). 

d) 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 BaF2 

substrates, at both temperaturesf 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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Figure 3-46 Electrical Properties of As-Deposited n-type Pb^St^Te 
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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 experr- 

mental techniques as the program progressed.  We have already seen, 

in Section 3.2.3.1. the reductions of carrier concentrations in films 

sputtered from the latest targets which were purposely prepared with 

^proved 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 CaF2 than. BaF2.  This could, of course, be simply due, in turn, to 

the fact that mobilities are better in films deposited on BaF2 to begin 

with.  Empirically, it has been observed that electrical properties 

of PbSnTefilms deposited on BaF2 are typically better than those of films 

deposited on CaF2.  This has been attributed in some cases to the better 

thermal expansion match of PbSnTe and BaF2. 

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 (x = .25), #7 (x = 0.20) and #8 (x = .25) (see 

Tables 5, &, and 7 respectively for data).  In Figure 3-47, data rs 

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 both CaF2(lll) and BaF2(Ul) 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 film. 

Although the basic trends are much the same for all targets discussed 

so far, there are consistent 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 difference 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 880K, while in all other cases, 

the 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 770K.  Estimates of the mobility 

difference between 880K and 770K 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, it 

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 concentration 

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 Iffacted by target stoichiometry deviations, substrate bias 

and improved target preparation techniques. 

Figure 3-51 shows, for example, some 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, Vt  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.  In 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 V0 for the specific compositions.  A significant increase in the 

raobilities is apparently caused by the bias for all carrier concentrations. 

This result would certainly indicate that substrate bias could only be 

^improving" 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 V0 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 tarn, are higher for films deposited from 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 stoichtometry, 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)0) and bias voltage (e.g. the p-n transi- 

tion at the critical bias voltage (V0)). is associated with stoichiometric 

adjustment.  Additional information in this regard may be obtained from 

results on Hall mobilities and Hall coefficients measured as a function 

of temperature as presented in the next section. 

3.2.4.3 Tpmperature Dependencies of Hall Mobility and Hall Coefficient 

in Smittered Phi-ySnirTe 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 reflect 

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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In order to show, more clearly, the generality of the effects 

related to the observed p-n transitions at zero bias as well as to 

the p-n transitions at the critical bias voltages on the temperature 

dependence of Hall mobility and Hall coefficient, we present the 

additional results shown in Figures 3-5« through 3-63. 

Figure 3-38 shows the dependencies of the Hall mohility on lOOü/T K 

for three as-deposited ^Sn.Te films from Target ^8 with zero bias 

m three films were deposited at different deposition conditions (RT) 

which varied from condition near to conditions reasonably removed from 

the p-n transition conditions (RT)0 (see Figure 3-5).  For the film ^ 

deposited relatively close to the p-n transition condition (I.e., 350 G 

I 05Mm/hr), we find that the Hall mobility follows most closely the 

phonon scattering controlled relation  [MH ~ d/T)^ T to the lowest 

temperature of measurement, i.e., to 7VO. in this case.  However, for 

the two films deposited at conditions deviating from the p-n transition, 

ehe results show that the Hall mobility begins to deviate from the 

(1/1)5/2 dependence at considerably higher temperatures.  Furthermore, 

rbe Latter two films also exhibit lower mobilities at all temperatures 

and particularly at 77^. The film deposited under conditions deviating 

in the p- direction reflects the lowest mobilities as expected for hole 

mobilities. 
Figure 3-59 shows the Hall coefficient as a function of 1/1 for 

witb 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 an 

increase in % with decreasing temperature for the-two n-type films 

.file the p-type film shows a decrease in R, with decreasing temperature. 

This behavior is consistent with earlier observations in thin Pb^Sr^Te 

films as well as w 
1th observations in single crystal bulk Pb^St^Te. 
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The results shown in Figures 3-58 and 3-59 lend further support 

to the hypothesis that the (RT)0 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 g^Sn 19Te 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., -I-5V) and the other two were 

on either side of the critical bias voltage (i.e., at -I-10V and -10V) . 

As typical, the high positive bias yielded 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 fX~T"5/2 behavior over almost the entire 

temperature range from 300oK to 770K.  By contrast, the temperature 

dependences of the other two films exhibited strong deviations from 

the T"5/2 dependences at temperatures below 100oK.  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 transx- 

tlons (RT)  or (V0) are related to Imperfections In stolchlometry.  The 

fact that the films deposited at conditions close to the critical values 

result in mobilities which follow closely the phonon-scatterlng controlled 

relation, M(l/T)5/2 supports this belief. 

A qualitative analysis of the various possible scattering mechanisms 

operating in the films shown in the last few figures, reveals some inter- 

esting and consistent results in this respect. Without detailed elaboration, 

we start with the realistic assumption that, in the relatively high 

temperature range of 770K to 300OK considered here, the most important 

contribution to the mobility and resulting scattering mechanisms are: 

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

temperature dependence for Pb-^Sn^e 

2. Neutral Impurity scattering which has a temperature independent 

mobility component and a Tl/2  temperature dependent component. 

3. Surface scattering which has a T-l/2 temperature dependent 

mobility. 

From these contributors the effective Hall mobility, MR' can be 

expressed as: 

*H 

T5/2 
+ 

A/2 

^N 

+ 

MNC 

where 

- = mobility contribution from lattice scattering 

- = mobility contribution from either surface scattering 

or temperature dependent neutral scattering 

7.      o = mobility contribution from neutral scattering (temper- 

ature independent) 
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This   can also be written as: 

: 
H No 

)T ■1/2  = 

PL 

T2 + 

^N 

Plotting (-1- - -T—  ) T-1/2 v.s. T2 with      as the only 
MH   MN

0 H
N 

adjustable parameter^ linear relation should result (if assumptions 

are valid) from which qualitative values of  /i L and ^ N 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 T2121 (n-type - deposited near V0 at +5V bias) and T2118 

(p-type deposited removed from V0 at +10V bias).   A preliminary analysis 

has shown that, above 770K, both surface scattering and neutral scattering 

affect the mobility  of the film T2I18 deposited at a position ,AV relative 

to V while, in the case of the film T2I2I deposited near V0,the only 
o 

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 Pb^Sn^e 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 itself reveal the nature or sources of 

all scattering mechanisms which control the transport properties in these 
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mm8       A    better Indleation of   the scattering „echanlsms which affect 

the  „ahaport  propertfea  can  he  ohtafne.   fro„ HaU _„ent»  over a 

te^peratore range »hlch «tends hefo» 77»K.    As has hoc. dfscnasa 

Section 2.0,  daring  the course  of  this  prograt oar  electro-opticai 

cLare^nt   faciiit, „as  »odified  to  per.it  hoth Haii  and  pHotoco—ity 

„casarcents   to he n,ade  to  halo» 4°K.     HaU „easare.anta  per  ornad 

few  typical  as-dapositad   fil.s  atiliaing this   facility  are  shown   in 

Kignres  3-62 and  3-63.     Figara 3-62 shows hoth the HaU „ohility an 

„aU  coefficient   for  a  Ph.79Sn.21Ta  fil. dapositad  fro. Target #8 at 

the conditions spacifiad.     Heferenca to Tahle 12 will show that this 

£U„  (SN 21)  was deposited at a bias voltage   (-10V) vary close to the 

„itica,   bias voltage.     As  can he  seen,   this  as-deposited   file  shows 
: .   , ..„  „ T-5/2  oveC  the  range  from  300OK to aboat 

HaU mobility which vanes as 1 
30OK      Below aboat  30°K,   the HaU  mobility appears  to     satarate   . 

„,11  coefficient   increases   op  to  about^»K,   remains  relatively constant 

to about   30»K,   then decreases  below  30UK. 
The behavior of  the mobility  as  a  function of  temperature at    he 

very   low temperatures,   particularly  the  saturation,   is  again related  to 

the  types  of  scattering canters  active at  these  low temperatures  wh.ch 

„a, be due to „on-stolchlomatry or foreign impurities.     In order to 

evaluate the scattering mechanism,   operating in these fll»s below 30 K 

it   is  necessary  to consider  additional  scattering modes  not  considered 

in  the  temperature  range between  300°K and  77°K discussed  ahove.     For 

cample,scattering  froa.  lonlaed   i„purity centers »ay  become  important 

at  those  low te»peratures.     Ionized   üapurlty  scattering  Is   expected 

to have a I«  temperature  dependence as  compared  to  the T for  lattice 

scattering as  well as  neutral   Imparity  scattering.     Therefore,  at  present, 

and as will be discussed acaewhat  later,  fron, the observed dependence 

„f „ohlllt, v.s.   1/T helow 30°K tt   Is aunalsed that  lonlaed scatterrng 

centers are responsible in part for  the ohserveO „ohllity saturation. 

The behavior of the HaU coefficient with temperature can be related 

to the concentration of imperfect Ions 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 770K only and from Figure 3-62 which includes results to tempera- 

ture close to 40K, 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 analysts is 

used to define the experimental approaches required for producing "ideal" 

films for highest quality sensors or sensors operating below 770K 

for increased D* values in reduced (photon) background systems.  However, 

measurements to 770Konly, 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 (3350C, 0.95Mm/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"5/2 between the range of 300oK and 770K and the slope is only 

slightly less than 5/2 between 770K and 30oK.  Below about 30OK, the 

Hall mobility appears to again "saturate". However, the saturation 

level corresponds to a slightly lower mobility value and saturation 

occur? at a slightly lower temperature than for the film in Figure 3-63. 

: 

■■;■■. 

3-119 

■.A^^^fe^a^^^^^^^.:,.:^^^^^^^^^^:,...^^^^. i^%:0ff:%^^A^ 



—— —  " !,._...  .,„  .,.  -^~~r. ' -.-,,•.-^ T— 

The Hall coefficient varies with temperature similarly to that 

shown in Figure 3-62 also.  The Hall coefficient increases between the 

temperatures of 300oK and 30oK 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 30oK 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 show In Figures 3-62 and 3-63 illustrate that reliable 

measurements from 300oK (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 105 cm2/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-depostted films, 

without further optimization, seem to have reached at 770K typical 

carrier concentrations in the high 1016 or low lO1? cm-3 range with 

corresponding mobilities in the 1 to 2 x 104 cm2/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 BUS. 

32.5,1 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 comoositions 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 (tw) at a fairly well defined photon 

energy or wavelength. As further noted, n^x shtfts 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^SnxTe 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 Pb^Sn^e. as a 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 Tap and Wang (Reference 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 300oK. 

For example, SnTe was given an index of 6.5 at .62 e.V. and PbTe an 

index 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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Figure  3-64 Index of Refraction vs Photon Energy for Sputtered 
Pbi>xSnxTe Films 
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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^gSn^Te 

films which, though having the same composition, were deposited at 

three different bias conditions.  We note again the presence of .ndex 

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 all three films have about the same compos. 

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 cause 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 V0 and, there- 

fore, all three films were n-type.  Figure 3-66 includes some results 

on films deposited at positive biases greater than V0 also, i.e., for 

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. 

Illustrates 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.8oSn>20Te 
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Figure   3-65   Index of Refraction vs.  Photon Energy  for Bias Sputtered 
Pbi_xSnxTe Films 
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film deposited at  zero bias  conditions  reproduced   from Figure 3-64. 

Fro. the   schematic we see that  zero bias   is  about  as   far  removed  from 

V0 as   is +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  Pb^SnJe  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  Pb^Te,   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. 

3252    Sorption Coef"^^  *"*  Energy Gaps.     Typical  plots 

of  room'tlnperature absorption coefficients  obtained by  the method 

discussed  in Section 2.0 as  a  function of  photon energy  for  several 

epitaxial Pb^Sn^e  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 Pb^Sn^e 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 300OK optical  energy gaps  are plotted as  a  function 

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

crystal Pb,     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  experimental 

error  of our measurements.     It was.  therefore,   considered valid  to 

utilize absorption edge data to determine the energy gaps  and.   consequently. 

3-126 

  

£skä&tiä&£&^ä$g 



MMWl|Hl|MM|MMMBB|BBB 

■ 

5-/o .30 .20 .-25" 

PHOTON    ENETRGY ceAO 

Figure 3-67 Absorption Coefficient for Sputtered Pb^Sn^e Films 

3-127 

1 

mmmm'^ll''«af'^l^fgVml^9m'mm^^le'9, 



Wm* ,"■,■" '■ II.-"»J"».---^.M.. ,..—,.,^.-..«^..- r--~ — «,— ..,..■„,.!„,.,. —^■„.-. , „■f...-,H,V ^^l.^.,^^,.,...,...», „-^r^,^, 

z 
o 

O 

0   10 

.15 

Optical Absorption Edge 
Data 

O This work 300oK 

O    Other Work 
(Ref.  .21 & 22) 

1 
.20 .25" 

ENERG-V   G-AP / E9 Cev.) 
Figure 3-68 Composition Dependence of Energy Gap of Sputtered 

Pbl-xSnxTe Fllm8 

3-128 

' irif !!lr:iii.ml..<-tJL!j-A!h. 



^T?»™^^!!^!^^ ■'■■■.     .■  ■>. .1   ■'■ ■ ■ ■       '.'■■'. 

..,:..,::.,:.;.. : ■■....,;.  ,:■...;■■ .,■,  :. :'}■ '■■:■■.■  .-   ■■ ';■.■■■.. ■.,, 

PHOTON    ENERS-y      C^vl 
Figure 3-69 Ab8orptton Coefficients for Sputtered 

„t :        o-    T«    -Ot 1ma Pbi_xSnxTe Fl108 

3-129 

MJUJUMiiMIM-'iMllll^ 

>■-, ^ j^ 

IMB^^^^H 



S]^^;^^^;^ ■,'^:'":;"-■ ?^—ly'ä- :V;;,'^; 

I« . ZU       .2.X 
Pl+OTO^ E.tiBR&y(.ev) 

Figure 3-70 Absorption Coefficients for Bias Sputtered Ehj^^Sn^e Films 

3-130 

MiuMiS ;:::., ::,;;uv,;;.;;;;,o ^M^M ,.^..,L.^....,.^ ' ■<■ ..■■.^;..J'.-.^ia.J 



■■■'.-   .. ■:■■■ ■■        ■■■■■. 
■;/-s-.^.iv. :.-•:■: ::-^;^..v^-v wmmm^^^v^^w 

.■:-., .      .      ■ ■,  ;. ..i .,■.■.',.■     ■■■ .        ■  ■-.!■ 

x-values of our thtn 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 Pb1_x.SnxTe 

films with highest electrical, structural and stoichiometric quality. 

However, we stated that the ultimate objective is to achieve film 

properties resulting in the highest 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 

Pb,  Sn Te films. As an initial attempt to do this, experiments were 

performed in which Pb^Sn Te films were sputtered in controlled 

gaseous environments.  This means of doping was selected initially based 

on some early results, presented in Reference l,whlch showed 

significantly enhanced photoconductivity in films which were exposed to 

oxygen in an uncontrolled 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, 

sputterlngs 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 = 330oC, R ~ .8 H/hr)   resulted in p-type films if deposited 

without additives in the sputtering gas.  The background pressure was 

in all cases in the low lO"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 O2 is increased 

above the background to approximately 5 x lO-6 torr. A farther increase 

in the pp O2 results in an increased p-type carrier concentration. As 

shown in Table 16, the film structures and compositions remain essentially 

the same as those of films deposited without the addition of O2, at least 

up to pp O2 close to 5 x LO-6 torr'.  Above that pressure, a) the 

structure deteriorates, b) regions with polycrystalllne 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 02 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 N,, than those shown are not as yet available 

(see dotted line.) .  It may be that switching occurs at very small 

partial pressures of N, and also that the n-type carrier concentration 

is critically reduced at some small value of pp N2.  Up to pp N,, values 

of 1 x lO'5 torr, the film  structures and compositions are consistent 

with those of the undoped films.  However, as the pressure of N,, is 

increased above 1 x lO"5 torr the structure deteriorates and the composi- 

tion changes as in the case of high partial pressures of oxygen.  On 

the other hand, contrary to 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 irV 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 N,, 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 deposited 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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mode which becomes increasingly operative in films deposited with 

increasing pp of 0. or N^ gas. 

Figure 3-75 shows the mobility and Hall coefficient as a function 

of temperature between 300OK and less than 10OK 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'5/2 dependence to temperatures lower than 77 K. 

At temperatures below about 30OK 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 N2 addition (Figure 3-62).  Both films exhibit about the 

same temperature dependence of both the Hall mobility and the Hall 

coefficient down to about 770K.  Below 770K, tl:e mobilities in the N2 

doped film begin to deviate slightly from the T"5/2 dependence. 

Although both films show a mobility saturation at temperatures below 

about 30OK, the mobility of the doped film saturates at a lower value. 

Perhaps most revealing is the fact that the Hall coefficients in 

the N doped film does not exhibit the anomolous drop at temperatures 

below 30OKwhich is very pronounced in the undoped films.  This means 

that higher Hall coefficients-corresponding to lower carrier concen- 

trations-are measured below 30OK 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 analysts are planned to 
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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 significant photoconductive response 

enhancement is quite feasible in films deposited in the presence of 

small partial pressures of Oj and N-j. 

3.4 ANNEALING CHARACTERISTICS - PROPERTIES OF ANNEALED Pb^Sn^e 

FILMS 

3.4.1  INTRODUCTION AND GENERAL APPROACH.  A considerable amount 

of information from annealing studies with sputtered Pb^SnJe performed 

under this contract has been collected during the course of this contract. 

Annealing experiments were initiated at the very beginning of this program 

and, therefore, have progressed through various stages.  Early in the 

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 Pb^Sn^e 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 awed considerably 

in the implementation of a systematic annealing program. 

With the objective of optimizing the annealing conditions for the 

purpose of achieving the best electrical properties, that is, the lowest 

carrier concentrations and the highest mobilities, various systematic 
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investigations Involving charge composition, degree of metal richness 

etc. were performed.  For example, 3%, 4%, 67o and 10% 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 Pbi_xSnx alloy only, instead of metal-rich 

charges [(Pbi_xSnx)i+yTe ] .  It was found that annealing with Pb1_xSnx 

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 «s those annealed in the metal-rich Pb^_xSnxTe 

charges. However, the annealing procedure is very much gimplified. 

As repeatedly mentioned, the annealing results with the sputtered 

Pbi  ^"x^e 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 has 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 Pbi_xSnxTe charges or traces of Pbi_xSnx 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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nature.  However, both p- and n-type as-deposited films, as we have seen, 

can now be deposited by sputtering.  For as-deposited n-type films, 

isothermal annealing experiments utilizing Te rich Pb^Sn^e charges 

as well as "charges" consisting of small traces of Te only (no Pb^Sn^e 

charge) were therefore introduced and also systematically performed. 

' The availability of the bulk annealing data made it possible to 

immediately select near optimum annealing conditions and charges for 

the annealing of any particular sputtered Pb^Sn^e film and to achieve 

desired carrier types or desired carrier concentrations equal to or 

below and carrier mobilities equal to or above the limits achieved to 

date.  Furthermore, it was possible to utilize the results of the 

annealing studies performed during the first phase of this program to 

readily initiate some annealing studies with bias sputtered films, as 

„ell 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 cases (e.g. 6% metal^ich Pb^SnJe 

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 stotchtometric 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 

generally have very nearly the same as-deposited composition, the 

comparison is meaningful.  For several films, annealings were per- 

formed at a number of temperatures to determine whether the critical 

annealing temperature (i.e.. the temperature at which the metal-rich 

solidus 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 ZERO) SUBSTRATE 

3.4.2.1 Isothermal Annealing with 3%. 4%. 6%. and 10% Metal-Rich 

Pb  Sn Te Charges.  As discussed above, one of our early annealing 

studies
Xinvolved The systematic investigation of the effects due to the 

degree of metal richness of the annealing charge.  The objective, of 

course, was the optimization of annealing conditions for achieving the 

best electrical properties.  The experiments performed initially utilized 

3% and 107. metal rich P^ ^Te charges;  however, those initial studies 

revealed some differences in results between the 3% and 10% metal-rich 

charges.  In order to evaluate these differences and provide a more 

reliable interpretation, charges with intermediate levels of metal- 

richness were also introduced.  These included 6% and 4% metal-rich 

charges. 

Typical results from some isothermal annealings in 3%, 4%, 6% and 

10% metal-rich charges, performed in the course of this program, are 

presented in Tables 17 - 19 and Figures 3-77 thru 3-83.  Tables 17 

thru 19 present the data on structure, composition, annealing conditions 

as well as the unannealed and annealed electrical properties. As noted 

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 880K carrier concentrations of 

films with three different compositions as a function of annealing 

temperature (Table 17). As noted, these films were all annealed 

utilizing the 3% metal rich charges. As also noted the electrical 

measurements on these earlier samples were made to 880K only, due to 

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 films remain p-type at the highest annealing temperatures. 

As the annealing temperature is decreased the p-type carrier concen- 

tration also decreases. At a critical annealing temperature, which 
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depends on the composition of the as-deposited film, the films switch 

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 Pb^Sn^Te 

illustrated in Figure 3-78(a).  The metal rich boundary of solidus field 

for a material having a given composition is seen to cross the stoi- 

chiometric composition at a temperature designated as T^ We note that 

if the annealing temperature is above Tx, the material will anneal on 

the Te rich side öL  the boundary and, consequently, remain p-type.  If 

the annealing temperature is below Tx, the material is annealed to the 

metal rich side of the boundary and exhibits n-type characteristics. 

To obtain the lowest carrier concentrations possible, it is desirable 

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 

T  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 Pb^Sn^e data.  The solid 

line for bulk annealing data was obtained by plotting the crossover tem- 

peratures from Reference 23 (Figure 13 and Table IV in Reference 23) 

shown as a function of the composition. Based on the phase diagram, any 

composition annealed at temperatures above the solid line should result 

in p-type films while annealing at temperatures below the solid line 

should result in n-type films.  It is apparent that the data points from 

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 770K carrier concentrations 
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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 Pb  Sn Te films is required to achieve 

the desired properties, the type of data presented in this section 

provides an excellent tool for selecting 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 3-81 and Tables 17 to 20 shows that 

utilizing 3%, 4%, and 6% metal-rich charges yields annealed sputtered 

n-type films with significantly reduced carrier concentrations (e.g. 

2 x 10  to 9 x 10  cm ).  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. T 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 
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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- 

up.  CaF , on the other hand, could be quenched very rapidly without 

exhibiting 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 101  metal-rich charges 

with those shown in Table 19 for 61  metal-rich charges.  For example, 

films of composition x = 0.19 annealed with the 6% metal-rich charge 

at temperature of 700, 600 and 570OC followed by ^0 quenching remain 

p-type while those with the same x-value, annealed under the same condi- 

tions, with the 107» 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 10% metal-rich 

anneals along with results for the 3%, 4% and 61  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 61  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 31  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 carriei concentrations expected for 

Pb  Sn Te. 

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 

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 

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 

3-158 

    ' 



 " ■       ■    ",    • ■     '•■"■•■'■ •'>■»« wwuwi.^^ 

.,     ;     '•.   :    •■•■    '      ',  •■■     ■ '     ' 

0 10 Z0 30 
ANNEAUNO   TIME   (HOURS) 

40 

Fleure 3-84 Some Results on Isothermal Annealing of (111) 
Pb1.xSn.Te Films in a 10% Metal Rich Charge - 
Carrie'.'concentration vs. Annealing Time 

3-159 

■■■ .-..,..-     :........--,....  ,.,..^.^. 
,   .  ,„ „ — 



ap^W»^^.^.^^^^ ■•^^-^r-r.^^— 

'0 10 20 30 
ANNEALING-   TIME   (HOURS) 

40 

Figure 3-.85, Some Results on Isothermal Annealing of Pbi_xSnxTe 
Films In a 10% Metal Rich Charge - Mobility vs. 
Annealing Time 

3-160 

:..:..^..:. ..■....--^ .^.. —, ^   '■ ■ .^^.^^^^^^.^^ 



-^'^^m:j-S: ■■ ■ ' ' ■ :T 
:".1" ■ ■ ■ .■■.■■ ■■ ■ 

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 Pbn  Sn Te charges lust discussed.  For 
1-x x 

example. Figure 3-86 shows the temperature dependence of mobility and 

Hall coefficient for an as-deposited p-type (Pb o-Sn i-:Te) 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~t.ype.  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 R^ or reduction in carrier concentration (since 

Kg  » -(ne)  ) occurs.  The temperature dependence of mobility for the 

3% metal-rich annealed films still shows some deviation from the 

5/? (1/T)   relation at low temperature, i.e., some kind of low temperature 

scattering still persists after this particular annealing process. 

However, we have already seen that improvements in mobility in annealed 

films was possible by changing the concentration o: the excess metal in 

the annealing charge (e.g. using 107» 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 37o metal-rich charges in terms of the temperature dependence of 

M. and Ru 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 annealing 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 film (x = 0.20) annealed at 450OC and 500OC which as expected (see 

Figure 3-77) has n-type characteristics and an increase in % 

(or reduction in carrier concentration) as the temperature is increased 

to 500OC.  Figure 3-88 shows a relatively high temperature annealing 

result for x = 0.21 films.  For both temperatures (580OC and 600OC) 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 6% metal-rich charges are presented in Figures 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 OOO^, 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 880K mobility changed from a 

value of about 1000 cm2/V-sec to 12,000 cm2/V-sec and the carrier con- 
18  -3 -16 

centrat ion from a very high value of 8 x 10  cm  to the low 10 

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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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 530oC for 

both films.  If we refer again to Figure 3-80 it is seen that this is 

more than 20oC 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 a^t this tempera- 

ture.  The results in Figure 3-94 are in reasonable agreement with this. 

By contrast. Figure 3-95 shows the properties and their temperature 

dependence for two Pb.sgSn.nTe films annealed at nominally Identical 

final annealing temperatures of 580oC.  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 RH 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 0.2oC 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. 

Another 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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A simplified annealing technique, which has been used successfully 

for bulk Pbi vSn Te (Reference 26), has been investigated as to its 

utility to sputtered Pbi ^Sn Te films.  This technique involves the use 

of small traces of the metal alloy, Pb1_xSnx only.as the annealing charge, 

without imposing any critical x-value matching requirement between 

Pb,  Sn and the as-deposited film sample. 
1-x x 

In fact, it was found that the only requirement is that the com- 

position of the sample and charge combined (x£...  + x ,    ) lie between r .ox 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 

relation: 

atoms of charge > p (sample) - p (at the solidus line) 

where p is the carrier concentration, V the volume of the sample, and c 

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, |.t 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: 

fA£V] fj^x atoms of PbSn charge s 
I c j 

atoms of Te charge ^  —^— -,— 

in which ApV/c is given by the initial inequality relation and x is 

the compoiition of the appropriate liquidus at the annealing temperature. 

The Pbi_xSnx alloy charges were prepared to have a Pb:Sn ratio as close 

to that of the Pb-  Sn Te sample as possible. However, it is not nee- 
.L —X  X 

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, 
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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. 700OC-,'600OC-*Tc
O (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 80Sn 20Te) film, before and after annealing in a Pb^Sn^ 

charge.  As noted in Figure 3-99 and Table 23, this film was annealed 

to a temperature of 510OC which can be seen from Figure 3-78(b) to be 

considerably below the 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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concentration behavior to be comparable with the treads resulting from 

annealing with 3% and 4% metal-rich Pb^Sn^e charges. 

From the initial results presented, it can be concluded that the 

simplified annealing technique yields results which are consistent with 

those achieved with the standard annealing technique. As we shall show 

in a later section, utiliZing this simplified technique with Te annealing 

charg. yields results which are also consistent with standard annealing 

techniques using T.-rich Pb^^n^e charges.  However, further experimen- 

tation is required 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- 

plicity certainly warrant further evaluation, if annealing is to be 

used at all. 
3 4.2.4 Isothermal Annealing with Tellnriurn-Rich Charges.  In 

addition to annealing in metal-rich and stoichiometric Pb^Sn^e charges, 

annealings have also been performed in Te-rich (Pb^Sn^Te charges. 

Although we know from bulk Pb^Sn^e that annealing in a Te-rich   ^ 

charge produces p-type film with very high carrier concentrations (10 

cm"3 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 

may have carrier concentrations ranging from less than 1 x 10  cm  to 

the high 1017 or low 1018 cm"3 range.  Te-rich annealing 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 

optimized temperature between 200OC and 300OC can change as-deposited 

n-type films into p-type film without much degradation in the film 

properties.  It has been found also possible to re-anneal these p-type 
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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 10  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 200OC the as-deposited n-type films become less n-type 

resulting in a lowering of the carrier concentration.  At an apparent 

"crossover" 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 ^e  lattice.  Figure 3-101 indicates that 

the temperature range (he^e 275 to 2850C) 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 Pb^SnJe composition 

consists only of small quantities of the metal alloy Pb^Sn^  In this 

section, the effects of using pure Te annealing charges instead of Te- 

rich Pb  Sn Te charges, presented in the preceding section, will be discussed, 
1-x x 
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While the annealings performed In Te-rtch Pb^SnJe charges were 

to convert n-type films with high carrier concentration to p-type films 

for further annealing with the standard metal-rich Pb^SnJe 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, h-type films (I.e., without a second annealing 

step).  The results 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 utQized a Te-rich 

Pb  Sn Te charge along with the results of annealings with Te only.  As 
1 "X  X 

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 200OC, as evidenced by a lowering in the carrier concentration. 

At a critical temperature between 270OC and 280OC, 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.  Figure 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/T)5 2 dependence down to 

770K.  The annealing temperature for this film was 2750C, 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.  Here, the relation between carrier concen- 

tration and Hall 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 47o, 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 Pb  Sn Te 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 «nd 

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 Ph^Sn^Te 

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 Pb  Sn Te at a lower temperature than that 

defined by T  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 

Pb  Sn Te material is off-stoichiometry and requires annealing in order 
1-x x 

to render the material completely stoichiometrlq.  Referring again to the 
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o ,.     h.     „f   fi1m<i have a composition  oi  X -  U.iy  ann closer   to  375  C.     Both  sets  of  films  nave a i 
show the high temperature critical annealing temperature a      3 

n       .       n,^     is  as  expected  for  this composition.     The reason 
T7Mch    as already notea,   is  as  KA^CU 

2 the difference at  the  lower  temperature  is  perhaps  only the uncer- 

tainty  induced by the  limited  number  of  experiments near  the critical 
taint}   mo reauired  to define this  tempera- 
low temperature.    More  experiments  are required 

ture more accurately. „„.„»i 
The results  Just presented can he used to define, with actual 

„perimental data points,  a modified or more compiete ^e diagram for 

Ph        S„  ,qTe in general or at  least  for sputtered Pb^Te      This 

^fin «Ire 3-108.    «son with the schematic shown in Figure 

3..78(a)  demonstrates the similarity.     However,  to our knowledge, 

other hul. or thin fil» data for conditions much helow the higher 
. m    T       are available  for comparison  m the  litera wltchtne temperature,  T  ,   are avanaui. r 

! 0 e reason is. oAourse,   that for hol. Ph^S^e.   the annealing 

Lea at these low temperatures would he prohihitively long - approaching 

Lntha perhaps.    WhiU the results given in Pigure 3-108 are tentative. 
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the fact that it is  consistent Witb 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. ^ 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.  If both improvements are 

feasible, 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 stotchiometric 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 sputtered 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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Figure 3-109 Isothermal Annealing Results for Pb^oSn^Qle Films Deposited 
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concentration for films deposited with Target #9.  In one figure, the 

films used were deposited on Bal-'2 substrates, in the other figure on 

CaF  substrates. All annealing conditions represented entail initially 

a 67,.  metal-rich charge and a 12 Hr anneal at 600OC.  Beyond this, one 

condition, defined as Condition I, has an additional low temperature 

anneal of 4 hours at 520OC, while the other condition, defined as 

Condition 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 Figure 3-109, both 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 stolchlometry (i.e., largest reduction on annealing occurs In 

films with the largest deviation from stolchlometry).  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, reeulttng 

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 .unctions In a 

single annealing run which lowers both the p- and n-type carrier concen- 

'^Tt'should be noted that although Figure 3-109 shows that relatively 

low carrier concentrations (In the IQ16 crn"3 range) have been achieved 

under the specified annealing conditions, in neither case were these 

annealing te.peratures optünl.ed for the lowest carrier concentrations 

and further optüulzatlon should lead to even lower carrier coucentrat.ons. 

The data shown In Figure 3-110 for CaF? substrates reveal no new trends. 

It is interesting, however, that although the unanne.led carrier concentra- 

tions are somewhat below those of the films on BaF2. after annealing under 

Condition I. the carrier concentrations are almost Identical for the two 

substrate cases over 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   Sn 1QTe films, also sputtered from Target #9, and annealed at 

severai^ets 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 550^,  2) the as-depos.ted 

p- and n-type films are found exclusively n-type after annealing below 

550OC (i.e., at 540OC and 5250C) but with still lower carrier concen- 

trations, and 3) all films are p-type if annealed above 550 C (i.e., 

580Or,) 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 confidence 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 temperature 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 = 520oC) previously discussed, caused no 

change in the carrier type of the films bias sputtered with Target #8. 

But we see again a large reduction In both 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 (Tfinal = 475
0C) 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 cm2/v-sec at 770K 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 300oK to 

770K.  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.8lSn.i9Te 

films shown in Figures 3-115 and 3-116 were deposited with two signifi- 

cantly different bias voltages (+20V and -30V) and annealed with two 

somewhat different temperature histories (600^/540^ and 600OC/525OC) . 

Reference to Figure 3-111 shows (shaded circles) that the first set of 

conditions yields the lower carrier concentration after annealing.  Now 

3-207 

4 
,-.;■,-.,■' 

vmmmmmmmmmtip'iiu «mmmmmi'mmmmmmmtifmfa'.   , ..its«». 

       — -' ^ • — ^     — --^fekafe 



wm«:,,. nn ^   ,.L,I „.„,, ......i.  ,^,..,ry..r,..~...,...,.>.........^ ,w„v.^„v,„^mlr^,.„-^^^. 

10 

o 

p- 
J 

(!) o 

io3 

3X(b" 

Deposited at +20V Bias   (p-Type) 
Annealed at 600oC—540oC to n-Type 

10 

o 

f 
I- 
z. 
Ü1 

ui 
o 

d 

IO 

I    I    l    M   L j 13 
10 zo 30 

,00^f CK") 
Figure 3-115 Temperature Dependence of Hall ^^f^a^ "a^T. 

Coefficient for Isothemally Annealed Pb,8lSn.i9Ta 
Film (Sputtered  from Target #9 at +20V Bias) 

3-208 

i^ivi'aäte^sä&ai;^^ 



,.„...■, ■,„■....,.'". -^-1—--^—r.-^ "•-^•"^"—. 
,.-,,.., ,„_-.^-^.,.   -. .... '■ ■.,■;!. I'C ..■;,.■■.■  i ■.■!..     '■:.■ .';■.,« 

10 

7 

a? o 
I 
3 

)0 

/^K 

"RH 

Deposited at -30V Bias 
Annealed at 600oC/525oC n-type 

I   I  >  > ' i 
2.0 

Z 
ÜJ 

Ui 
8 

± 

J lo 

J L 

Figure 3-116Temperature Dependence of Hall Mobility and Hall 
Coefficient for Isothermally Annealed Pb#81Sn,i9Te 
Film (Sputtered from Target #9 at -30V Bias) 

60 

3-209 

    . _  _   -.■-■:       -:■- -  -- 



^^Wy^T,,,.^^^^ ->»Sjpps^i;S».;isfBgs^ 

,,..    .   .....   ,    .   .,,,,.    , ....     ..,,,,.,...,.,      ,        ^   .......    . .:.,.,....  ».v.:    ,    ..     -   .   .   ....'      ' 

10 

to 
> 
> 
5 

> 

J 

CQ 
O 

Z 

/o" 

-/^i^f 

RH 

Deposited at +6V Bias   (p-Type) 
Annealed at 4750C to n-type 

H 
IL 
(iJ 
O 
0 

d c 

10 

I  ' I '. j I 
JTO 

VrC^K-') 
Figure 3-117Temperature Dependence of Hall Mobility and Hall 

Coefficient for Isothermally Annealed Pb#78Sn.22
Te 

Film (Sputtered from Target #10 at +6V Bl«i) 

3-210 

______ __    A.-^.^.^...^.»»^^^; 



T^^rW^W^r^rm^ry, 

■ ;•:;-■.■•■,' ^rJ   ■     - 

,1„.„^,„„..-,„ _.._....„., 

,  no Temperature Dependence of Hall Mobility and Hall 
Figure3-118 J^™^  foJ Annealed Pb.84Sn.l6Te Film - Liquid 

He Measurement Facility 

3-211 

wm.- 

I I 

ioo0K 3ö0K io0K 

10 1077 rK-1) 
\00 

. . .,.1       ■täMmltmlMSalSSai _ _ ' '   .    .^ui.,^^-^-^^'*** 



w 
• v; , !.,:,:t-i 

«J|».mil»li-Il<»l'   ■!■!■■       11        >-fM'^"       ,„,,.,.„.^-,.,„,>^,..„..p„.,..,..,.,.,...„....,.^..^w,.,.„,.-^-.-r-.-^, 

.  . ..   ..     .;... ■.■,■■,::-: ,;.:■■.■■ ..■■■■■:.■    ■■.■■■■:■■ ■■■■■    ' ' ■■  ' 

the mobility data indicate that in both cases, the mobilities are 

similarly high and show excellent adherence to the X"5  phonon limited 

behavior down to close to 770K.  However, in Figure 3-116, i.e. for the 

films with the higher carrier concentration, the temperature dependence 

starts to deviate from the T'5/2 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.ttke R^ temperature dependence) for a Pb^gSn^Te film sputtered 

from Target #10 at +6V bias and annealed at 600OC/475OC.  Figure 3-114 

(shaded circle) showed the corresponding carrier concentration at // 11. 

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 I'"5 2 dependence to below 100OK, 

being quite similar to those in Figure 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 Hall 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 control.  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. 
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As can be inferred from Figures 3-115 and 3-116, the major scattering 

mode in films that are well annealed is that due to lattice scattering 
-5/2 

since the mobilities show a T    dependence on temperatures from 300OK 

to close to 77 K.  However, in some cases, small deviations from this 

dependence set in near 77 K.  As discussed in connection with the as- 

deposited and doped Pb^Sn^Te 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 Hall 

coefficient from room temperature to close to liquid lie temperatures, for 

an annealed film, is shown in Figure 3-118.  We show 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  with a value of c which is slightly less than 5/2 

above 7 7 K.  However, between 770K and 30OK, c is almost exactly 5/2 

a behavior which is typical only for good bulk crystals.  Below about 

30 K, the Hall mobility appears to "saturate";  in fact c is actually 

slightly negative. 

We have noted this saturation of mobility near 30OK 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 bias sputteriing or not, 

or whether doping took place. A sample comparison can be made between 

Figure 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.  Both films,for example,show the same 

T ■"" increase in Hall mobility at temperatures between 770K and 30OK 

(and the as-deposited film has the same dependence to 300°).  Below 30OK 

the as-deposited film "saturates" also, indicating that the scattering 

modes operating in both films, below about 30OK, have similar origins. 

These, as we have previously discussed, may originate from imperfections 

(due to remaining stoichiometric deviations or impurities). 
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3 4 4    DEALING OP FILM SPUTTERED  IN OXVGE» MD NITROOE» ENVIRON- 

ME»TS.     ^e re.ult. of  Isother»al .nneallng »perlen» period on 

...  „^   ,■„  nartlal  oxveen and  nitrogen  pressures films  which were  sputtered   m partial  oxyg 
„1th  and  without   substrate  bias  are presented  inlaule  32.     Por all 

ses    « and 67. metal rich charges „ere utUlaed.    .s  seen,   the resu.ts 

are   Umlted.     However,   they  seem adelte to   Illustrate  some anneaUng 

e££ects.    We consider,   first,   the films sputtered „1th zero substrat 

„US       As noted   In Table  32.   these  films.   If  sputtered   In  low partial 

/CMII     QKMA1     are n-tvpe  prior  to annealing with nitrogen pressures   (SN12,  SHI«, are n type p 
.     .u       .j   in17 cm"3 range.    On annealing close carrier concentrations   in the mid  10      cm      range. 

t0 the critical annealing temperature for the Identified compoaitron 

(x - o 21)  a decrease In carrier concentration „1th a corresponding 

Lcreale In mobility Is measured  In these films.    The ^ms remain 

„.type.    This  is a desired and typical annealing result.       f »e.  on 

the other hand,   looh at the annealing results of films   (SK7 and «) 

which „ere sputtered with partial o.ygen pressures " ' *    " 

and 5 X IG"6 Torr and were annealed at temperatures above the crl leal 

emperature  (I.e.   380°C.>Tc for . =   .20,   the results differ cons der bly, 

Xha films remained p-ppe on anneaUng but the carrier concentration 

increased to vaUedn the high lO^V3 range from values  in the m 

1016 to mid I017 cm'3 range.    The Increase In p-type carrier concentra- 

tion may be due to:   1)   the oKygen. which caused compensation or 
.      a  fr.n,    being released on annealing,   2)  a stoichtometnc ad 

produced  traps,   being leiea 
3„stment toward the Te-rlch side.    By contrast.  anneaUng ^^ 

below the critical annealing temperatures   (e.g.   final anneal of    ampXe 

SN7   in Table 32)  causes the film to switch to n-type and lower the 

carrier concentration which la again typical anneaUng behavior for a 

Pb      sn      Tefll«.    Sample SN8 was sputtered with a rather low partial 

^"ure2»! oxygen but under  less than optimum conditions.    The high 

Ottern  is  slightly  improved on anneaUng bat  remains carrier concentration  is  &LJ.g,111-'•^       f 

higher  than usual. 
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Annealing results for films deposited in pp 0,, and N2 environments 

and with substrate bias are also presented in Table 32.  As noted, the 

results are limited to films deposited with a substrate bias of +30V 

and with relatively low partial pressures of 02 and N,,.  The starting 

films were, in all cases, P-type with carrier concentrations in the 

1018cm-3  range.  That is all films were deposited under conditions 

which yielded rather non-stoichiometric compositions.  As can be seen 

for samples,, SN16. SN19. SN15. and SN17. for the annealing temperatures 

used, the film properties realised were very typical of those achieved 

with undoped PbL xSnxTe films of the corresponding^composit ions. Jinal 

carrier concentrations ranged from the low 10 cm' to the low 10 cm  . 

Of 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 0,, and N2 used and the relatively high positive substrate 

bias applied. 

3.5  PROTON BOMBARDMENT OF SPUTTERED PbSnTe FILMS. 

The purpose of an. at lease, 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 Pb^-Snje 

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 responsivtty 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 LWIR 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).  However, proton bombardment can be used also alone to 

control material properties for many applications.  For example, it 
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has already been well demonstrated for bulk and thin film materials 

that proton bombardment can change p-type Pbi_xSnxTe 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 ton diffusion, we initiated first the experiments on the 

effect of implanted protons on the properties of sputtered Pb1_xSnxTe 

films.  Initial, limited results are presented in Table 33. As noted, 

the initial experiments were performed with relatively low proton 

energies ('-öO - 80 KeV).  For these proton energies, proton doses of 

9 x 1015 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 cm-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 Pb^Sn^e 

films, the as-deposited properties can be 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 Pb^Si^Te thin films.  However, before 

the ion-beam sputtering system could he  used as a major technique, 

a modification In the ion-gun assembly had to be implemented.  Primarily 
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thLs entailed an increase in the ion-current and. therefore, the 

deposition rates of PbSnTe films.  Without this modification, un- 

economically long times were required to deposit sufficiently thick 

ftlras for most of the proposed applications such as for photovoltaic 

devices.  Perhaps more importantly though, the range of the possible 

composition control, such as reflected in the phase diagrams for 

supported discharge sputtering (e.g., see Figure 3-1) would be 

undesirably limited.  Furthermore, the modification was aimed at 

allowing the study of kinetic energy effects, independent of the .on 

beam density (or deposition rate) effects.  However, it became apparent 

soon after the start of this phase of the contract that some delay 

would be experienced in the Implementation of these modifications. 

Severe difficulties were experienced with the newly procured ion-gun 

assembly - resulting from inferior construction 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.  In the experiments 

carried'out it was possible to cover a reasonable set of depositions 

with ion beam energies ranging from less than 2 kV to 10 kV. with 

substrate temperatures from RT to near 400OC and with film growth rates 

from 0.01 to 0.5^/hr.  As was seen later, the growth rates are 

deceptive in many cases due to post deposition reevaporat.on. 

Thus far it was not yet possible to determine the entire range 

of conditions for which single crystal films can be formed - on 

substrates of CaF and BaF   One fact has. however, been confirmed; 

excellent single crystals are produced at far lower substrate temperatures 

than by the other sputtering techniques.  At temperatures as low as 

250OC very good (mono-) crystallinity was observed both by electron 
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aperture  I» this fashion, three experiments can be run during any 

one pu„p do» - each expert.ent using a different set of deposition 

conditions. Considering the fact that at least an overnight pumpdown 

U required to establish the desired background pressure of 1 * 10 

t„rr or iess; this arrangement represents a considerable time savings. 

Unfortunately, «e have now found that. In the ease of Pb^SnJe, „e 

„ay not be able to take advantage of this feature. During the time 

one set of films Is being deposited, any of the films previously 

geposlted are subject to re-evaporatlon. In part this Is due to t e 

fact that the substrate heater Is common. I.e. all sampte, are at 

same temperature before, daring and after deposition. A new substrate 

heater arrangement could eUmlnate this problem.  Yet, even rn single 

sets of fltas, s considerable a.ount of evaporation takes place after 

the completion of a deposition. I.e. during the tlee required to coo! 

the substrate bolder system to a reasonable temperature near ambient 

so that venting of the syste. can be safely perfonned. Malntarnrng a 

background pressure of high purity argon of about 2 * 10  torr can, 

to a large degree, reduce this re-evaporatlon. 

The re-evaporatlon Is certainly an undesirable phenomenon.  It 

„duces the effective deposition rate to In some cases unusable 

ievels (e.g. <.02 Mm/hr in cases where multiple substrate sets were 

used and to lower than desired levels In all cases). More Importantly, 

u is feared that It Is associated with a preferential re-evaporatlon 

of the higher vapor pressure film components, In particular tellurium. 

This seems to be reflected in some rather high n-type carrier concen- 

tration» in films in which re-evaporatlon was not controlled. The 

difference between the carrier concentrations of films sequentl.lly 

deposited under identical coodltlons ma, be as high as two orders of 

magnitude depending on effective deposition rates. 

..„other problem which has not been confirmed but may be real 

is that high energy argon, lonlaed or neutral, may be Implanted rn 

the film daring deposition.  It must, of course, be expected that a 
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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 film». 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 noise 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 productbility 

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 enhancement lead us in 

this direction.  The doping of Pb^SnJe films during sputtering, by 

the addition of a partial pressure of oxygen and nitrogen in the 

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 Pb^SnJe 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 

Pb  Sn Te.  For this reason as well as others, one of the objectives 
1 ~X  X 

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 Pb^Sn^e 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 

3-226 

iiiKt^iä&fat^^.a^^i*,^.*...:. ^.wi,^^^:-^^^^ 



llii!M^ii!^^ '■'■•■■ ■ '■ ""-''^M 

V 

g 

appllcatton - based on tha enhance« achieve, thaa  far.     There ore, 

the photooonductlve evaiuatlon  U reUvaot to devt« potentla    a so 

„„.ever, be,ond tM6.  resoUa „iU  aUo be tac«ed o„ =—. 

p-„ ju„ction and SchottkybarrUr photo-voUalc re.ponse characte  . t cs 

L  a   function of  preparation parameters.     The  latter are  selected  data 

fro« the General Dynamics 1MB activities referred to above. 

3  7  2     ELECTRO-OFTICAL EEOEEETIES  OE EimS DEPOSITED WTTH EEEO 

SUBST^E BIAS.    Baaed on the manner In which this program proceeded, 

resnlts are given In sequence for  films prepared without substrate 
TKI. «eotlon reports  the electro-optical bios and with substrate bias.    This section repo 

Behavior observed  in films deposited without substrate bias.     Res 1 a 

on measurements on films deposited with substrate bias are presented 

in a  later  section. 
3 7 2 ! Pboto, nductlv. f r-" ^-^ Lifetime Measurcents. 

Eigures'3-121 and 3-122 show the absolute spectral responsivities and 

Jectlvities, at 90°K, for several typical Eb^Te sputtered Urn 

„ith opposition fr^ x = .14 to X - .20. The photooonduotive dot tor 

perfo^anoe data for these films are also presented In Ta le 34  1 

as-deposlted photoconductlve response value of, for examp e 2. v/watt 

at gO^.wltb noise properties that lead to a D* value of 2.4 x 10 

cm H^/« (300OK, 2. baoRground), is in the range of or better than 

values for annealed fll.s or bulR single crystal reported hy other 
, ,      ,, A inl-lf extrapolated to 77 R. These 

investigators (References 17 & 30)-if extrap      ,    „       .„  vi!lues 
^   „K„,,t-  9 fn S 4 v/vjatt and D* values 

sources quote responsivities from about .2 to 5.4 

in the range of 1.2 to 2.7 x 108 at 77°R  Extrapolation of ou data 

ca„ be based on later measurements to 77°R with the new Jams dewar 

referred to above. These „.easure-ents showed that operation at 

should produce an Increase in responslvity by at least a factor of 

2 2 over values measured at 90 K. 
  A8 „e have already stated, «.easurable photo-response oould only 

be found in single crystal films with exoellent structures. 

Correspondingly, It „as found that the measured noise „as a very 
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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 polycrystalltne 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) 

prepared at a later date.  They show significantly better noise values 

than even the best films shown in Figure 3-123.  It is noteworthy that 

vtery 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 Pb  Sn Te, annealed or unannealed (Reference 30).  Obviously they 
1-x x 

approach the Johnson noise at the lower current levels as reflected by 
-9 

values of less than 1 x 10   nv/J"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 mobilities 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 Pb]^.^11^8 fi-1"18-  In these 

figures, examples of unannealed films are #435 and #442 in Figure 3-126 

and #T 32 and #T248 in Figure 3-125. 

We note, first, in Figure 3-125 that the annealed films (T2440, 

T 30, T 39), 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 ^13 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 Pb^^Te, that larger energy 

gaps result in higher responstvities under identical operating conditions. 

Figure 3-126 shows similar normalized spectral responses for three 

typical Pb  Sn Te 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 response.  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 IQ16 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, 
16-3        ..„15 -3 

films with carrier concentrations in the low 10  cm  and high iU cm 

range must be very carefully handled (i.e. kept in a oxygen and moisture- 

free environment before and during measurements). Subsequent measurements 

of photoconductive responses in carefully handled films have shown 

values consistent with low carrier concentrations. 

We note in Figures 3-125 and 3-126 that higher x-valües 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  Sn Te films with different compositions.  Other results on 
1-x x 

the measurements of energy gaps from photoconductive response data are 

presented in the next section. 
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Figure 3-125 Normalised Spectral Response for As-Deposited and 
Annealed Pbx-xSn^Te Films 
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To further evaluate the sputtered Pb^S^Te 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 Pb^SivTe 

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 Pb^SnJe material. 

That is, the responses 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 

Pb  Sn Te 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 pillses 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 Pb  Sn Te films were measured.  A typical result is shown 

in Figure 3-129(b) for a Pb^Sn^Te film (1^30 - 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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Furthermore, a laser diode array to increase the radiant power output 

will replace the single diode used for these measurements. 

The results of the lifetime 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 Pb^Sn^Te 

material. 

3.7.2.2  Energy 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).  Results 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 770K 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 300 K data (see Figure 3-68) 

and the 770K bulk data shown in Figure 3-130, verifies that results 

shown for 1230K, 100OK, 90OK and 770K 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 a critical bias 

voltage V  - the carrier concentration approaches a minimum and the 0 '  o 
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 Pk^Sn^e 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. 77«* spectral responsivities and detectivities for several 

as-deposited Pbi-^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 Pb^Sn^e films 

represented in Figures 3-131 and 3-132 show again higher photoconductive 

responses and detectivities for undoped films than has been previously 

reported by us or by other investigators for films of these particular 

compositions.  That these responses are intrinsic 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 a condition close to (and on the n-tyPe side 

of) the critical bias condition V0 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 coraposition 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 been sputtered without the benefit 

of substrate bias and has actually the lowest peak response of all films. 

The x = 0.22 film which weald 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 negative 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 V bias 

condition.  The other interesting fact in Figure 3-132 is that the 

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 nvaluate 

all film characteristics contributing to the useful quality indicators 

of infrared sensors.  One other observation of interest (and of importance 
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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 

annej. : 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  Sn Te films - while not approaching photo-voltaic values - show 

definite improvements over other photoconductive PbSnTe materials. 

Properly controlled bias conditions yield responsivittes and 

detectivities in as-deposited films which are as high as those achieved 

with annealed films.  Considerable improvements in the optimized bias 

control can be expected - which should 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, «re also comparable with those of good single crystal 
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Pb  Sn Te. As is apparent from the latter figure, sputtered Pb.  SirTe 
1"X  X 

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 Pb^Sn^Te 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 

Pb  Sn Te 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 

Pb  Sn Te 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>82
Sn

>i8
Te fllm 

(T124) shown in Figures 3-131 and 3-132, a detectivity of about D* = 

2,2 x 109 cm-HzVw can be calculated from the measured responsivity in 

Figure 3-131 and noise measured above 5KH« (see Figure 136) - a fairly 

respectable value for photoconductive PbSnTe with a 300OK, 2* 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 /im. 

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 Pb^SnJe 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-values.  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 Pb^SnJe.  However, since the 

spectral photoresponses appear to be consistent with the measured film 

x-values, and since it was not possible 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 

stcied.    This (singular) result is shown in Figure 3-138.  The 

corresponding data are listed in Table 38. As can be seen, a response 

of > 103 v/w is measured in this Pb „Sn^Te 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 photoconductlve responses, In particular, 

and significant beneficial Impurity enhancement, in general, are feasible 

in sputtered Pb  Sn
x
Te fllms- 

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-^58 and 8-T258) the noise remains 

relatively constant from near 1 KHz to 105 Hz and shows 1/f behavior 

below this frequency while in another case (6-2-^58) the noise shows 

a 1/fa dependence up to about 2 x 104 Hertz.  By contrast, 

the photo-response remains constant to frequencies far below 1 KHz. 

This 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 exceptional 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 ^m 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 and35) it was suspected that a secondary 

phase and/or trap formation generates the short wavelevigth 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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and balk trap formation; whereas, the response associated „1th 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 

Pbi  Sn Te in the sputtering background environment may provide some form 

of clpensatlon or trapping, resulting In enhancement In photoconductlve 

response. Since one objective of this program was to investigate various 

menas by which such enhanced photo-response in Pb^Sn.Te 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 Ph.^Te 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 02 and N2 in the sputtering gas (see 

Figures 3-71 and 3-76). The corresponding effects on the electro-optical 

properties are presented in Figures 3-147 through -149 and in Table 39. 

Figure 3-147 shows the spectral responsivlty in some representative 

films.  The overriding observation is the relatively high photoconductlve 

responses compared to the response of all typical films shown earlier 

which were sputtered without the presence of 02 and N2.  This response 

enhancement is obviously a systematic function of the partial pressure 

of eith 02 or N2. However, not to be overlooked should be that there 

appears to be a shift in the photoconductlve 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 N2 and the carrier 

concentration. On close Inspection of Figure 3-147. it becomes then 

immediately obvious that the responsivlty is directly relatable to the 

carrier concentration resulting from the additives. Oxygen is apparently 

more effective in small quantities than nitrogen, with a pp02 of about 
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Figure 3-147 Absolute Spectral Photoconductlve Responstvlty of As-Deposited 
pbi-xSnxTe Films  - Effect of O2 and N2 Addition During 
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5 x lO"6 torr yielding a higher response than a ppNg of 1 x 10" torr - 

this in an x = 0.15 film which should normally have a higher response 

than the x = 0.19 film having the 02 additive in the background. As 

can be seen from Figure 3-71. a pp02 of 5 x 10-6 torr appears to be a 

near optimum value relative to reduction (or compensation) of carriers 

and a ppN, of 1 x 10"4 yields about the same carrier concentration. 

Directly comparable in Figure 3-147 are films with composition 

x = 0.20 for 02 effects and x = 0.21 for N2 effects.  From the former 

we note that even films "doped" with the low value of pp02 = 1 x lO"6 

yield a higher responsivity than "undoped" films.  Doubling the ppOj 

increases the responsivity by r^arly a factor of three and a slight 

blue shift is observed in the cut-off wavelength. A corresponding 

increase in ppN2 from 5 x lO"
6 to 1 x lO"5 torr causes the peak 

responsivity to almost double and a considerably larger shift in cut-off 

wavelength occurs than with 02. 

While no directly comparable data are shown in Figure 3-147, the 

cut-off wavelength of the highest responsivity film (R^20V/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 

02 doped film and films sputtered without 02 under the samfe cohditlona. 

Specifically x = 0.19 with 02 and * = 0.20 without 02.which should yield 

a somewhat larger energy gap in the 9«, doped films.  In N2 doped, film, 

the change is even greater for high ppN2 values. At 1 x lO"4 torr an 

x-value of x = 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 a 

high response is desired at a particular wavelength the depositing condi- 

tions and target compositions is 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 N2 and 02 
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3.7.6 LOW TEMPERATURE PHOTOCONDUCTIVE RESPONSE AND DETECTIVITY OF 

SPUTTERED Pb^SnJe.  The electro-optical properties presented la 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 Pb^Sn^e sputtered films are shown in 

Figures 3-150 through 3-153.  The first example, a Pb.84Sn.16Te film, 

is certainly not one of our better samples. However. Figure 3-150 

and 3-151 demonstrate that even relatively low quality sputtered 

Pb,  Sn Te 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 IW  is consistent 

with the film composition, the shift is larger than expected as the 

operating temperature is decreased to 30OK. But. the enhancement of 

photoconductive response is also greater than one might expect for this 

temperature decrease.  As the results show a detectivity with a D* in 

the high 109 cm HzVw Is measured at 30oK. 

Corresponding response and detectivity measurements in one of 

our better films show corresponding improvements.  Data for one such 

film are illustrated in  Figures 3-152 and 3-153. As noted a detectivity. 

D*. slightly above 1 x 10^ cm H^/w is measured in this case at the 

lower temperature. 

As implied, the number of samples measured over the larger 

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 analysts 

of the results. 

.■.,.■■■.■ ■. ■, 

3-271 



Miinwawui ■ """^1^"^^     "    "" ■""' „^^^^ -^ 

•2. 
10 - 

IbfO 

(.0 

• I 

.01 

X 

r 
o a 
V) 
li) 
or 

oq 

oo 
i^O^V       ^ 

/ 

^—3o K 

^-ll"^ 

I    M-i Xii J ! La„iJ±i 1 J i 

W A V E-. L E H G T H      (ya v>i J 

Figure 3-150 Spectral Photoconductlve Responsivity of Sputtered 
Pb 8^Sn#i6

Te Filro vs Operating Temperature - Liquid 
He Measui-ement Facility 

3-272 

  



pi^p^miP;.« ;"u»*   -T.-^-V - 7^-v-s--...,. 'v ■■; ^''r-,?^-P^y:?i^f^&v*Wi,f^? fcwr^rY"   *■   <«. 

■■.,..,..,,■■.■ ■■■   . ■ ■.,,....■:-,.■.■;■;.■.■,. 

o 

0) 

0 
0 
0 

0 
vj 

0 

0 

r 

„    ■          .■-■:        ■ '''■■"■■^'■" 

10 
0 ■,  

f = 1 KHz 
(2 IT ,   300oK Background) 

to 

10 
? 

11 

lo 

so & 
0.0 

/ 
0 

30 l\ 

0 

tf k 

/a 

& 

I 77 0K 

£X 

/ 

.1 U-Ü 1 A IL_,X..1_1-Ujl .L„™l^L.J..iJ-Li 
10 

ui^v;e:»-^NG-TH (yayn) 
Figure 3-151 Spectral Photoconductlve Detectivity of Sputtered 

pb.84Sn.16Te Film Vs Operating Temperature - Liquid 
He'Measurement Facility 

3-273 



1 't^rfrp?''- - r ' 

-I 

10 

L 

> 

> 

z: 
o 
o. 
in 
ill 

.Of! 

^-16 0K   — 

<e--)l0K 

- 

i 
1 i 

(   i \ i i »i J L t, i„.LLLL 
I 10 

W AV £ LE H GrT H (X mJ 

L. J .Ll'LU I 

Figure 3-152 Spectral Photoconductive Responslvlty of Sputtered 
Pb#80Snt20^

e Film vs. Operating Temperature 

3-274 

 -.. .- ■■-- . . .. _._  ^ ^. — «. - ^ 



■ ■;■■■' ■ )   

10 
II 

f = 1 KHz 
(2 ir ,  300oK Background) 

10 
to 

ID 

o 
Q 
o 

O 

r 

ID6 - 

10 

14 0K 

^-71CK 
: 

i   t'ii !      t -1 lull. 2 I_J._J > > ti. 

FlKure 3-153 Spectral Photoconductive Detectivity of Sputtered 
Figures ISJ^P ^^ ^^ Film vs_ 0perattng Temperature 

3-275 

jisiip$pPi ^^■.-,:;..^>';-V.,^...:.^;,ö:V^-V;W..-;- L-^J.^.^^...,.^..:^ 3..   ■.■■.^.vtV^teiaiAA.^V^^Ji^^u^....:.;^iA, .....      ■  .•. .,:■.. .   ...    ^..^^;.:,-.,..  j- y.^ry^ ^^.^.W^^W „J 







«MMsMHSHra 
mnfm^^^ 

■ ■/in»!». 

^MöiSieSSMKeiBSB»^^ 

^p!lS^^^^^^^;^^^a^^5 

CO 
HI 
D 
O 

O 
IU 
cc 
LU 
I- 
H 
D 
a. w 
w 
< 
CD 

CC 
o 
u. 
CO z 
o 
< 
cc 

o 
u. 
z 
8 

ai 
cc 
D 
Ü 

00 

£0 

3-278 



■......:„:..■....,, 

Mnmn "■"■l"1"   '     ' ■'" ' "■"   " ■-'•"- .■■-.■. ■■.■■■P..-^.. •'.-• -■■ '   ..~~-r~r~~,~— 

•int^mmmmmmmmaxm 

■ 

■■■: 

■ 

Figures 3-155 and 3-156 give a few examples of typical, relative 

spectral photovoltaic responslvltles 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 responslvltles, in particular 

cut-off wavelength, etc. are consistent with that which is expected 

for Pb  Sn Te films of the composition noted and the measurement 
1_—X  X 

temperature of 90OK. 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 Pb  Sn Te.  Careful analyses were performed to Insure that, in all 
1-x x 

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 responslvltles in our most recent samples 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-barrler 

type were briefly explored at an earlier date. As in the case of the 

p-n junction devices, the work with Schottky-barrlers was limited to a 

feasibility 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-barrler 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 Pb  Snje film to form the active area, the remainder 

extended onto the substrate for lead attachment. The ohmic contact 

for p-type Pb  Sn Te was platinum. Again the Pt contacts were 
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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 90oK 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^Sr^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 

responsivltles 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 90^ 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 responstvities, as achieved during the course of this 

work, improved in orders of magnitude, ranging from initial low values 

of lO-1 v/watt to more recent (but not final) values exceeding 10 v/watt 

at 770K. Considering the relatively simple, unoptimtzed configuration 

utilized to date, considerable improvements can confidently be expected, 

as passivation, antireflection and optimized thicknesses are introduced. 

3-283 

'■■ ■■..„,■. ■ 
 -L.~..^- ^ .-.....-.■.■.■.-. - ■■  -      ■ .■^..■^^^^^^^^^t^.^^äi 



-- —^  — .   .  — -    .   . .   — ■  ■ M«—«»■   IP 11   • I     „  

1.0 

Lo —- 

H.o 

5-o 

(JJ 

o.r 

o.f 

03 

b6-i 
§t,.V 

E».7 — 

Set — 

0- 

/ 

a 
/ 

/ 
^ 

a 

O/-^- 
/ 

Q  Back Illumination 

(Calculated on the basis of active area 
equal to interface area between Pb 
electrode and PbSnTe Films) 

r<\    Front Illumination 

Relative values only - Active area unknown 

,1 

I        I        I      t     [ i 

Figure 3-157    Photovoltaic Responsivity in As-Deposited Sputtered 
PbSnTe Films 

3-284 

^^^i^^:,^....,...,.,...^^^^..   ...■-■■..-.^.    , ,  -,     ■ i,    ■fdjü ̂ jH^^Lj^ _^-. .      .. ji...^,..^,^^.i;^^£^MJaSi^iit^^äii^^ 



■■;■.;. -/">■ v--;   - ■■' ;■ .■' '■ 

,^^^«/**^«»vw^iim>»i^K^^''^'^^^nx 

if I 

WM*m>< 
a|«i»«»ioi*^MW»«»«^ f-#«j-^ 

1.0 

0.7 

t H 

sä 
Z o M 
0- 
UJ 

> 

Pb.S7Sn.13Te 

I,b<82Sn.18Te 

0.1 

Front  Illumination 

1,0 
^ fö. 

Figure 3-158 Photovoltaic Response in Transparent Schottky Barrier 
Figure 3     ^^ on As.Deposited Sputtered Single Crystal 

Thin Films of Pbj^Sn^e 

3-285 

■ 

■ 

"1 



r.mvtm^,mfw«WJ*w':"vm!r~™~™^-™n*i™-*-'r-- — - 

Section 4 

REFERENCES 

1. KrlkorUn, E., Crisp, M. J., "Pbi^.^t^Te Variable Band Gap Alloy 

Systen Study", Interim Reports No. 1, 2 and 3, AFML - Contract 

No. F33615-72-C-1042. 

2. Corsi, C, Alfieri, I., and Petrocco, G., APL 24, 10, May 1974, 

p. 484. 

3. Holloway, H., and Logethetis, F. M., JAP 42, 11, October 1974, 

p. 4522. 

4. Tao, T. F., Kasai, F. I, and Butler, J. F., J. Vac. Sei. Tech. 

6, 917, (1969). 

5. Farinre, T. 0. and Zemel, J. H., J. Vac. Sei Tech. 7, 121 (1970). 

6. Hohnke, D. K., Kaiser, S. W., JAP 45, 2, February 1974, p. 892. 

7. Jacobus, G. F., Pohlman, J. L. W., Proc. of IRIS Specialty Group 

on IR Detectors, March 1973, p. 357. 

8. Longo, J. T., Fertner, E. R., Joseph, A. S., APL 19, 6, Sept. 1971, 

p. 202. 

9. Baldini, G., and Rigaldi, L., Opt. Soc. Am., 60, 495 (1970). 

10. Van der Pauw, L. J., Philips Research Reports 13, pi (1958). 

11. Butler, J. F., Harman, T. C, J. Electrochem. Soc. U6, 260 (1969). 

12. Melngailis, I., and Harman, T. C, "Single Crystal Lead-Tin 

Chalcogenides" in Semiconductors and Semimetals. Vol. 5, ed. 

R. K. Willardson and A. C. Beer, Academic Press, New York, 1970. 

13. Nill, K. et al.. Applied Physics Letters 16, 1970, p. 375. 

14. Krikorian, E., Sneed, R. J., JAP 37, 3665 (1966); AFAL-TR-66-89; 

AFAL-TR-69-300. 

15. Calawa, A. R., et al.. Trans. Metal Soc, ADffi, 242, p. 375 (1968). 

16. Zemel, J. M., Jensen, J. D., and Schoolar, R. B., Phys. Rev. 140, 

p. 330 (1965). 

4-1 



17. Tao, T. F., Wang, C C, AFI4L-TR-71-238, p. 115. 

18. Hall, J. F., J. Opt. Soc. 46, p. 193 (1956). 

19. Walton, A. K., Moss, T. S., Proc. of Physical Soc. 81, pt. 3, No. 521, 

p. 509, March 1963. 

20. Schoolar, R. B., Dixon, J. R., J. Opt. Soc. of Am. 58, p. 119, 

Jan. 1968. 

21. Bylander, E. G., Material Set. Engr. 1 190 (1966). 

22. Nlkolic, P. M., Brit. J. Appl. Phys. 16, 1075 (1965). 

23. Melngailis. I. , Harman . T. C, Chapt. 4 in "Semiconductors and 

Semtmetals". Vol. 5 Edited by R. K. Willtardson and A. Beer, Academic 

Press (1970). 

24. Bubrick,  R. F. and AUgaier, R. S., J. Chen. Phys. 32, 1826, (1960). 

25. Calawa, A. R., Harman , T. C, Finn, M   ,nd Youtz, P. Trans. 

AIME 242, 374 (1968). 

26. Dtonne, G. and Woolley, J. C, J. Electro Chem. Soc. Solid State 

Science p. 748, June 1972. 

27. CPC 3355, Technical Proposal for Pb^Sn^e Variable Bandgap 

Alloy System Study - Contract F-33615-72-C-1042. 

28. Tao, T. F., Wang, C C, Sunier, S. W. APL 20, p 235 (1972). 

29. Donelly, J. P., Harman. T. C. Foyt, A. F., Solid State Research 

Report, Lincoln Lab, 1971. 

30. Logethetis, E. M., and Holloway, H., J. Appl. Physics 43, No. 1, 

Jan. 1972. 

31. Melngailis, I. J. Ie. Phys. 29, p. 4 (1968). 

32. Melngailis, I., Harman, T. C, Appl. Phys Lett. 13, 18 (1968). 

33. Riedle, H. R. and Schoolar, R. B., PbSnTe Epitaxial Films, Final 

Report, March 1971, AD 722786 - prepared for U.S. Army Electronics 

Command, Night Vision Laboratory, Ft. Belvoir, Va. 

4-2 

»^'--—-^ ^^i^^..^^^^..M^m-.^.....^;w^-...^ -^....^^^--...■^. ^■.■.■.L-.l.;.-V ■^■.■.. ̂ ^^,^^^^^    ^ 



: 

6- 
s 

» 

34. Schoolar, R. B., Appl. Phys. Lett. 16, 446 (1970). 

35. Bykova, T. T., Soviet Phys. Solid State 8, 759 (1969) 

4-3 

.■■[ 

....  . .■„^^^^^^^^ti.^^^-- -"■■■     ^■^.^.     ........,: ...^ ...:. 

■' .•• -_ ■ '« 



I I 

APPENDIX 

This Appendix contains a comprehensive, tabulated data 

base for the results discussed and plotted in Section 3.0. 
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n^TPAT   FNVRGY GAP Or Fb,     Sn Te ^ILL^ DEIEBiUNED ^OM 
Table 15      OPTICAL ENU.RVJI 

{^ u-  ''"i-x   u 
"    ^ &BSÖRFJ.TON EDGE 

Experiment 
No. 

401 

402 

408 

411 

412 

415 

418 

421 

423 

424 

425 

428 

429 

430 

431 

432 

433 

435 

436 

437 

T22 

V 
439 

X-Ray Data 

Lattice 
Parameter m 

1.608 .21 

1.609 .18 

1.606 .275 

1.6073 .23 

1.6060 .275 

1.6103 .13 

1.609 .18 

1.6067 .23 

1.6073 .23 

1.6090 .17 

1.6106 .15 

1.6111 .09 

1.6111 .09 

1.6108 .12 

1,6108 .12 

4.6083 .20 

• 611 .14 

1.6083 .20 

1.6088 .19 

1.6088 .19 

1.6077 .22 

1.6073 .23 

116095 .16 

nptlcal Data 
Absorption Edge 

300oK 
(evvjL. (X) 

.189 6.6 

.191 6.5 

.25 5.0 

.22 5.6 

.189 6.6 

.197 6.3 

.229 5.4 

.234 5.3 

.265 4.7 

.265 4.7 

.246 5.20 

.25 5 

.225 5.5 

.234 5.30 

.212 5.85 

.215 5.75 

.207 6 

.202 6.15 

.202 6.15 

.215 5.75 
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