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ABSTRACT

Heat treatments of evaporated CdS layers in nltrogen
containing HC1 and traces of oxygen, and providing a transport
of CdS and copper are reported. Recrystallization of areas up
to several mm2 are observed. At 25°C, the treated layers show
mobilities of 140 to 230 em? /Vs, photoconductivities of 103
to 2 x 10°10 =lom=1 at 750 ft-c (2600°K white 1light) with light-
to-dark-current ratios of 108 - 10° and response time (decay)
of 300 4.8 to 1.2 ms at 100 ft-c. The level distribution and
capture cross section for electrons is Investigated using spectral
distribution, light intensity, and temperature dependence of
photoconductivity, thermally stimulated current and response
time analyses. Levels at 0.23, 0.43, 0.67, 1.05 and 2,05 &V
are observed and the letter three attributed to Cu-centers.
Compared to other layers and single dﬁ&stals, these layers
show a density of < 1012 em™3 of levels attributed to sulfur
vacancles in the range between 0.3 and- 0,65 eV and a not detectable
amount of 1ntrinsic defects acting as quenching centers at 0.9
end 1,35 eV, This is explained by a Cu-enhanced recrystalli-
zation in a CdS-supplying atmosphere at temperatures (6?0° to
6500C) below the temperatures otherwise used for crystal growth,

and thefeby efficient annealing of intrinsic defects,




1. INTRODUCTION

The evaporation of photoconducting compounds in vacuum as
a method for layer deposition has been known for a long time as
a relatively simple and reproducible way to obtain photoconducting
f1lms, It yields better defined layers of higher purity and allows
better doping than other methods of layer deposlition as e.g.,
chowlcal decomposition, powder spraying and sintering.

However, directly after deposition, evaporated layers show
very poor photoelectric properties, as low carrier mobilities,
low photocurrent-to-dark-current ratio (hereafter called L/D)
and time response to rapid changes in 1llumination level, which
all are far inferior to those of good photoconducting single
crystals.

A reason for this 1s that the vacuum deposition onto a
relatively cold substrate is a non-equilibrium process and ylelds
to highly disordered layers of nonstolichliometric composition.

In CdS with a large mass ratio of the components a layer with
considerable excess of the heavier component (Cd) must be expected,
since from the phase diagram (minimum vapor pressure lies in

the cadmium rich region) no compensation of the mechanical effect
of predominant desorption of the lighter component can be

expected, A rise of the substrate temperature during evaporation
shifts the composition of the layer favorably, and the enhanced
surface diffusion during growth reduces the density of intrinsic
defects, However, the attainable evaporation rates from baffled

sources (see paragraph 2) limit the substrate temperature to




about 200°C, a temperature still too small to yield layers of
desired close-to-stoichlometric composition. On the other hand,
with higher temperatures it becomes increasingly difficult
to maintaln substrate temperature and evaporation rate so that
the growing veloclty of the layers stays small enough to permit
improved crystalline growth,

It therefore seems necessary to submit the vacuum deposited
layers to further treatment. Varilous post-deposition treatments
have been reported, as e.g. heat treatment in vacuum,1’3 or

in different gas atmospheres, for example, argon, nltrogen,

2,4,5,25

enhanced récrystallization.é-g By some of these methods one

oxygen, and cadmium vapor and utilization of a Cu or Ag

is able to increase graln size and improve crystal boundary
properties to the extent that effective mobilitess approach values
observed in single crystals. However, the photoelectric properties
are stlll inferior to those of single crystals or otherwise
deposited layers, Table 1 summarizes some results of post-

deposition treatment as described in the literature.

Author Photoconductivity | /D ratio Rise and decay | Mobility

at intensity at intensity |time at intensity |& 25°C
Sakai and 5 x 1072 len™?t 104 0.15 and 0,02s
Okimura at 100 ft-c at 100ft-c at 10 ft-c
Lakshemanan |2 x 10~5 Yem™1 103 3 ms and 6 ms
and Mitchell | at 1000 ft-c _m_"”iap 1000 ft-c at 500 ft-c

-1 . .6 8

Dressner and {0.,2.4r. cm 1 5 107,..10 up to
Shallcross !at 1 Watt/cm at 1 Watt/cm2 { 150 am

Table 1




Dressner and Shallcross! investigations also indicated that in
addition to allowlng for recrystalllzation, the post~deposition
treatment should provide conditions for epitaxial growth, while
maintaining a desired nearly stoichiometric composition.

This paper describes a new method for treating evaporated
CdS rilms which leads to recrystallized layers with mobilitiles
above 200cm2/Vs and unusual low density of 1lntrinsic defects
resulting in markedly improved photoconductive properties compared
The level dlstribution of these

with the values reported above,

layers 1s investigated and discussed.

2. EVAPORATION OF CdS LAYERS

The CdS films were evaporated at a pressure of 10~5 torr
from a tungsten evgorant source.® General Electric electronic
grade CdS powder #118-8-2 was used. All layers were deposited
onto 1/16" thick soda-lime glass slides. The slides were cleaned
before being placed in the vacuum system in a sequence consisting
of the following steps: one minute immersion in an ultrasonically
agltiated solution of Alconox detergent, followed by a deionized
water rinse; immersion in Chromerge at 180°C for 5 minutes,
followed by a deionlzed water rinse and immediate drylng in a
strong stream of purified nitrogen. The slides were then placed
in the vacuum chamber and exposed to a Zgginute 250q volt ac

glow discharge in argon at 1.5 torr. They were then baked at
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8The design of the
for baffling which
direct path to the
pinhole formation,

source (Mathis Co., Model SM-10) provides
prohibits ‘powder particles from following a
substrate, thereby essentially elimlnating



300°C for 20 minutes at 10"S torr, After reducing the substrate
temperature to 180°C, the CdS was evaporated. During the initial
2 minutes of evaporation a shutter was used to shield the substrate
from the charge; the evaporation was continued for 20 minutes.

The CdS films were pin-hole free and did not peel from the sub-
strate during the following heat treatment. The thickness of the
layers was %um ¥ 10% and was determined by the interference

method and by welghilng.

3. METHODS OF MEASUREMENT

For current measurements, electrodes were provided by
placing two circular indium discs (each 3,8 mm in diameter and,
if not otherwise stated, separated by 0.8 mm) on the surfaceb
and holding them in place with spring loaded wires, For photo~
current measurements, described in paragraph L, the layers were
1lluminated at 730 ft~c with white light (if not otherwise
stated, unfiltered, tungsten source, color temperature 2600°K).
Dark current measurements were made about 30 seconds after removal
of i1llumination. The applled voltage was /5 volts de. Currents
were measured with a Hewlett-Packard Microammeter Model No. 425.

The photocurrent measurements described in paragraph 5
were done using a tungsten source (color temperature 2600°K)

Ppunched out indium discs were used with their raised edges
facing downward resulting in good contacts at their circum-
ferences, thus, eliminating major shadow areas between the
electrodes,



in conjunction with a set of Wratten calibrated neutral density
filters, and additional fillters, as described in the flgure
captions, The tungsten source was also used in conjunction with
e Bausch and Lomb grating monochromator #33-86-25 using slit
widths of 1.35/0.75 mm, and usually® with Corning glass filters
in order to suppress higher order interference regions. The
optical assorption of the layers was observed with a Perkin~
Elmer 1326 spectrometer. The current through the layer was
measured with Kelthley linear or logarithmic micromicroammeters
Model 413A, 412, or 415. Applied voltages between 1.5 and 12
volts were chosen (if not otherwise stated, 10 volts was used).

Long-time rise and decay measurements of the photocurrent
as well as TSC curves were recordsd on a Houston Hr-96 x-y
recorder, using a time display on the x~-axlis, Fast response
time measurements were done using a Tektronix 543A oscilloscope
with type L plug-in preamplifier; the load resistor in the photo-
conductor curcult was variable and chosen so that the displayed
signal never exceelsd 5% of the voltage applied to the layer,
A fast acting mechanical shutter was used for swiﬁching the
1light (hglfétime for opening or closing £ 120..s).

For the measurements described in paragraph 44 and for the

Hall effect the layers were exposed to alir ambient, for those
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CThese filters were omitted in the visible range since a small
amount of additional UV has no marked influence on the photo-~
current, . -




in paragraph 5 the layers were kept at 10~3 torr in & stainless

steel vacuum vessel with glass windows, Heatling and cooling

of the CdS layer was accomplished by means of a cooling finger,

For fast temperature egualization the layer was held in the center

of a copper cavity having small holes to permit optical excitatilon.
The Hall effect was measured at 5k Gauss using a Varian

electromagnet with 7 cm spacing. A five electrode method

was employed wlith evaporated indium electrodes, and the potentlal

difference was measured with Keithley 600A Electrometers,

4. RECRYSTALLIZATION AND DOPING

The apparatus used for heat treatment of evaporated Cd4S
layers is shown in Figure 1., CdS coated slides, 16 x 50 mm,
were placed inside a 36 mm ID quartz tube which is partially
filled along its length of 50 cm with a layer of CdS powder.,

A layer of 320 mesh copper powder (99.9% pure) was spread onto
the CdS powder as an effective means for copper-doping the films
and enhancing recrystallization during the heat treatment,

The slides were placed close together on the powder with the

CdS evaporated layer facing upwards, The tube was then inserted
into the furnace which was at the desired treatment temperature.

Two ovens were used in series in order to heat the powder
at the inlet end of the tube to a slightly higher temperature
than that maintained in the remainder of the tube. Gas inlet
and outlet fixtures were provided and a gas mixtrue was contin-
uously flowing over the slides during the heat treatment. The
mixture consisted of selected percentages of oxygen and HC1l in

nitrogen carrier gas with the total flow kept constant at 3500 cmjfun The




oxygen (99.6% purity) and nitrogen (99.996% purity) were taken
from supplier's tanks and their relative flow rates measured
with calibrated flowmeters. HC1 was provided by bubbling part
of the oxygen-nitrogen mixture through a wash bottle containing
a measured amount of 374 aqueous HC1.% The "HC1 flow rate"
18 defined as the ratio of the flow through arm (1) to that
through arm (2) in Figure 1. The heat treatment was performed
for 30 minutes, after which the oxygen and HC1l flow were turned
off and the ovens were allowed to cool under nitrogen flow alone.
When cooled below 150°C the treatment tube was removed from
the oven, Further cooling to room temperature was then continued
in room ambilent.

Figure 2 shows the photo- and dark-currents of treated
CdS layers as a function of thelr position in the furnace,
together with the temperature profile along the tube. It is
seen that with increasing treatment temperatures above 300°C
the 1light and dark conductivities increase by orders of magnitude
and at st1ll higher treatment temperatures up to 600°C they
decrease; however, the L/D ratio stays below ten ih this reglon.
At temperatures greater than 600°C, the dark conductivity remains
low but the photoconductivity increases rapidly resulting in

W G S guy (R ST ) 0 SR UL AR B W N aS

d30 em3 in a 48 mm ID wash bottle having a 5 mm ID tube ending
10 mm below the surface of the acid. The HC1 enriched part of
the carrier gas 1s then dried using a drying tube filled with
CaClao




a high L/D ratio. The maximum photocurrent and L/D ratio occurs
between 620°C and 650°C and the layers were therefore treated
within this temperature range in the experiments reported below.

Figure 3 shows the photo- and dark-current as a functlon of
the HC1l flow rate. The current values plotted are the average
values for at least 8 samples treated:at the particular rate.
The mean variation among such samples was less than one order
of magnitﬁde. A nitrpgen—oxygen mixture of 0.25 volume percent
oxygen was used and 15 grams of copper powder was spread on the
CdS powder layer. The curve shows a broad maximum peaking at
7% HC1 flow rate with an L/D ratio of dbout 108,

Figure L shows the effects of varying the composition of the
oxygen~-nitrogen mixture. The curves labelled "a" give the
photo~ and dark-currents for treatments performed at a 7% HCl
flow rate and 15 g of spread copper. When no B(1 or copper is
provided, the "o" curves are obtalned which indicate a photo-
sensifivity orders of magnitude lower., The highest photosensi-
tivity is observed at 0.25% oxygen which is the value used for
the treatments described in Figure 3. For both sets of curves
treatments with 10% or more of oxygen resulted in a substantial
loss of the layers (see alsolo).

In Figure 5, the photo- and dark-current variations with the
amount of spread copper is shown., There 1s a maximum in photo-
sensitivity at 15 g copper (the value used in Figure 3 and for
curves "a'" of Figure 4). At higher copper concentrations a con-

ducting layer, black to brown in color, 1s deposited on top of
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the CdS films, thereby decreasing thelr resistivity, and ruining

their photoconductive properties.

5. PROPERTIES OF OPTIMIZED CdS LAYERS

Films exhiblting the highest photosensitivity were those
heat treated at 620-650°C on a bed of CdS containing 15 g of
copper under & flowing gas mixture containing 0.25% oxygen in
nitrogen with an HCl flow rate of 7%. Their photoconductivity

at 730 ft-c 1llumination and 25°C 1lies between 10~3 and 0.21f1cm'1,

the L/D ratio between 108 and 10°.

The optical transmission of samples before and after this
treatment 1s shown in Figure 6. The transmission of treated
films near the absorption edge shows a marked increase in slope.

Visual observation of the layers using polarized light shows
uniform areas up to severel mm in diameter, The layers have an
ohmic current-voltage characteristic with pressed—on indium
contacts down to about 50 mV and up to over 100 volts (Figure 7).
With evaporated indium electrodes preventing a shadow area near
the electrodes, the ohmic range extends to below 1lmV.

The Hall-mobility was measured at room temperature under
150 ft=-c¢c illumination with white unfiltered light for three
layers, giving:(1) = 138 cm? /Vs, 1(2) = 220 cma/Vs, and
«3) = 225 cm2/Vs. For irradiation at 560 mx and 460 ms , layer
No. (3) shows mobilities of 230 cm2/Vs, and 180 cm2/Vs, respec-
tively. The side length of the triangle between the potential

electrodes for the Hall-effect was 1 mm for the first two layers

and 2 mm for thethird layer.
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For the following investigations layer No. (3) was chosen.

This layer shows a slightly lower photoconductlvity of about

2 x 10'33‘1cm'1 at 730 ft-c white lighte and room temperature

but a high L/D ratio and a fast response time.

5.1 STATIONARY MEASUREMENTS

Figure 8 shows the photocurrent vs. reciprocal temperature
for different intensities of white light. These curves are almost
temperature independent at low temperatures, and exhibit an
exponential decrease of the photocurrent with increasing tem-
perature with a slope of 0.35 eV, independent of the light intensity;
they then level off starting at about +40°C, The knee between
the low temperature part and the exponential decrease shifts
exponentially towards lower temperatures with decreasing light
intensity with a slope of about ~0.35 eV (dashed line in Figure 8).

In Figure 9 a cross section through the curves of Figure
8 1s shown for demonstration of the dependence of the photocurrent
on light intensity at different temperatures between 25° and
~150°¢, At lower light intensities there exists a superlinear
rangef with exponents up to 2, which 1s shifted toward higher
light intensities with increasing temperatures; thus, at -150°C
superlinearity is found only up to 3 x 10-3 ft-c, while at room
@éfiltered as indicated for Figure 8

fsome of the curves show a hint of a decrease of slope also at
very low intensitles,
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temperature it persists up to the highest used light level of
25 ft.-c., Above the superlinear range, a practically linear range
is observed which, between -150° and -100°C, extends from
3 %107 to 25 ft-c.

The spectral distribution of the photocurrent at 25°C and
at ;iSOOC is given in Figure 10, The arrows adjacent to the
measured dots indicate slow (more than 10 s) rise or decay to
the given stationary values; at wavelengths longer than 1.2 u,
the time constant increases up to many hours. A broad maximum
at 580 mu (ZSOC curve) and at 560 mu (418000), and a steep
(exponential) decrease of photocurrent toward longer wavelength
is observed, At 520 mu (25°C) and 497 mu (-180°C)another smaller
maximuﬁ occurs followed by a steep decrease toward shorter
wavelengths., For wavelengths below 480 mu the photocurrent seems
to decrease with decreasing wavelength only because of decreasing
light intensity. After correction for equal number of photons/cmzs
using a linear law for ~180°C and a square law for +25°C as
indicated in Figure 10 the solid branches of the curves show no
more marked dependence on the wavelength,

In the infrared region the photocurrent at 25°C decreases
below 10°1% a above 850 mi, while at ;18000 the photoconductivity

extends up to 1.7 i, and shows a pronounced maximum at about 1,2 .8

Eat wavelength larger than 800 mi a change in light intensity
from the monochromator and due to the filter CS 7-57 was corrected
using a linear photocurrent vs. intensity law (solid curve).




There is no marked quenching connected with the photocurrent
minimum at 1.054, 1.e., with photoexcitation in the 500 to

650 mu range even at very low light levels, and no decrease

in photocurrent with additional 1.0§p irradiation was observed,
Als> the well known quenching maxime at 950mv and at 1.3§u
could not be detected at -180°C and at +25°C.

5.2 NONSTATIONARY MEASUREMENTS

The dependence of the decay time on intensity of white,
unfiltered light is given in Figure 11 for 25°C and -1800c.
At 25°C the decay curve shows an almost intensity-independent
range of about 300 s<«s decay time between 50 and 200 ft-c. The
lowest values obtained at =180°C are 2 ms at 200 ft-c. Figure
12 shows typlcal rise and decay curves as obtained for 200 ft-c
white light at 25°C and -180°C. Figure 13a, curve (1) shows
in a semilogarithmic normalized plot that at -180°C the photo-~
current decays by seven orders of magnitude within less than
S 8 and by nine orders of magnitude in less than 100 s, if the
layer was firgt kept at room temperature under white 1llumination
(40O ft-c) for several minutes, then cooled to ~180°C at which
time the light was shut off, The intensity of pre-irradiation
influences the decay time as can be seen from curves (2) and (3)
in Figure 13a, A further irradlation at low temperatures without
intermittant pre-~irradiation at room temperature makes the
photo-decay even slower (see curves (4), (5), (6), and (7)).
The photo-decay after irradiation with infrared light (curves
(8) and (9)) is also slow. Figure 13b shows the temperature




dependence of the photocurrent decay for otherwise the same
pre-irradiation conditions as (1) in 13a,

A typical slow rise curve for low excitation densitles
(3.1 x 1011 photons/em2s) at -180°C at 495 mu 1s plotted in Figure
14} (curve (1)). A similar behavior 1s shown in the rise curves
at 750 mu and 800 my for about 500 times higher photon density
(curves (2) and (3)). All these curves exhibit a plateau (not
shown in the figure) ending after about 75 to 250 s. Even at
room temperature a platéau can be observed ending after about
7 s after the start of excitation with 3.7 x 1011 photons/bmzs
(curve (4)). At slightly higher temperatures (70°C) this plateau
disappears completely (curve (5)). Here a steep rise to a maximum
1s followed by a decrease of almost one order of magnitude
(overshoot of the photocurrent).

Figure 15 shows the dependence of the rise and decay time on
the wavelength of excitation (measured towards shorter wavélengths
and at the lower temperature first)., For these measurements the
grating monochromator was used without additional filters, thus
the number of photons/cmzs can be obtained from the lower part
of Figure 10. The increase 1in rise and decay time below 550 me
may be attributed in part to the decrease of photons/cmzs avail-
able for excltation.

The dependence of the decay time on light intensity for
monochromatic light at the band edge (20% absorption point) is
given in Figure 16 for different temperatures.

Figure 17 shows a set of thermally stimulated current

(TSC) curves for different pre-irradiation conditions, It is




remarkable that the height of a TSC curve is changed in an
unusual manner depending on pre-irradiation., After exclitation
at only -180°C, the highest TSC curves with a peak at about
-135°C are observed, Additional infrared i1llumination at 1.0
reduces these TSC curves somswhat, White irradiation at room
temperature preceding the coolingedown reduces the TSC curve
markedly, the more so, the higher the intensity of -the preceeding
irradlation. By this procedure the TSC peak can be reduced by
four orders of magnitude using white light of 200 ftec for pre-
irradlation, However, independent of the irradiation history,
the range between -45° and +20°C always shows an extremely low
conductiviey of less than 10-1ln-1lepy-1 (the lower part of the
measured curve 1s within the noise level; the nolse has not been
substracted), At temperatures above 20°C the conductivity
increeases exponentially wlth temperature up to 130°C with a uniform

slope of 0.67 eV.

6. DISCUSSION

The visual observation of large uniform areas in which the
‘absorption edge 1s markedly steeper than for CdS-layers re-
- crystalllzed during evaporation, as well aes the high mobility,
and the ochmic current-voltage characteristics down to below
1 mv indicate a high degree of recrystallization in areas with
diameters larger than the electrode distance used. The fact that
the Hall-mobility lies only 20 to 50% below the mobility observed
“in "good" single crystals (attributed to photon scattering)
indicates that crystallite boundary effects are almost completely

eliminated,
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It therefore seems appropriate to calculate the conductivity

with the following elementary formula for circular electrodes:

camd— 1n B (1)
where I is the current, V the applied voltage, h the layer
thickness, D the center to center electrode distance and d the

electrode diameter.

6.1 FERMI LEVEL

From the onset of infrared photoconductivity at 1.7, 20,73 eV
(see Figure 10) one concludes the position of the Fermi level
to be at 0.73 eV below the conduction band., A similar result
(0.67 eV) can be obtained from the exponential increase of the
dark conductivity with the temperature above 209C (see Figure 17).
The agreement between optically and thermally determined positions
of the Ferml level 1s good, since a shift of thls level due
to Franck-Condoﬂ principle in the observed direction can be
expected, and 1t 1s very difficult to determine the threshold
for infrared photoconductivity because of a long time constant
of the photoconductivity in this range, and, therefore, possible
errors because of stray light.

From the position of the Ferml level one calculates an

electron density
E¢ - Ep

(2)

n = N, exp =
kT

with N, = 2 (meffk‘l}é«ﬁz)yz and mgep = 0.2m,, which, e.g. at
T = 333%K gives n = 1,6 x 107 em™3 (see Figure 17). From the
measured current at the same temperature one obtains with

Bq. (1) 5 = 6.5 x 10~10- ~1op~1, Using the electron concentratlon
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as given from Eq. (2) this results in an electron mobllity of
4 = 250 em2/Va, which, within the experimental error, agrees
with the mobility measured at considerably higher conductivities
under homogeneous optical excitation, and indicates temperature

independence of the Fermi level# caused by a dense trap level

here.

6.2 LEVEL DISTRIBUTION BELOW THE FERMI LEVEL

From the infrared photocurrent maximum at 1.2, one obtains
another group of levels at 1,05 eV, The fact that no quenching
is observed indicates that the density of the well known hole
traps at 0.95'/4,’3 1.3 eV and 1.35/&1/»\0.9 eV is small compared to

that of single crystals,’¥

or that there exlist other hole traps
with much higher capture cross sections for holes. The second
possibility is less probable than an explanatlon since it was '
not possible to f11l these quenchling levels with holes by infrared

eXcltation.

From the exponential decrease of photoconductivity with
temperature as shoyn in Figure 8, a level at 0.35 eV above the
valence band 1s indicated, i.e,.,, 2.05 eV below the conduction
band. The fact that the slope of the 1nI vs., 1/T curve does

I G - ST G G P S-S R PG GO S T

#¥A slight shift due to change of the band gap with temperature
1s probably compensated by a decrease in mobllity with increasing
temperature,

#**por the used IR intensities up to 1016 photons/cm?s quenching
in CdS single crystals is found to be at least four orders of
magnitude above the comparable detection limit in these layers.
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not depend markedly on 1light intensity down to very low intensitles
may be interpreted as caused by a very low density of levels
between the Fermi level and the 2.05 eV level, or by the assumption
that this level has a capture cross section for holes which is
large compared to that of all other hole traps. On the basls
of the measured spectral distribution of the photocurrent the
first possibility has to be rejected,

From the long wavelength edge of the photoconductivity
having a knee at 630 my/ =21,96 eV at 25°C, probably the same
defect center can be recognized. The difference in positions
of 0.09 eV mist be attributed to the shift of the level due to
the change 1n the charge of 1its center and to the Franck-Condon

principle.

6.3 LEVEL DISTRIBUTION ABOVE THE FERMI LEVEL

From the fact that the slope of the 1lnl vs. 1/T curve
(Figure 8) is constant over a wide temperature range and inde-~
pendent of light intensity one also can conclude that the density
of electron traps 1ln the corresponding ranze of quasi~Ferni

level for electrons E_, must be small as compared to the trap

Fn
density near the Fermi level Egp.

This can easlly be seen iIf one takes into consideration
that in the thermal quenching range the holes in the valence
bend are in equilibrium with the trapped holes in the 2.05 eV
hole trap. The hole density in the valence band, however,

determines the recombination over fast centers and therefore

the measured denslty of conductlon electrons. Since, because of
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quesi~neutrality, the hole density in hole traps 1s about equal
to the density of trapped electrons, one therefore can write
for the range of thermal quenching:

E E, - E -1
N~ ( »Fn ng (E) dE exp - = v> (3)

\JEp kT
with ng (E), the energy density of trapped electrons, Ey the

energy of the hole trap (here 2.05 oV), and Ev the upper edge
of the valence band., Eq. 3 shows immediately that the slope of
the 1n n» vs. 1/T curve 1s constant and determined by Ev - By
only, if the density of trapped electrons does not depend
markedly on light intensity or temperature., This can be fulfilled
only if the trap density in the corresponding range of quasi-
Fermi level 1s very small as compared to deeper traps near the
Fermi level already filled with electrons.,

Therefore one concluded from Figure 8 that in the range
0.3 < Epp < 0.6 eV, for which the slope of the 1n I vs. 1/T
curve 1s constant, the trap density must be small compared with
the density of traps between 0.6 and 0.67 eV,

TSC curves agree with this observation to the extent that
they show a deep valley between ~-60°C and room temperature,
If one assumes thermal equilibrium between trapped electrons and
the conductlon band for the TSC curve, one obtalns information
about the energy distribution of traps from the position of the
quasi-~Fermi level according to

Ec - E, = E, - Egy = kT 1n No/n

The TSC curves of Figute 17 are redrawn using Eq. 2a in Figure 18
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and show the deep valley in trap density to lie between 0,66
and 0.3 eV, Pigure 18 also shows a pronounced shallow trap level
at about 1.23 eV,
Some information about the brap denslty can be obtailned from
f1at
e GVO
where V, 1s the volume of the layer between the electrodes
~ 5 x 10~6cm3, and G 1s the gain factor:
Te
G = -- (5)
D
with 7, = lifetime of electrons in the conductlon band and D =
thelr drift time from electrode to electrode.

For steady state optical excitation the gain factor can

easlly be determined.

From
I D
1’c = ln - (6)
710N .80 d .
and
12
Fp = == (6a)
D e

where a, 1s the photon density (cm'as'l) incident on the layer,
5 1s the ratio of absorbed to incident 1ight,/n is the mobllity,
and 1 1s the distance between cathode and anode. From Figure 10
one obtains the values given in Table 2 at a wavelength at which
the absorption can easily be measured and 1s small enough (20%)
to 1nsure an approximately homogeneous excitation (assuming

4= 200 cm?/Vs).
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Temp, | Wavelength| Photon Photocurrent | Electron |Drift |Gain
A density lifetime | time at | factor
P Volts
- 240¢ 515 my 9 x 10132 1.4 x 107 a 7T 48| 3.5 418 2
photons/cm¢s
~180°¢C 495 my: 3 x 1013 2 =x 10"'6 a o ,m [ 3.5 w81 L0

Table 2

If one assumes the same electron life time for TSC curves as

for similar stationary photocurrents this would lead for the TSC

peak at -135°C to a gain factor of G (=135°C) ~ 4O and for the
=~ 1.

~20°C minimm of the TSC curve to G (~-20°C)

The s0 cal~

culated trap density for the 0.23 eV centel is Nt(0‘23) ::-’1016cm‘3

while the density in the miniuum between 0.4S and 0.65 eV is

N, (0.45 - 0.65) = 1013em™3,

However, as will be discussed below, the lifetime of electrons

for TSC curves 1s probably below the value obtalned from stationary

pho toconductivity, Thus the trap density given above is an

upper 1limit,

More detailed information about the electron-trap distri-

bution can be obtained from the temperature and intensity depen-

dence of the decay-time 7;., The trap density at the position of

the quasi-Fermi level, Epns and 1n an energy interval of width

kT is given by

n
Cc

The stationary values of electron density plotted in Figure 19
are those from which the decays were measured.

are given in Figure 16. The values beside the measured points

(1)

The decay times
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in Figure 19 indicate the positions of the Fermi level. In
Figure 20 the trap distribution as calculated from Eq. (7) 1is
given in curve (1).

This curve is not in agreement with the trap distribution
as obtained from TSC curves. A reason for that can be the fact
that the lifetime for electrons in the conduction band increases
with proceeding decay of the photocurrent when measured in or
below the superlinear range. Thus curve (1) in Figure 20 1s also
an upper limit for the trap distribution, Since the production
of holes near the valence band 1s stopped with the termination
of optical excitation, and recombination, which under 1llumination
could go over fast recombinatlon centers, now must proceed to
a larger extent over slow centers (2.05 eV centers), where most
of the holes are trapped, an increase of electron lifetime must
be expected.™ It i1s difficult to obtain the actual lifetime of
conduction electrons for the deoaying photocurrent; however one
easily can glve an upper limit of thils lifetime, using the ratio
of the statlionary electron densities as actual observed nobs
and as obtained by extrapolation of the linear range at high

excitatlion, Dy4pt

_ Bun
7" cmax ngy Y
obs

Using vbmax instead of r, in Eq. 7 one obtains a lower limit for

(7a)

" PP PR D EP ST S G0 S B o S0 SB % e

¥ here is nd thermal equilibrium between trapped holes and
valence band during decay since Ep, - Ey > Eg =~ Ep,p ( n=-type
photoconductivity) and thermal equ?libr um between trapped
elechrons and conduction band 1s only barely fulfilled.




the trap distribution as given in Rgare 20, curve (2).* This
curve shows a trap maximum at 0.23 eV in agreement with the TSC
curve analysis and another lower maximum at 0.48 eV which cannot
be separated with TSC. The trap density between 0.2 and 0,3 eV
as obtained from curve (2) is 3 x 1015cm=3, This 1s by a factor
of three lower than the value obtalned from TSC curves, using a
gain factor as obtained from the stationary photoconductlvity,
However, for the same reason, 7, for TSC curves is larger than
for stationary photoconductivity, and, using a similar estimation
as for decay curves one obtains G(~135°C) =r 100 and herewith
N,(0.23) 5 x 1015cm~3 from TSC curve (1) in Figure 17. This
is in good agreement with the decay curve analysis.

The unusual behavlior of the TSC curves, namely that the
current changes by up to four orders of magnitude due to different
pre~irradlations may also be explained by assuming a change in
7. @and thereby in the gain factor, down to a lowest value of
G(-135°9C) = 10~2 after intensive irradiation at 25°C. These
changes in the galn factor might be attributed to photochemical
reactionsl3 or photo induced absorption of oxygenzg, or ta the
fact that at elevated temperatures another group of deep traps
(repulsive centers) can be filled, which 1lie close to 0,65 eV,
and therefore does not show up in TSC curves, Such trapping forces
the hole density in the 2.05 eV hole trap to increase because of
quasi~neutrality and therefore enhances the recomblnation. This

- @ En W AR GO gV S GN «n G S en @

*Since at higher temperatures the intensity could not be in-
creased into the linear range, the photoconductivity there is
estimated for all temperatures to approach the linear range of
the -180°C curve,
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results also in an overshoot of rise curves at elevated tem-
peratures, which is observed (Figure ih, Curve 5). Assuming
the latter explanation, the density of repulsive deep traps
Nea can be estimated from

Leo”2

(8)

Ngg =
h

where 7, i1s the time of the inflection point after the maximum
in an overshoot rise curve (curve 5) for 5 = 0,2, and 8, = 101l
photons/ecm?s one obtains Neg= 2 x lolacm"B, which 1is about

three orders of magnitude larger than the trap denslty filllable
at lower temperatures, and, according to Eq. 3 causes the density
of conduction electrons to decrease by a simllar amount in
agreement with the expsrimental behavior given in Figure 17,

curve (6).

However from the experimental results photochemical reactions

cannot completely be excluded as possible explanation since they
would lead to a similar behavior,
Photoinduced absorption of oxygen is the least probable

explanation of the entire reduction of the gain factor, since

measurements were taken at 10"'3 torr and changes of the conductivity

over several orders of magnitude are observed at high oxygen

pressures only.28

At low excitation densities the rise curves show a plateau
from which the trapping cross section for electrons Sp, can be

obtained.12




«25=
with ni = electron density at the plateau, 717 = time duration
of the plateau and vy = thermal velocity of the electrons,
From Figure 1l one obtains for the trapping cross sections the
values given in Table 3.

T(°c) ,nl(cm'3) 71(8) | vgn(em/s) Sn(em?) For traps between (eV)

|
25| ) x 107 7 2.6 x 107 | 1. x 10710 0.67 and 0,52
}
-180° ls5 x 107 | 80 !1.5x 10" 152 x 10!  0.6% ana 0.2
Table 3

Thermal quenching,** partial filling of deep traps and of
traps slightly above the quasi-Fermi level at the plateau
prevents a rellable evaluation of the trap density from rise
curves using a formula similar to Eq. 8 (it leads to values of

16cm‘3, vhich are slightly too

N, between 5 x 1015 and 3 x 10
high for shallow traps and too low for deep traps),

Summarizing the results for the electron trap distribution,
at least two dlstinet levels, one very close to the Fermi level

at about 0.66 eV and with a high density of at least 100

em™3,
and one at 0.23 eV with a density of about 5 x 1015¢cm~3 are
observed, There are some indicatlons of a third trap at about
0.43 eV with a density of about 5 x 1013em™3, The trap density
between 0.5 and 0,65 eV is less than1ot3em™3. The trap distri-

bution between conduction band and 0.1 eV was not investigated,

*Before running curve (1) in Figure 12 deep traps were filled
by preceeding irradiation of room temperaturs.,

*%G.A. Dussel drew my attentlion to the fact that plateau curves
may be markedly influenced by quenching and a simple evaluation
as proposed in Ref, 12 cannot be conducted in or above the
superlinear range.
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The deep trap at 0.66 eV is a repulsive center with a capture
cross sectlon of about 10-18°m2 and can be filled only at
temperatures above room temperatureé. The 0.23 eV trap has a
normal capture cross section of >2 x 10"17cm2,
The low trap density between 0.3 and 0.65 eV 1s commensurate

with the unusually fast response time observed in these layers.

6.}t RECOMBINATION CENTERS

The cross section for recombination of electrons with holes,
Spps can be obtalned from
dn
-- =8 -ynp’a - nN.* (10)
dt
where ~ = Snp Vth 1s the coefflclent for recombination, and Nt*
i3 the density of all levels between the Fermi level and the
quasi-Fermi level for electrons and a = éa,/h, the number of
optically excited electrons/cm3s, assuming quantum efficlency
one, For statlonarity it holds
a 1
3
VennNg® BN vy

Values for the recombination cross section can easily be

obtalned using the information given in Figures 10 and 19, and

are presented in Table l,

T(°C) | A{mp) :n(em™3) *(em™3) Spn(eme)
!a(photons/cm 8) fEFn(eV) Ei(s) np
25__1= 515 17 1.3 x 1012le2 1012 2 x 1020
; 1.8 x 10 10437 7 x 10
-180°, 495 ..tz =102 x 1018 "2 x 1072
L x10 0.1 + 1.5 x 107

Table L
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These capture cross sections.are effective parameters
for the recombination processes and indicate photoelectric acti-
vation. However, since at ~180°C the ma jority of holes are
captured at the 2.05 eV level, it can be assumed that the tabu-~
lated value is the cross section for electron recombination at

these levels, Snp(2.05) =8,(2-05)<2 x 107%2cn2,

6.5 OPTICAL ABSORPTION IN THE EXTRINSIC RANGE

The optical sbsorption at wavelengths above 530 me is too
small to be measured directly. However, some information about
the photoelectric active absorption erl can be obtained from
the long-time rise curves (plateau curves). Assuming that the

quantum efficiency is Independent of the wave length, and the

trapping probability 1s much higher than the recombination prob-
abllity, the time necessary to fill the traps after start of
optical excitation is a measure of the absorption. From the
rise curve at known absorption (495 nyd in Figure 1l one obtains
the density of traps. The absorption at longer wavelengths 1is
then given by
-
Kpe1(t) = Kpe1(495)- 1(u95>ao(u?5) (11)
71 () ag ()

erl(h95), the absorption constant at 495 me 18 equal to 2.2 x 107%™

from a measured 20% absorption in a layer 1074em thick, At g
(495) = 3.1 x 101! photons /cm2s, the length of the plateau is
7;(&95) = 80s, From curves (2) and (3) in the same flgure, one
OGtains 71(750) and 71(800); and with corresponding values of

a8, given in the captions, one calculates from Eq. (11) Kp91(750) =

2 cm"l, Kpel’ (800) =1 cm-l. Similarly erl(l°%”) = 0,25 em™ L
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was calculated,
The total absorption is higher than these values by an
unknown fraction because of photoelectric inactive absorption
processes in the infrared, However, up to possibly 800 my,,

erl glves at least the order of magnitude of total absorption.

6.6 SURFACE PROPERTIES

From the steep decrease of the photocurrent at the band
edge one may conclude to an enhanced recomblnation near the surface
elther because of an Increased density of recomblnation centers,
or because of centers with higher recomblnation cross section.
The slow-rise curve at 350 quexcitation with 1.5 x 1013 photons/cmzs

11

shows a plateau with I = 3,5 x IO“Ba, n om™> and

12

s 1.4, x 10

7 = 0.3 s, indicating 5 x 10 traps/cm2 at the surface. These

1
traps have a capture cross section of about 2,5 x 1018cm2.
This favors the first explanation.

The lifetime of electrons in the surface-~near region is
decreased by about two orders of magnitude as compared to the
lifetime of electrons in the bul#: at wavelengths below u90g4(
(for 25°C) and 470 m (for -180°C) these lifetimes are 7(25°C) =
2 x 10-88, and 7(-180°%) = 2 x 10~6s, The steeper decrease of
photoconductivity at the band edge at 259 as compared to -180°C
may be understood by phonon assisted recombination in the
surface-near region,

After preparation of the layers there was no attention

focused on surface treatment.




7. CONCLUSION

Heat treatment of evaporated CdS layers at 620° to 650°C
in an N, atmosphere containing HC1l, copper, cadmium, sulfur, and
traces of oxygen result in a significant improvement of photo-
electrlic properties. This is attributed to recrystallization
under conditions which allow a supply of intrinsic material and
favorable doping at temperatures low relative to the growth
temperature of single crystals., Chlorine and copper are used for
doping the layer, cadmium and sulfur to prevent evaporation and
to supply material for annealing of defects.

HC1 is probably also used for material transport over the
gas phase, Thls procedure 1s known and 1s used at slightly higher
1

temperatures for single crystal growth, The temperature Is
kept low enough that substantial growth or evaporation of the
layers does not yet occur. However, these‘conditions seem suffi-
cient to allow growth at surface defects, such as graln-boundaries,
grooves, and edges where crystal growth is enhanced, and which
would otherwise usually assoclate to macroscopic defects, e.g.
pin holes, during recrystallization,
The process of recrystallization is possibly enhanced by
copper as observed by Gilles and van Cakenberghe.6
The influence of a trace of oxygen duriang recrystallization
is not yet clear, It is known that oxygen incorporated into the

21

lattice in some respects acts similar to copper: it forms

a level in the lower part of the band gap and decreases dark-

2

and photoconductivity2 but increases the L/D ratio, while oxygen
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absorbed at the surface may deterlorate the photosensitivity

23). On

and speed of response (observed for "undoped" crystals
the other hand, here 1t may merely be used durling the heat treat-
ment to shift the equilibrium in the partly dissoclated gas.
This, e.g., would reduce the amount of free hydrogen, which is
disadvantageous for formation of layers with fast response time,

since it produces sulfur vacancles, It also may enhance re-

crystallization as indicated in 26. The latter explanations

are favored;

The level distribution in the band gap as observed in a
layer recrystallized by the described method, and with a very
short response time at still relatively high photosensitivity,
is given in Figure 21, In the investigated range between 0.17
and 2.l eV five maxima were observed at 0,23, 0.43, 0.67, 1.05,
and 2,05 eV, Their density between 0,65 eV and 0,3 eV is less
than 1013cm'3 and 1s considerably lower than that known for
. other evaporated or sintered layers. It 1s especially lnteresting

that there exlsts a deep valley in the trap distribution between

12

0.45 and 0,65 eV with fewer thanl0'“ traps/cm> contributing to

the short response time of these layers.

The photoconductivity peak at 580 m 1is generally attributedal®

to a copper center and agrees with our observations. Since this

center 1s observed at higher doping densities only,17 copper

associates may be responsible for the corresponding 2.05 eV

hole trap and could be the (CuggCu,,) "center.* The repulsive

D - T SR G SR PN S SR SF S5 G e

*The high dissoclation energy of S, molecules favors divacancies
of Cd which could be occupied by Cu via (V Vo "+ 2 Cu

(CuC Cupg) " which,in turn can easily be 108?293. Evidence for
the 8 ugge negative charge 1s the small capture cross section for
electrons and the large cross section for holes,
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trap at 0.66 eV may possibly also be attributed to a negatively
charged Cu-center, 1.e. to Cu,l. The 1,05 eV center may then
be identified with a copper-~donor assoclate since it does not

occur without Cu-doping, and acts as recombinatlon center,

Quenching center519 always observed in CdS crystals with a
quenching energy of 0.9 and 1.3 eV (i1.e., about 1.1 and 1.5 eV
from the conduction band) are not detectable in these layers. ‘
Also the center, usually associated with sulfur vacancies,17’ 19
producing a TSC maximum at about room temperature, is present in
a density of less than 1012cm"3. Since both centers are attributed
to intrinsic defects, this indicates that the recrystallization
at temperatures below the temperature of the formation of single
crystals, and under condltions which supply intrinsic materilal
may cause this low intrinsic defect density. This 1s turn seems
to be responsible for the good photoelectric properties of these
layers, which actually surpass those of single crystals,
The chlorine level should lie20 at about 0.03 eV, The methods
used did not allow for its direct observation,
It is remarkable that in many respects these layers resemble
closely CdSe which also shows similarly fast response time, a

pronounced superlinearity of the photoconductivity vs, light

intensity, and no quenching at room temperature.15
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FIGURE CAPTIONS

Figure 1: Schematie of the apparatus for heat treatment of Cds
layers; F = calibrated flowmeter, V = valve, D =
drying tube.

Figure 2: Photocurrent, dark current, and temperature as a
function of the position in the treatment furnace
(O cm indicates the edge of the CdS layer closest
to the gas outlet).

Figure 3: Photocurrent and dark current of CdS fiims treated
at 630°C as a function of HC1l flow rate,

Figure |l ¢ Photocurrent and dark current of CdS layers treated
at 630°C as a function of volume percent oxygen in
the nitrogen carrier gas; a) with 7% HC1 flow rate
and 15 g copper; b) without HC1l or copper.

Figure 5: Photocurrent and dark current of CdS layers treated
at 630°C as a function of copper spread over the
CdS powder in the treatment tube,

Figure 6: Relatlive optical transmission of CdS layers (normalized
to 100% at 540 mu). (1) untreated layer, evaporated
onto 25°C substrate; (2) untreatdd layer evaporated
onto 200°C substrate,

Figure 7: Current-voltage characteristic of CdS layer No, 3
with pressed-on indium disk electrodes (white un=-
filtered light, 250 ft-c).

Figure 8: Photocurrent vs. 1/Temperature (light intensity as
parameter), White light with IR cut-~off filter
(695 my cut-off point and 85% transmission in the
visible range) and Corning filter Cs 3-74. Applied
voltage 1.5 V, electrode distance 2.5 mm,

Figure 9: Photocurrent vs, light intensity (temperature as
parameter obtained from curves of Figure 8); (1)
and (2) indicate slopes of 1 and 2.

Figure 10: Spectral distribution of the photocurrent at +25°C
and at -180°C, applied voltage 12V, electrode distance
2.5 mm., Lower insert: spectral distribution of the
photon density at the layer, Upper insert: spectral
transparency of the filter Cs 7-57 used at wavelength
above 800 m, ; 3 = measured points, n=corrected
values for equal incldent photon density.

Figure 11: Decay time of photocurrent as a function of light
intensity for white unfiltered light at -180°C and +25°C,.




Figure 12:

FPigure 13:

Figure 1ll:

Figure 15:

Figure 16:

Rise and decay of photocurrent at 25°C and -180°C
for 200 ft-c white light with Cs 5-~72 and IR cut-
off filter.

Decay of photocurrent for differnet layer temperaturos
and pre-irradiation conditions, (a) all curves

are measured at -180°C., If eay additional temperature
1s given, it indicates that immediately before the
decay curve was taken, the layer was irradiated with
given light at thag temperature and cooled under the
light down to ~180%C.

(1) white unfiltered (400 ft-c, 2600°K), 25°C;
(2) 510 my, 9 x 10% photons/cm3s, 25°C;
(3) 510 my, 9 x 1073 photons/cmas;
(4) 510 mu, 9 x 10l photons/cmzs, for one miie after (2);
(5) 500 mu, 9 x 1013 photons/cm<s;
(6) 500 my, 8 x 1011 photons/bmzs;
A s
ey, 2 X p ns/cm”s;
(9) 800 mu: 2 X lOlu photons/cm s;

(b) decay of photocurrent immediately after irra-
diation with white light (300 ft-06 2600°K), filtered
with infrared cut-off filter at 25°C and cooling to
given temperature.

Rise of photocurrent for different layer temperatures

and 1lrradiations:

(1) -180°C, 495 mu, 3.1 x 101! photons/cm2s;
(2) =-180°c, %50 25, 2 x 101"+ photons;cm 83
(3) -180°%, 800 m., 2 x 10 4 photons/cm<s;
(L) 25°C, 510 mw, 3.7 x 1011 photons/cmSs;
(5)  70°C, 515 my, 1014 photons/cm2s,

(Note change in acale in curves (4) and (5)).

Decay and rise time of the photocurrent as a function
of wavelength (photon densitg at the layer same as
in Figure 10): (a) for -180°C and (b) for +25°C.

Decay time as a function of light intensity for
monochromatic irradiation at the band edge (20%
absorption point). Family parameter is the temperaturs.

(1) 6 x 1013 photons/cm2s;

5.8 x 101g photons/cmls;
5.6 x 101% photons/cm2s;
5.3 x 107 photons/cm2s;
4.9 x 1013 photons/cm?s,

’
(2) -15%,
(3) =657¢C,
(ll-) '10500 ’ 5
(5) -180°c,
The photon densities given above incident to the
layer are those for the value 1 in the abscissa.




Figure 17: TSC curves (1/7 > 350 x 10‘5) and dark current as

Figure 18:

Figure 19:

Figure 20:

Flgure

a function of temperature (stationary values below
1/T = 350 x 10-2). Temperature given below indicates
the temperature at which after preceeding TSC curve,
optical excitation 1s started and continuously

kept on until the next TSC curve;

(1) -180%C, k95 mu,

1012 photons/cm2s;
(2) =-180°, 800 mu,

2 x 10k phatons/cm2s §

) , 500 my, 7 x 10%% photons/cm2s ;

) 309C, 515 mu, 2 x 101 photons/cmSs

) 515 my, 2 x 10 4 photons/cms,
excitation for one minute;

) repeat of (5) directly following (5) for two

) minute excitation at 307C;

(7

250C white unfiltered light, (200 ft-c).
Applied voltage 12V, electrode dlstance 2mm.

o VFEw
W
(@)
Q
Q
-

TSC curves of Figure 17 redrawn, using Eq. 2a for
obtalning the energy scale.

Photocurrent vs, light intensity for monochromatic
1ight at the band edge (20% absorption point) corre-
sponding to the decay measurements given in Figure 16.
The values adjacent to the observed current values
indicate the position of the Fermi level. (Light
intensity as in Pigure 16),

Trap distribution as obtained from the analysis of
photocurrent decay (Figures 15 and 18). The kT
uncertalinty 1s indicated by line segments above the
curve,

Level distribution of CdS layer No. 3 measured from
photocurrent decay (solid line) and indicated by
slow rise curves, spectral distributions of photo-
conductivity, and thermal quenching (dashed con-
tinuation of the curve). The given values of capture
cross section are obtalned from plateau curves and
from the stationary photocurrent with and without
thermal quenching,
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13 ADNSTHAZT

Heat treatments of evaporated CdS layers in nitrogen containing
HCl and traces of oxygen, and providing a transport of CdS and copper
are reported. Recrystallization of areas up to several mm¢ are observed.
At 2S°C the treated layers show mobilities of 14O to 230 cm2/Vs, photo-
conduct1v1tles of 103 to 2 x 10-19-lem-1 at 750 ft-c (2600°K white

ight) with light-to-dark-current ratios of 108 - 109 and response time
(decay) of 300 pus to 1.2 ms at 100 ft-c. The level distribution and
capture cross section for electrons is investigated using spectral
distribution, light intensity, and temperature dependence of photo-
conductivity, thermally stimulated current and response time analyses.

Levels at 0.23, 0.43, 0.67, 1.05 and 2.05 eV are observed and the letter
three attributed to Cu-centers. Compared to_other layers and single
crystals, these layers show a density of <1012 cm=3 of levels attributed
to sulfur vacancies in the range between 0.3 and 0.65 eV and a not detectable
amount of intrinsic defects acting as quenching centers at 0.9 and
‘1.35 eV, This is explained by a Cu-enhanced recrystalllzatlon in a
CdS-supplying atmosphere at temperatures (620° to 650°C) below the temp-
eratures otherwise used for crystal growth, and thereby efficient annealing
of intrinsic defects.
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