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ABSTRACT

This report contains two approaches tu the problem of infrared-to-visible
conversion for thermal imaging--IR-induced luminescence in a phosphor (ZnS)
and a semiconductor heterostructure. Upconversion in ZnS doped with Cu and
C1 (or A1) takes place by luminescent decay of electrons trapped at the Cl
sites after excitation from Cu sites by UV radiation. Doped epitaxial films
of ZnS were grown by chemical vapor deposition (CVD) on undoped ZnS substrates.
The first measurements of spectral dependence and temperature dependence of
the upconversion emission are presented and discussed. The internal quantum
efficiency is low, of the order of 10™*. However, the UV-induced IR absorp-
tion is very high (of the order of 800 cm™'). Measurements of transient
effects indicate that such nigh absorption is connected with a non-visible
luminescent process. This implies that more investigation of this effect
could lead to an increase of the interral quantum efficiency. The proposed
heterostructure approach is very similar to a heterojunction photocathode,
with electrons being excited in a small-gap material and decaying in a large-
gap material. Preliminary studies were done on CVD growth of high-quality
epilayers of n-type I"Asl-xpx on p-type InAs substrates with and without
qrading of the junction. Measurements of the photoresponse indicate that
photogenerated electrons are transported more effectively in the graded
material. The capability of grading and the ease of doping show that CVD is

a powerful tool to realize complicated layer structures.
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UPCONVERSION OF INFRARED TO VISIBLE
FINAL REPORT

1.0 INTRODUCTION

Since there is an atmospheric window for IR transmission at 10p and
because room temperature thermal radiation peaks in this region, there are

military needs for passive imagery systems of high efficiency in this

spectral range.

Various concepts have been studied for implementing the above

requirement. These approaches can pe grouped in two categories: the
detector array, where the IR radiation is converted into an electrical signal
and then electronically processed to a visible display, and the upconverter

that converts IR photons directly into visible photors inside scme upconversion
material.

Good detectors are available, but since arrays require large numbers
of sensors of uniform response, serious processing problems arise. Further-
more, the implementation of arrays requires, in principle, complicated systems.
Systems employing upconverters are conceptually much simpler, since the con-
version takes place in the material without need of external circuitry. How-
ever, fundamenta! questions on material properties and device principles have

still to be answered before a judgment can be made on the ultimate qualities

that can be expected from upconverters.

In this report two approaches to the upconversion problem are

explored. One is the phosphor upconverter, which utilizes the IR-stimulated

luminescence of ZnS. The other is a heterojunction system where electrons




excited by the IR radiation in a small-gap semiconductor are transported into
a large-gap material, where they decay emitting visible Tight. Although the
two approaches have the utilizatior of chemical vapor deposition (CVD)
facilities for crystal film growth in common, they involve totally different
concepts. Therefore, this report is divided into two separate parts each
with the structure of a separate report. Sec. 2 contains the discussion of

the phosphor (ZnS) upconverter, and Sec. 3 the discussion of the hetero-

structure approach.
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2.0 PHOSPHOR UPCONVERTER REPORT
2.1 INTRODUCTION

I+ is well known that if a doped phosphor is stimulated with ultra-
violet light, visible luminescence associated with impurities and native
defect states is observed. In addition, if the sample is illuminated with IR
after ultraviolet excitation the visible radiation is enhanced. This phenomenon,
called upconversion, has tie potential of being used for thermal imaging in tne
10u region of the spectrun.!”® To date, because of the lack of control on
material preparation, it his been difficult to perform systematic studies
aimed at understanding the relationship between the stimulation and luminescence

mechanism,

Briefly describing the processes involved allows us to oltain some
insight into the problem. Consider the specific case of ZnS doped with the
activator Cu and a cc-activator such as Al in equal concentrations. Figure 1
helps in understanding the general concepts. The figure represents the eneryy
diagram in real space and illustrates, schematically, the potential wells for
the donor-acceptor states. Since Al has one excess electron and Cu is one
electron deficient with respect to Zn, the acceptor states will be populated
by the excess electrons from the donor dopants. When the phosphor is i1lumi-
nated with UV radiation, the electrons in the valence hand and on the Cu sites
will be excited to unoccupied donor levels. The donor -acceptor states with
small separation distance r (see Fig. 1) will recombine at low temperatures,
primarily by a tunneling mechanism with a probability proportional to the
overlap of the wave functions in the respective wells. This leads to

Tuminescence (the so-called green Cu luminescence") in the absence of IR

3




stimulation. The donor-acceptor states with large r have a smaller
tunneling probability and hence have a longer 1ifteime for recombination. If :
now the sample is exposed to IR radiation containing energies corresponding

to the depth of the potential well of the donor states, trapped electrons

can recombine with acceptor states via the conduction band. This can be
accomplished by recapture in an acceptor-donor combination with small r or
direct recombination from the conduction band. The v15163e recombinq&ion
emission, often called IR-stimulatea luminescence, constitutes :%e upconverted

light emission.

The achievement is remarkable:™ 10u infrared photons are converted

into visihle (green) photons by a process that takes plile internally in a
crystal requiring only outside UV excitation. Hovever, three difficulties

prevent such a simple concept from immediate application.

1. The upconversion process can be observed only at low tempera-
ture. This restriction is typical of 10u detection systems of
high sensitivity. Low temperature is necessary in order to
reduce thermal noise generation.

2. In spite of the simplicity of the process, the system implementa-
tion is not ideal. The phosphor must be periodically excited
with UV light. After the UV is turned off the ordinary
luminescence contributes to noise superimposed on the upconver-
sion emission. Such a drawback must be looked upon in the
context of other available thermal imagery systems to realize

that such complications are small in comparison. Furthermore,

I NN S———
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high efficiency would make such difficulties tolerable.

3. Efficiencies, defined as the ratios of the number of emitted
visible photons to the Jumber of incident IR photons, are Tow.
Efficiencies better than 10-? have not been reported.3 However,
no effort has been made to optimize the efficiency, and some of
the physical processes that determine the efficiency have not

been clarified.

It is clear that any judgment on the ultimate quality of a phosphor
usconverter depends on the nderstanding of the physical processes that limit

the efficiency.

The donor-acceptor model discussed above gives some insight into

the critical parameters contributing to the efficiency.

1. One should not expect to increase the IR-to-visible conversion
by continuously increasing the concentration of dopants. This
follows since the metastable states, which are stimulated by
IR, require donor-acceptor states of large r. Increasing the
concentration should syentually lead to a decrease in the up-
converted emission. Hence, there exists a concentration for
which the efficiency is maximized.

2. A major degradation of the efficiency appears to be caused by
the low IR absorption by the luminescence radiation centers.®
Here progress can be made by a better understanding of the
impurities energy level scheme. The energy levels of Cu in

7nS have been extensively studied," but very 1ittle is known of

5
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the energy level scheme of the co-activators.® It is crucial

to have a better understanding of the decay mechanisms that
compete with visible photon emission once an IR photon is
absorbed. Also, the role of native defects, abundant in II-VI

compounds, needs clarification.

Previous to this, all the studies of ZnS luminescence have been
done on doped powders or on bulk sinqgle crystals which were grown from powders.
However. recently we were able to grow epitaxial films of ZnS on GaAs sub-
strates by chemical vapor deposition (CVD). The films had either zincblende
or wurtzite crystal st ucture depending on growth condition., Since CVD films
are grown at lowe~ temperatures than bulk-grown crystals, they have lower
impurity concentration and fewer defects. Cince defects and impurities play
a key role in upconversion, it is very beneficial to perform experiments on

CVD-grown films.

This work has two phases. First, grow thick films of ZnS doped
with Cu as the activator and Al or C1 as a co-activator, Al substituting for
In or C1 substit:-ing for S in the crystal. Second, perform studies of tne
upconversion effect in order to evaluate the efficiency and analyze the

physical processes that determine this efficiency.

In 1ight of the extremely short time availavle (six months), it was
impossible to follow the above proqram exhaustively. The time available would
have been insufficient to cover even one of the two phases in full. Therefore,

a thorough review of phosphor upconverters was not attempted. However, the

two phases descrite.) above were completed. The potential or CVD-grown ZnS
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for upconverter applications was explored, and some contributions to the
understanding of the upconversion effect were made. It is hoped that this

work will serve as a guideline for future work on this problem.

2 EXPERIMENTAL APPROACH

The work involves the growth of doped ZnS films by chemical vapor
depusition (CVD) and the study of the upconversion effect in such films. Two
experimental facilities were used for this activity. One is a CVD reactor,
the other an optical facility to perform combined photoluminescence and IR
transmissivity measurements on samples at variable low temperatures. In the
next two sections the crystal growth techniques and the optical evaluation

system are described.

2.2.1 Crvstal Growth

A unique chemical vapor deposition (CVD) system was utilized to
produce high quality ZnS epitaxial films. A photograph of the
system is shown in Fig. 2, and a schematic of the reactor is shown in Fig. 3.
There are six zones where the temperature profile may be adjusted to obtain

optimum growth conditions.

As a result of studies on the growth of high-quality ZnS films,
the following optimum conditions for the gases were determined. The flow
rate for HZS is about 3 cc/min, for the carrier gas (Hz) which mixes with
HZS about 900 cc/min, and for Zn about 300 cc/min., It was found that the
transport rate of zinc is important towards obtaining single crystalline

films. The optimum transport rate for zinc was found to be about 2x10~“

moles/min,  The phase transition of ZnS (from wurtzite to sphalerite) occurs




at about 1024°C. Therefora, in order to obtain a sphalerite-phase film, the
growth temperature has to be below 1000°C. It was found that the optimum ¥
temperature for growing such a film on GaAs is about 5C0°C.  The optimum

growth rate at that temperature is about 15u/hr. Further increase or decrease

in temperaiure results in a slower growth rate. The quality of the films far |
exceeds that of any film described in the scientific litcrature. In particu-

lar, the surface quality is far smoother than that previously reported.® The

principal reason for this success is an ability to determine the optimum zone 1
for deposition. The deposition length £ is related to the gas flow velocity

and the diffusion constant by

. - 9 ‘av
AB

6 D

where Vav is the average flow velocity, Y the diameter of the reactor,
and DAB the diffusion constant of molecules Zn and HZS' This length is
vital for obtaining good single crystalline fiim because deviation from this

distance results in a non-stoichiometric film.

The operational mode for dnping crystals, so that they have the
desired optical properties, consists of strict feedback between crystal growth
and optical evaluation. Films were evaluated immediately after being grown,
this evaluat:on was done mostly by photoluminescence measurements at 1iquid
He temperature. In order to determine that a given luminescence peak was due
to certain dopants, the luminescence spectra of samples with increased and
decreased concentrations of that dopant were compared. This procedure was

easily applied to CVD-grown materials, since the CVD growth process is fast.

8
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By growing thin films for quick evaiuation purposes, one full feedback loop

of growth and optical evaluation required only a day.

2.2.2 Optical Measurements

rigure 4 is a photograph of the facility for optical measurements,
and Fig. 5 a block diagran of the system. In the upper right portion of the
block diagram is seen the photoluminescence portion of the facility. Radia-
tion from a UV source chopped at a frequency wyy T 550 Hz is focused on
the sample. The radiation emitted from the sample is analyzed by a system
consisting of a 1-meter Czerny-Turne. spectrometer, an EMI 9558Q photomulti-

plier, a lock-in detector controlled by w and a dual pen recorder, The

uv?
system has been calibrated for absolute power against the emission of a
standard lamp. After a luminescence spectrum is digitized on a graphic
digitizer, a computer program corrects for the spectral response of the

system and plots the corrected spectrum. The UV source is a 100 watt high-
pressure Hg lamp. Most of the experiments were performed using the 3650A Tine

of the Hg spectrum which was found to be the most efficiert for the excitation

of the ZnS luminescence.

The remaining porticn of the block diagram shows a two-beam system
for measurements of optical transmissivity in the infrared. Monochromatic
light form the 0.3m monochromator is divided by a beam splitter into a
reference beam chopped at frequency wg = 200 Hz, and a sample beam chopped
at a freauency wg = 150 Hz. Both beams are optically equivalent, except that
one beam pac.es through the sample. The detector is a PbSnTe photodiode made in
this laboratory. The electronic signals of the two beams are separated by two lock-
in amplifiers. The reference signal controls the gain of the system with an

9
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automatic gain control (AGC) unit. This compensates for the spectral changes

of signal intensity. The transmissivity spectrum is automatically plotted.

e e e T e

] Changing the position of mirror M allows for reflectivity measurements. The

IR light source is normally a Hernst glower, but a 10.6u C02 laser inay be sub-

! stituted when high power is required.

The sample is held in a Heli-Tran dewar manufactured by Air Products
and Chemicals. This dewar consists of a variable temperature cold finger
with a cold radiation shield. Being of the cold-finger type, there is some
uncertainty as to sampie temperature because of temperature gradients between
the sample and the sample holder where the temperature is measured. But even
errors of 2 or 3°K are unimportant fur this purpose. The advantage of the
cold-finger dewar is that a simple design of the tail is allowed. It does
not require the double windows of immersion dewars. The tail used has a

hexagonal shape with quartz windows fcr the UV and KBr windows for the IR.

Having a transmissivity and a photolumirescence system that can
operate simultaneously on the same sample allows the performance of a
variety of experiments. In addition to photoluminescencc and transmissivity,
the following experiments, when both the IR and UV radiation are simul-

taneously applied to the sample, can be performed:

1. UV-Induced IR Absorption: This can be measured by comparing

the transmissivity spectra with the UV 1ight on to the one with

the UV 1ight off. However, this can also be observed direc: v

if the reference signal for the sample lock-in amplifier,
normally taken from the chopper at Wg s is instead taken from

the UV chopper at wyy When used this way the detected

10
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sample signal has an amplitude proportional tn the change of
transmissivity induced by the UV radiation. However, care
must be exercised. It tne UV-induced IR absorption has a time
constant comparable to the switching time of the UV chopper,
the signal amplitude becomes dependent on the chopping fre-
quency wy-

IR-Induced Luminescence (Upconversion): This is measured by

connecting a second lock-in amplifier in parallel with the
photoluminescence lock-in amplifier at Wy - This second
lock-in amplifier (not shown in Fig. 5) takes its reference
signal from the IR chopper at We's and detects only luminescent
emission triggered by the IR rediation at frequency Wg s

while the ordirary luminescence is fiitered out as noise. At
the same time, the lock-in amplifier at Wy records the
ordinary luminescence. It is also possible to remove the UV
chopper and observe only the upconversion signal. In this

node the intensity of the upconversion signal is doubled since

the UV excitation is on full time instead of half time.

In practice, any two of the four types of measurements described in
this section photoluminescence, IR transmission, UV-induced IR
absorption and upconversion can be made simultaneously. This flexibility was
convenient for the type of measurements reported in Section 3.2, for example,
comparison of p.otoluminescence and upconversion spectra, IR power dependence
of upconversion, temperature dependence of IR absorption and upconversion, etc.

Such experiments require the measurement of two effects at the same time.

1




2.3 RESULTS AND DISCUSSION, MATERIAL TECHNOLOGY

2.3.1 Undoped Films

Before this project, thin epitaxial films of ZnS on GaAs substrates
had been grown. In Fig. 6 an X-ray diffractometer measurcment on a nS film
grown on the (100) plane of a GaAs substrate is shown. The film has zinc-
blende structure and is of good quality. However, since there is a 4.5%
lattice mismatch between GaAs and ZnS, a iregular array of parallel cracks with
spacing of the order of 200y appear on the film. Such cracks are of no con-
cern for upconversion, since the distance between cracks is orders of magni-

tude larger than the mean free path of the photoexcited electrons.

Before doping was considered, it was necessary to improve the
growth techniques to achieve thick films. Figure 7a shows th2 side view of
an unpolished film of cubic ZnS on the (001) plane of GaAs. The film thick-
ness is about 80u. Since the film was grown at a fast rate (typically
15u/hr), the finished surface was rough. Having developed a technique of
polishing (Fig. 7b), it was found more efficient to operate at a fast rate of
growth resulting in a rough surface, rather than a slow growth rate which

leads to a higher degree of surface smoothness.

It was found that strong doping effects take place between the ZnS
film and the GaAs substrate. Zn from ZnS diffuses into GaAs. This was
suggested by measurements of the IR transmissivity of the film and substrate
between 0.8 and 17u. The transmissivity spectrum shows a broad absorption
increasing toward the long wavelength with the typical shape of free carrier
absorption. The ZnS films have a high resistivity after growth. Since the

GaAs substrate has a high resistivity and is IR-transparent before the film

12
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is grown, it was concluded that Zn diffuses into GaAs. This was confirmed

by the appearance of the characteristic luminescence peak of In-doped GaAs

at 8340A when luminescence of the GaAs substrate is observed through the

transparent ZnS film at 77°K.

\ Doping of the ZnS film by Ga from the substrate has also been
observed. Photoluminescence measurements on the films at 4.2°K show a strong
peak at 46504, which is characteristic of the self-activated luminescence of
InS.* This same peak was observed in polycrystalline films of ZnS grown on
quartz when a GaAs crystal was placed near the quartz substrate in the CVD

reactor. Auger spectroscopy measurements also confirmed the existence of Ga

in the ZnS “ilm.

In principle, the diffusion of small amounts of Ga into the ZnS
film would be beneficial since Ga is one of the impurities that could be used
as a co-activator in upconversion. However, such large amounts of Ga diffuse
into the 7ilm that the 4650A luminescence totally dominates the luminescence

spectrum of Cu-doped films.

Consequently, it was decided to grow films for upconvers on on bulk.

grovin, undoped ZnS substrates. The substrates were supplied by Eagle-Picher.
The X-ray measurements indicate that the substrate: are 6H-II polytypes of

the wurtzite structure.

The ZnS films were grown on ZnS substrates under similar conditions
to the ones grown on GaAs. X-ray measurements by Laue diffraction and by the
precession method indicate that the crystal structure of the film is

indistinguishable from that of the substrate.
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Lack of discontinuity between film and substrate makes it diffi-
cult to measure the thickness of the films after grown. However, since the

films of interest were Cu-doped, measurements were made by a staining tech-

nique.

2.3.2 Al-Doped Films

Al-doped ZnS films were grown on ZnS substrates. Al was transported
by HC1 gas. Presence of aluminum in the film has been confirmed by observing

the blue self-activated luminescence.

It was somewhat difficult to distinguish between the blue luminescence
of C1 and that of Al because of the scatter between the peak position reported
by different experimenters.® Therefore, comparisons of neasurements on Al-
doped films with measurements on films grown under similar rates of HCl1 gas,
but without transporting any Al were made. It was determined that the self-
activated C1 luminescence peaks at 4650A and that of Al at 4770A, at room
temperature. By this simple procecure, verification of efficient Al trans-
port was made. It is suspected that some chlorine inclusion is still present

in the films, even when the chlorine luminescence no lohger appears.

In Fig. 8 the photoluminescence spectrum at 4.2°K of an Al-doped
InS film growh on a ZnS substrate is shown. The peak shifts very little
with temperature. The shift is toward higher energy when the temperature is
decreased, as is common in semiconductor spectra. This result does not agree

with the direction of the shift reported by others.®
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2.3.3 Cu-Doped Films

Since copper metal is a lTow-vapor-pressure material, transporting
it requires a volatile cumpound. Copper chloride was chosen. Helijum is used
as a carrier gas. Since the carrier gas for Zn is hydrogen, the helium flow
rate has to be about 10 cc/min in order to prevent the CuCl from reducing
inside the nozzle. Typical growth rates are ~ 10u/hr. Approximately 40
atomic parts per million of Cu, as verified by chemical analysis, was trans-

-]
ported. Photoluminescence measuremcnts show a very strong peak at 5230A

T ————

2.37 eV) at liquid He temperature. This green ‘uminescence requires both an
activator, Cu, and a co-activator. By exclusion of all other dopants. the

co-activator must be C1 from the CuCl gas.

2.3.4 Doping for Upcoaversion

At this point, two co-activators were available to use with the
activator Cu for upconversion--Cu or Al. The reason Al was preferred was
that the only reported upconversion effects in single crystals were on Cu-

Al-doped samples 325

Using the experience gained in transporting Cu and Al individually,
it was then possible to transport both dopants, simultaneously, in the same
dopant tube by carrying them with HCl and He gases. Tne photoluminescence
spectra show some green Cu luminescence, but there is a dominant blue

Tuminescence. This dominant blue luminescence is attributed to excess Gl ;

which is present, because HC1 was used to transport both the Cu and Al. The
intensity of the blue luminescence was reduced by lowering the flow rate of
HC1, but only at the expense of a drastic reduction of the Al content. It

was concluded that with the present technique it is not possible to transport
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Cu and Al without a significant amount of Cl1. A better method may be to

transport Al in a separate doping tube.

On the other hand, transporting C1 as a co-activator is quite easy.
C1 is transpoited with the CuCl and by adding some HC1 gas, the amount of Cl
available for deposition on the film is increased, insuring that it equals or
exceeds the amount of Cu. Although no upconversion has been reported from
Cu-Cl-doped single crystais, there is no reason why C1 substituting S should
not play the same donor roie as Al substituting Zn. As discussed in the next

cection, this judgment is correct.

Figure 9 shows some photographs of a sample doped with Cu ani C1.
The surface is extremely smooth--to the point that the sample scatters
1ittle light. This sample was used for transmissivity measurements without
need ot polishing. For this reason this sample was used for most of the up-
conversion measurements. The thickness of the film is 10u. The Cu concen-
tration was measured by mass spectroscopy on a film on a quartz blank that
was near the sample in the CVD reactor. It was found to be 33 atomic parts
per million. In Fig. 10 the photoluminescence spectrum of this film is shown
at 4.2°K. The large peak, at 5230A (2.37 eV) corresponds to the green
luminescence. The smaller peak in the blue at 4520A (2.74 eV) corresponds
to the self-activated luminescence of Cl as determined by previous tests. This
peak is an indication that the concentration of C1 exceeds that of Cu. When
the amount of HC1 is increased, the intensity of the blue luminescence also

increases.

The luminescence of the Cu-doped samples is quite intense, so much
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so that the interior of the dewar appears illuminated by green light. The
green luminescence follows a decay law of the type t=1-%, in agreement with
previous reports.’ This decay law, with a long persistent tail, can also be
directly appreciated because the sample shows residual luminescence visible

to the eye minutes after the UV excitation is turned off.

2.4 RESULTS AND DISCUSSION, UPCONVERSION STUDY

2.4.1 Upconversion Effect

The experimental arrangement has been described in Section 2.2.
The upconversion effect has been detected with the Nernst gqlower as the IR
source. However, in order to improve the S/N ratio, most measurements reported
in this section were made with a C02 laser operating in a milliwatt range.
The samples used were ZnS films doped with Cu and C1 as described in Section
2.3.4. The measurements were made at liquid He temperature, except when

measuring the temperature dependence of the upconversion effect.

The upconversion effect is strong enough to be seen with the eye.
The following procedure was used. The UV excitation was on for at least a
few seconds, in order to populate the excited energy states. After the UV
is turned off, only the long persistent portion of the luminescence is left
as a weak background. The IR laser source is then turned alternately on and
off. A sharp increase in the green luminescence is clearly seen on the

sample where the IR beam is incident.

It seems natural to see upconversion in a single crystal sample in
which C1, instead of Al, is the co-activator since Cl1 acts as a donor, very

mich like Al. This has been confirmed by the similarity between the luminescence
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spectra of Cu-Al and Cu-C1 doped crystals. However, this is the first time
the upconversion effect has been observed in Cu-C1 doped single crystals.
It is presumed that in previous experiments on bulk-grown single crystals,5
the concentration of C1 was difficult to control.

Figure 11 shows the spectrum of the IR-stimulated luminescence
(upconversion) and the normal photoluminescence of the sample of Fig. 9.
This is the first time the spectral dependence of the upconverted signal has
been measured. The similarity of the two curves is striking. This simi-
larity proves that the decay process, stimulated by the IR radiation, is of
the same nature as the ordinary luminescence; i.e., the IR photons act as
"triggers" to release additional luminescence.

Upconversion effects in the blue have not been previously reported.

The near identity of the two spectra of Fig. 11 includes the blue peak of

the self-activated luminescence at 4520A. Figure 12 shows the luminescence

and upconversion spectra of a sample more rich in C1. Here the blue
luminescence is dominant. Nevertheless, the upconversion spectrum still
reproduces the shape of the luminescence spectrum accurately.

A simple interpretation for the blue upconversion peak is that
electrons trapped at C1 sites of slow spontaneous decay are excited into
the conduction band by the IR photons. Once in the conduction band, the
electrons are thermalized by scattering and they lose memory of their
original impurity site. iinding themselves in the same condition as the
electrons excited by UV radiation in the normal luminescence process, the
upconversion electrons decay with a spectrum identical to that of the
ordinary luminescence. This interpretation is totally independent of what

the actual mechanism for blue self-activated luminescence is.
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The blue upconversion observed may also be explained as an effect
that takes place independent of the green upconversion effect. However, it
would be hard to accept that two independent processes would have yields
close enough that the upconversion and the luminescence spectra would look
identical. Furthermore, tests made on samples with only the blue self-
activated luminescence showed no upconversion effect.

After several days of exposure to the air, the samples show an
aging effect. Aging reduces both the luminescence and the upconversion
yields; the blue portion of the upconversion spectrum is the most affected.
It is suspected that contaminants are producing surface absorption of the
emitted visible photons. This problem requires more clarification.

Fundamental process, in the upconversion effect, is the IR
absorption induced by the UV excitation. Figure 13 shows the spectral
dependence of the UV-induced IR absorption on the sample of Fig. 9. The
shape of this spectrum agrees in general with the transmission spectrum
of Ref. 3. The absorption is very large. At 10.6u the UV-induced absorp-

1

tion coefficient is 820 ¢cm~'. This is commented on further in the next

sections.




2.4.2 Upconversion Efficiency

Since ambiquities often occur, a definition of terms is presented
here. The external quantum efficiency Ng is defined as the ratio of the
total number of emitted visible photons to the number of IR photons penetrating
the sample. The internal quantum efficiency g is defined as the ratio of
the total number of emitted visible photons to the number of IR photons absorbed

by the sample.

At an IR power of 23 mW, the external quantum efficiency of the
sample of Fig. 9 is ng = 4.3x107°, the internal quantum efficiency is
np = 1.2x107%, These values are at high IR power. For imaging application,

the Tow power behavior must be investigated.

Figure 14 shows the total power emitted in the visible as a func-
tion of the IR power that penetrates the sample. Departure from a straight
line indicates saturation effects, which imply a higher efficiency at low

power,

The data of Fig. 14 can be fit to a straight line in a log-log

plot, as in Ref. 3. This implies that PUC = KP?R, where P is the

uc
emitted UV power, PIR is the incident power and K and n are constants.
However, the points of Fig. 14 would then be fit by a curve with n <1,
leading to the unrealistic conclusion that PUC o 35 PIR-* 0. This
implies that the efficiency goes to infinity.

It is preferable to develop a physical model which leads to an
equation that may be extrapolated to low powers. In the simplest conceivable

model, a set of IR-absorbing traps is populated at a constant rate TUV by
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the UV radiation; two competing processes, IR absorption and luminescence,
deplete the traps at rates TIR and TL. If n 1is the occupation density
of the traps and t is time, the conservaticn of particles leads to the rate

equation

=7

Qfa
[adi=1

wo LT T (1)

A reasonable assumption is that the transition rates TL and TIR are pro-
portional to the density of available particles n, and that TIR is pro-

portional to the incident IR power PIR’

T, =K (2)
TR = CpPrR" (3)

where KL and CIR are constants. For a steady-state condition, dn/dt = 0.

From this, snlving Eqs. (1), {2), and (3)

Tyy

Two )
1+ 1/6PIR

TR=TF R /C

IRPIR

where B8 = CIR/KL is a constant. Assuming that the upconverted power, PUC
is proportional to the rate of IR absorption TIR’ the final expression

becomes

i K
Puc = TFI/BP ()
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where K is a constant. A

In Fig. 14, the solid line represents a least square fitting of the
experimental poirts using Eq. (5). The fit is good with parameters

K=4.03ul and = 0.046mi™ 1,

At low pover, the first term of a series expansion of Eq. (4) yields
PUC >~ KSPIR. From this the low power internal quantum efficiencies can be
extrapolated, giving np = 2.6x107°, A measurement of quantum efficiency with
the Nernst glower as IR source, at an IR power level of only 25mW yields a

still better value: np = 107, This implies that the model needs some

refinement to better describe the low power response.

With the electroric system operating at a bandwidth of 1 Hz, the

minimum detectable IR power density is ~ 10°7 Wem=2.

One conclusion from the above measurements is that the quantum
efficiency for the CVD samples was low, the best figure we can report for
n being 10™*. From S/N ratios it is believed that some samples, on which
quantum efficiency measurements were not made, have larger values, but even

quantum efficiencies in the 10°% range are too low. However, doping concen-

tration studies to optimize the efficiency were not done due to time limita-

tions. Since the efficiency must depend critically on doping concentrations,

such studies are necessary.

The low values of internal quantum efficiency indicate that strong

IR abcorption processes, which lead to non- diative decay, are taking place.

This is confirmed in the next section. Extensive study to determine the

nature of the competing processes is necessary.
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2.4.3 Tine and Temperature Dependence

When the UV excitation is turned off, the luminescence, the IR-
stimulated Tuminescence (upconversion), and the UV-induced IR absorption show
lonq pe-sistent decays. The decay o¢ the areen luminescence has teen studied
by Era, et al.” The lonq persistent decay, indicated by triangles in Fig.
153, follows approximately a t~" dependence, n being a constant. This
decay is typical of pair recombination.® A least square fit yielde n = 1.36.

This is of the same order as reported values.

In Fig. 15a the circles represent, on a log-log scale, the UV-
induced absorption coefficient at the CO2 laser wavelength (10.6y) as a
function of time after the UV is turned cff. The points are well fitted by a
straight line; i.e., a t™" decay with n = 0.48. This decay is extremely

slow. It requires 15 sec for o to decay to 0.1 of its initial value.

The decay of the IR absorption is much slower than that of the
luminescence. This implies that most of the IR absorption centers generated

by the UIV excitations decay spontaneously by a means other than visible

lTuminescence.

In Fig. 15b the circles represent, also on a log-log scale, the
upconverted emission intensity as a function of time after the UV is turned
off. An interesting feature is the change of slope after the first 4 seconds
of decay. The curve is well fitted by a linear combination of two t~" curves
as shown by the solid line in Fia. 15b. A least square fit yields n = 1.63,
close to the value for the luminescence (n = 1.36), for the second term
n = 0.44, close to the value for the IR absorption (n = 0.48). This can be

seen when comparing the two curves of Fig. 15a with that of Fig. 15b.
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The correlation between the slopes of the three decays, is inter-
preted as follows. Electrons that were released by the Ik, when the UV was
: on, are initially available. Such electrons decay as fast as the luminescence,
] thus dominating the first part of the upconversion decay. Once the initial
electrons are exhausted, only upconversicn from the remaining traps can occur.
This upconversion decays slowly following the decay of the IR absorption

centers. A conclusion is that the IR absorption traps, although dominated in

their decay by non-visible-luminescent transitions, are still able to supply

electrons for upconversion.

It is evident, at this point, that the energy scheme described in
Section 2.1 and illustrated in Fig. 1 is oversimplified. But the information
available is not sufficient to propose a more realistic one. Continuation of
this work, in order to clarify the energy scheme and understand the origin and
the role of the non-radiative transitions, would be very useful since it could
lead to a control of the processes that directly determine the internal

quantum efficiency.

In Fig. 16 the temperature dependence of the intensity of the up-
conversion emission is presented. It is seen that upconversion is extremely

sensitive to temperature. It has totally disappeared by 40°K,

The decrease of the upconversion effect, as the temperature
increases, is due to thermal release of trapped electrons. The only avail-
able estimated value of the impurity depth is of the order of 0.07 eV from
the conduction band.® For such a depth the overlapping at the Fermi function

with the conduction band is almost negligible at 40°K. However, the electron
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densities depend on the product of the Fermi function and the density of

states. The low density of traps compensates the low value of the Fermi
function at the conduction band. It is expected that if the number of up-
conversion traps is increased, the upconversion effect will still be appreciable
at higher temperatures. In fact, since the total density of IR absorption
centers is much larger than the effective upconversion certers, UV-induced IR

absorption was observed at temperatures as high as 270°K.
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2.5 Conclusions and Recommendations

The chemical vapor deposition (CVD) technique was used to grow thick
single crystal films of epitaxial ZnS on GaAs or ZnS substrates. By a feed-
back mode of operation between crystal growth and optical evaluation, it
was possible to develop an effective doping technique. ZnS substrates
were used for the final upconversion films, since it was demonstrated that
GaAs substrates and ZnS films dope each other with Zn and Ga. The films
were doped with Cu as activator. Cl instead of Al was chosen as co-
activator since it was easier to transport and was already present in the
CuCl used to transport Cu.

Epitaxial films were obtained which exhibited the green luminescence
at 5230 A and the blue self-activated luminescence at 4520 K. When i1lum-
inated with IR radiation, IR stimulated Tuminescence (upconversion emission)
was observed. With an intense IR source the effect was visible with the
eye,

For the first time it was possible to obtain the spectral dependence
of the upconversion emission, showing that its spectrum is nearly identical
to that of the luminescence. This proved that in the upconversion process
electrons were excited into the conduction band rather than experience
resonant tunnelling,

The UV induced IR absorption was large, with absorption coefficients

of the order of 800 cm™'. Study of transient effects indicated that a

strong non-visible-luminescent mechanism was present and supplied the

principal recombination path for the IR absorbing centers.
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Presumably, because of such competing decay mechanisms, the internal
quantum efficiency, defined as the ratio of the number of emitted visible
photons to the number of IR absorbed photons, was low. The best measured

3

value was 1074, In some samples it may have been larger, but 107 is con-

sidered as the upper limit.
From this study, the following practical conclusions are derived:

CVD can be successfully used to grow epitaxial films suitable for
upconversion. The advantage that CVD has over bulk growth is fast
production of crystals and fine control of doping. This leads to
fast iteration in the process of material optimization.

The upconversion efficiency of CVD-grown films is of the same order
as that reported for bulk-grown crystals. Optimization of doping
concentrations would presumably lead to some increase in the
present ceiling of 10'3 for the internal quantum efficiencies.
These results indicate that a large IR absorption, not leading to
visible-luminescent transitions, is competing with the upconversion
effect and is responsible for the low efficiency. It is believed
that more investigation with these techniques would shed light on
the competing mechanism. Oniy after this mechanism is clarified
will it be possible to determine rationally the maximum expectable

quantum efficiency.




3.0 HETEROJUNCTION UPCONVERTER REPORT

3.1 INTRODUCTION

In the introduction an alternative approach to upconvert IR
radiation was briefly mentioned. The motivation for searching for an
alternative approach stems from two basic major drawbacks ~f the phosphor
upconverters. 1) The absorption of IR leading to upconversion is small --
this is a fundamental limitation resulting from the fact that the mechanism
is proportional to the density of active impurities. 2) The device requires
stimulation from an external UV source.

A device which does not suffer from the above fundamental draw-
backs is a graded heterojunction structure. In this approach IR is absorbed
in a small bandgap material creating electron-hole pairs. A bias potential
across the structure transports the photo-excited electrons to a region of
the semiconductor with larger bandgap where they recombine. In principle
this simple concept avoids the pitfalls of the phosphor mentioned earlier.
However, the efficiency now is limited by the transport and recombination
processes.,

A heterojunction structure which gives extremely high efficiency
and Tow bias current is shown in Fig. 17. The structure is basicilly of a
p-n-p+ type, somewhat analogous to a PNP transistor (with the collector at
the left) operating in a "punched-through" mode, The region between the
absorbing p layer and recombining p+ layer is of a larger bandgap than
either of the p-layers and is completely depleted by the applied reverse

bias on the left junction plus the built-in voltage on the right junction.
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In fact, the bias is increased beyond the point of complete depletion to
the point where the potential "hump" in the valence band is reduced till it
just holds off the hole current. As seen in Fig. 17, if the energy gap in
this layer is graded as shown, the conduction band potential will indeed

be steadily decreasing from the absorbing region to the emitting region
under this bias. Hence, electrons photogenerated by IR absorption in this
layer will in principal be efficiently transported to the wide bandgap p+
layer for efficient radiative recombination.

Thic device can be operated in either a reflective mode where the
iR input light would be incident from the right, or in the transmissive mode
from the left, as shown in Fig. 17. In the transmissive mode, the light
would be incident through an IR-transparent substrate and the absorbing
layer would have a thickness of the order of a diffusion length for electrons.
Another optional feature is the use of a wider bandgap surface contact layer
to confine the photogenerated carriers to a thin recombination region and

avoiding possible re-absorption of the visible emitted light.

3.2 TECHNICAL APPROACH
3.2.1 Introduction

In this initial study we focused on the alloys of InAs]_xPx.
This material is not suitable for apnlication at 10u; however, some funda-
mental aspects of the device such as the efficient transport across the
heterojunction can be elucidated. Even though the choice of these alloys

was principally dictated from considerations of time and simplicity, an

efficient device at 3u would be of great interest,
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3.2.2 Crystal Growth

Since the chemical vapor deposition (CVD) crystal-growth technique
offers a versatile technique of grading InAsxP]_x, such a technique was
used to grow the epitaxial layers. The reactor system is shown in Fig. 18.
This reactor has the capability of grading the composition continuously by
varying the arsine (AsH3) and phosphine (PH3) gases during the crystal |
growth. The variation is done externally using a Data-Track programmer to
control the flow rate of the gases.

As a result of intensive studies on the growth of high quality

InAsxP]_x films, it was found that for optimum conditions the gases and

their flows for x = C.45 are:
1. Arsine 3.5 cc/min

2. Phosphine, 20 cc/min

P — P—

3. Hydrogen used as carrier gas for arsine and
phosphine, 800 cc/min

4. HC1 gas for metal indium, 2.5 cc/min and carrier

gas (Hz) 275 cc/min.
The substrate temperature was at 665°C. The optimum transport rate for
indium was found to be about 1x10'4 moles/min. Typical growth rate was
about 6u/hr. The quality and smoothness of these films far exceeds those
reported in the literature. The principal reason for this success is the

ability to determine the optimum condition for the zone of deposition and

the flow conditions as discussed in Section 2.1 in this report.
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3.3 RESULTS AND DISCUSSION
3.3.1 Material

I"Asxp]-x epitaxial films of different composition have been grown
on p-type as well as undoped InAs substrates. These substrates were
obtained from Electronic Materials Corporation.

Figure 19 shows the quality of the epitaxial films which were
grown. The substrate used was the (111) plane of InAs. From the figure,
it can be seen that the interface is very well defined and the layer is
very smooth (a mirror finish). The film thickness is about 9.5u. Figure 20
shows the Laue pattern of this film. The Laue pattern reveals a thiee-fola
symmetry of the (111)-plane and also the crystallinity by the brightness of
the spots.

The composition of the alloy was determined using the Bond spectro-
meter. The accuracy in determining the alloy via the lattice constants was
better than 0.1%.

The optimum growth rate was about 5u/hr to give a smooth surface
(as shown in Fin, 19). Faster growth rates were attempted, but the surface

became rougher.

3.3.2 Electrical Measurements

Electrical measurements on the grown epi-layers of InAs P]-x on

X
various undoped and p-type InAs substrates show that the electron mobility
ranges from 30,000 cm2/v-sec to about 5,000 cmz/v-sec at room temperature
and the carrier concentration ranges from 10]7 to 10]9 cm'3. It is believed
that the reason for this naturally-grown n-type is sulphur in the indium

metal. Although purification of the indium metal was attempted, reduction

3




of the carrier concentration further to 10]5 cm°3 was not successful,

19 3

However, an improvement from 10~ to 10]7 cm ~ was achieved. Further

reduction in the carrier concentration has to come from purifying the

hydrogen carrier gas or by lowering the growth temperature. Fig. 21 shows
the typical results of the electron mobility as a function of composition

for room temperature (300°K) as well as at liquid nitrogen temperature

(77°K). This Hall measurement was done using the Van Der Pauw technique.

Fig. 22 shows the V-I characteristic of a diode at 77°K. The
diode was fabricated in mesa form. Fig. 22a shows the ungraded character-

istic of an I"ASO.45PO.55 film. The substrate is a p-type (111) plane of

InAs, Fig. 22b shows the characteristic of a graded InA50.45PO.55 film.

Since the naturally-grown alloy is n-type, no attempt was made to dope

these films,

3.3.3 Optical Measurements

The optical measurements were performed using a modified Beckman
spectrometer (Model ID4). The grown layer of the alloy was InAsO 45P0 .55

The thickness of these films was about 3u. Fig. 23 shows the photo-

response of the graded and ungraded InAsP. The substrate used to grow the

layers was the (111)-plane of p-type InAs. The lattice mismatch between

the film and the substrate is about 1.6%. This measurement was done at
liquid nitrogen temperature (77°K) in a dewar (manufactured by Cryogenic
Associates) with ZnS material as the window. It is obvious from the result
that the graded alloy has a better photoresponse than the ungraded one,
Since the spectrometer cut-off is at 2u, the shorter wavelength response

was not measured. However, the interesting result is near 3u region,
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since the bandgap of InAs at 77°K is about 0.404 eV corresponding to a
wavelength of 3.06u. A comparison of the photoresponse for a graded and
ungraded structure suggests that the former structure leads to better
transport properties. These results point to the fact that photo-excited
electrons created in InAs by bandgap radiation can be transported across
the metallurgical junction. The efficiercy of this process is crucial in

this device concept.

3.4 CONCLUSION AND RECOMMENDATIONS

In a short period of six-months some of the properties of InAs]_xPx
epilayers on InAs have been elucidated. Films of high optical quality

: for different values of x have been grown. The (VD system is capable of
automatically grading the alloy with a Tattice mismatch not exceeding 2%
between the epilayer and the substrate. The preliminary results of photo-
response indicate that the graded structure does not impede the transport
of carriers across the metallurgical junction. The electron mobility of

F these alloyed films is comparable to the bulk value.

Although the alloys of InAsP can only be used to upconvert

wavelengths shorter than 3u and hence are not adaptable to the imaging

requirements at 10u, our results indicate that the system is well worth

further study for shorter wavelength applications.
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5.0 PUBLICATIONS
As a result of this work we are preparing several papers for
publication. The new information is in the areas of (1) crystal growth and

dopant studies, (2) mechanisms of upconversion, and (3) properties of graded

heterostructures of InAs]_xPx.
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DIFFRACTOMETER OUTPUT OF THE 8-ZnS FILM
GROWN ON THE (100) PLANE OF GaAs
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Figure 9b
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Figure 19
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