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a b s t r a c t

The aim of this study is to understand the structural, optical and photo-electrical properties of the quater-
nary chalcogenide AgGa0.5In0.5Te2 thin films deposited onto the glass substrates by thermal evaporation
of the single crystalline powder. Energy dispersive X-ray analysis (EDXA) showed remarkable change in
atomic percentage of the constituent elements after annealing. The X-ray diffraction (XRD) of the films
below the annealing temperature of 300 ◦C indicated the polycrystalline structure with co-existence of
AgGaTe2 and AgGa0.5In0.5Te2 phases. However, the single phase of AgGa0.5In0.5Te2 chalcopyrite struc-
ture was obtained at the annealing of 300 ◦C. The band gap values were calculated in between 1.05
8.40.H−

eywords:
-ray diffraction
hotoconduction
rystal growth

and 1.37 eV depending on annealing temperature. The temperature dependent photoconductivity was
measured under different illumination intensity. The nature of existing trap levels were studied by mea-
suring the variation of photocurrent as a function of illumination intensity. The analysis showed that
AgGa0.5In0.5Te2 thin film changes its behavior from the sublinear to supralinear photoconductivity after
annealing.
acuum deposition
olar cells

. Introduction

In recent years, polycrystalline I–III–VI2 chalcopyrite compound
hin films, especially CuInSe2 (CIS) and their quaternary coun-
erparts such as, Cu(In,Ga)Se2 (CIGS) and Ag(In,Ga)Se2 are taking
onsiderable attention of the researchers. The chalcopyrite struc-
ure has ternary analogue of II–VI zincblende structure that can
e constructed by doubling the sublattice in vertical direction.

n the chalcopyrite structure, tetragonal distortion and compres-
ion can be defined as a measure of the anions (VI) displacement
nd uniaxial distortion of the lattice cell (c/a /= 2) [1]. Their fas-
inating optical and electrical properties, especially, allowing to
une the band gap values of these compounds by the formation
f various solid solutions and having high absorption coefficients,
akes them an efficient absorber in the fabrication of thin film

olar cells [1–3]. It is also well known that these types of semi-
onductors are the potential materials for the nonlinear optical
pplications like narrow-band filters [4–6] and, up- and down-

onversion of frequencies for the near- and mid-IR spectral region
1,7,8]. Furthermore, the direct band gap energy and flexibility in
alues (ranging from 3.5 eV for CuAlS2 to 1.0 eV for CuInSe2) make
he thin film chalcopyrite materials as promising candidates for

∗ Corresponding author. Tel.: +90 312 2107646; fax: +90 312 2105099.
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light emitting devices [1,9]. However, we have not encountered any
study on polycrystalline quaternary Ag(In,Ga)Te2 thin films except
reported on solid solution of AgGaxIn1−xTe2 [10]. A few studies
were reported for AgInTe2 and AgGaTe2 thin films grown by differ-
ent deposition techniques [11–14]. These are taking the attention
because of their potential applications for second harmonic gener-
ation, optical parameter oscillation [15], heterojunction solar cells
and infrared light sources [16,17]. In the present study, an attempt
was made to investigate the structural, optical and photo-electrical
properties of quaternary AgGa0.5In0.5Te2 thin films deposited by
thermal evaporation method and the results presented in this study
are the typical results obtained from the five sets of the samples
deposited under the same conditions.

2. Experimental details

The synthesis of AgGa0.5In0.5Te2 was carried out by the direct reaction of stoi-
chiometric quantities of highly pure elements of Ag, Ga, In and Te in a chemically
cleaned quartz crucible sealed in a pressure of 10−4 Pa. It was 14 mm in diameter and
150 mm in length with a tapered bottom to improve the nucleation during the crys-
tallization. The crucible was kept at horizontal furnace in temperature of 1050 ◦C
for 96 h. Following to the sintering process, the single crystal of AgGa0.5In0.5Te2

was obtained by placing crucible in a Crystalox MSD-4000 model three zone verti-

cal Bridgman–Stockbarger system with a special gradient and temperature profile.
Temperatures of upper (high), middle (medium) and bottom (low) zones were raised
to 1050, 900 and 700 ◦C, respectively, and the crucible was maintained in the high
temperature zone for 24 h for ensuring homogeneity of AgGa0.5In0.5Te2. Tempera-
ture gradient and pulling rate were 13 K/cm and 1 mm/h, respectively. Following
to a 130 h translation from the top to bottom zone and subsequent cooling down

dx.doi.org/10.1016/j.jallcom.2010.05.035
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:parlak@metu.edu.tr
dx.doi.org/10.1016/j.jallcom.2010.05.035
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Table 1
EDAX results for the source powder, as-grown and annealed AgGa0.5In0.5Te2 thin
films at 300 and 400 ◦C.

Atomic percent (at.%) ±2%

Sample Ag Ga In Te

Starting material 25.00 12.50 12.50 50.00
Powder 23.17 13.13 13.59 50.11
H. Karaagac, M. Parlak / Journal of A

f the furnace to the room temperature, the single crystal AgGa0.5In0.5Te2 was pro-
uced. After the growth, ingot was extracted carefully from the ampoule. The ingot
as free of crack with a 13 mm in diameter and 30 mm in length. EDXA and XRD
easurements carried out on the pieces taken from the different part of the ingot

evealed a high crystallinity and good stoichiometry as compared with the starting
aterial and crystal data. The powder obtained from the single crystalline ingot
as used as the evaporation source and the deposition process was done onto the

oda–lime glass substrates which were kept at constant temperature of 150 ◦C under
he vacuum with the base pressure of about 10−4 Pa by using thermal evaporation

ethod. During the deposition, the thickness and deposition rate of films were mon-
tored simultaneously with a quartz crystal monitor (Inficon XTM/2). Following to
he deposition, thicknesses of the films were also measured electromechanically by
Dektak 6 M profilometer and found to be around 500 nm. The annealing process
as carried out in the temperature range of 250–400 ◦C under the constant nitrogen
ow in a specially designed furnace for 30 min. The compositions of the powder and
eposited AgGa0.5In0.5Te2 thin films were defined by using a FEI Quanta 400 FEG
odel scanning electron microscopy (SEM) equipped with EDAX. To determine the

urface composition of the deposited films, the X-ray photoelectron spectroscopy
XPS) measurements were carried out by using a UNISPECS ESCA system equipped
ith a MgK� radiation source of energy value of 1253.6 eV in a high vacuum system
ith a base pressure of about 10−7 Pa. The X-ray diffraction patterns of samples were

btained by using a Rigaku Miniflex XRD system equipped with CuK� X-ray source.
he optical transmission and reflection measurements were carried out by using
himadzu UV-1201 UV–VIS–NIR spectrophotometer over the wavelength range of
00–1100 nm. For the photo-electrical measurements, contacts to the samples with
an der Pauw geometry were made by the evaporation of the pure indium. Then, cop-
er electrodes were attached by using silver paste and their ohmic behaviors were
onfirmed through the linear variation of the polarity independent applied current.
he temperature dependent photoconductivity measurements in the temperature
ange of 100–460 K were carried out under the vacuum of about 1.3 × 10−2 Pa in
Janis liquid nitrogen cryostat equipped with a Lake Shore 331 temperature con-

roller. The samples were illuminated perpendicularly by a halogen lamp during the
hotoconductivity measurements under different illumination intensities varying

n between 20 to 115 mW/cm2.

. Results and discussions

.1. Compositional analysis

The compositions of evaporation source powder, as-grown
nd AgGa0.5In0.5Te2 thin films annealed at 300 and 400 ◦C were
etermined by EDAX measurements conducted at the accelera-
ion voltage of 10 kV. The results obtained for the powder and the
nnealed films are given in Table 1.

It was observed that the compositions of source powder were
early stoichiometric within the experimental error limit, while it

as not the case for the as-grown and annealed samples. Since

he as-grown AgGa0.5In0.5Te2 thin films have Te-rich and Ag-,
a-, and In-deficient composition. Furthermore, there is a remark-
ble change in atomic percentage of constituent elements with
he annealing, such as, the atomic percentage of Te is decreas-

Fig. 1. XPS survey spectrum for (a) as-grown and (b
As-grown 22.65 10.84 09.29 57.22
300 ◦C 29.75 12.17 09.44 48.64
400 ◦C 30.29 23.46 07.98 38.27

ing considerably after the annealing. The existence of excess Te in
the as-deposited samples can be attributed to the different vapor
pressures of constituent elements ranked as PTe > PIn > PAg > PGa.
Therefore, it is reasonable to expect that Te and In elements play an
important role in the evaporation process and dominate the com-
position of the grown films. The decrease in atomic percentage of Te
is probably related with the re-evaporation of high volatile nature
of these atoms just before constructing bonds with other ad-atoms
during the crystallization observed following to the annealing [18].

To compare the surface composition with the bulk and under-
stand the effect of annealing on the morphology, the XPS
measurements were carried out for the as-grown and the films
annealed at different temperatures.

Fig. 1 shows the XPS spectrum of the as-grown and film annealed
at 300 ◦C. The spectral shift due to the surface charging effect was
corrected by taking carbon (C) 1s photoelectron peak at binding
energy (284.6 eV) as reference value. It is clearly seen from the
XPS survey spectra of both as-grown and annealed film (Fig. 1), all
expected constituent elements (Ag, Ga, In, and Te) are appeared on
the surface composition with corresponding photoelectron lines. In
addition, apart from the constituent elements, the C 1s and oxygen
(O) 1s peaks are identified in the spectrum. The presence of C and
O is likely to be due to the contamination of the samples during the
exposure to atmosphere and measurement stages. The existence
of remarkable O is probably originating from the formation of an
oxide layer on the surface. To reduce the amount of these contami-
nations, the samples were sputtered by argon (Ar) ions accelerated
with energy of 2000 eV for 5 and 8 min. The variation in survey spec-
trum following to the sputtering process is shown in Fig. 1 for both

as-grown and annealed films. It can be seen that the concentration
of C and O reduces substantially after sputtering. Especially, a con-
siderable decrease in relative intensity of C 1s was observed along
with increasing the sputtering time for both as-grown and annealed

) AgGa0.5In0.5Te2 thin film annealed at 300 ◦C.
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Fig. 4. X-ray diffraction pattern of powder, as-grown and AgGa0.5In0.5Te2 thin film

ig. 2. XPS survey spectrum for the surface unsputtered as-grown and films
nnealed at 300 and 400 ◦C.

amples, which suggests a decrease in C concentration on the sur-
ace. Fig. 2 and Fig. 3 give the XPS survey spectra for the as-grown,
nnealed film at 300 and 400 ◦C for unsputtered and sputtered
urfaces for 5 min, respectively. From the Fig. 2, it is clearly seen
hat the amount of Te on the surface is decreasing with annealing,
hich implies that the re-evaporation of high volatile Te from the

urface. The reduction in Te content verifies the results obtained
rom the EDXA study. A remarkable increase in amount of Ga and

decrease in that of Ag and In along with increasing annealing
emperature were also observed. The variation in the composition
fter sputtering follows the same trend of modification observed
or the unsputtered surface except a slight variation in the relative
ntensities of photoelectron lines.

.2. Structural analysis

The XRD patterns for the source powder, as-grown and
gGa0.5In0.5Te2 films annealed at temperatures ranging from 250
o 400 ◦C by a step of 50 ◦C were illustrated in Fig. 4. The X-ray
esults of source powder show good structural homogeneity of the
rystalline AgGa0.5In0.5Te2 phase without any precipitation of extra
lements, binary or ternary phases.

ig. 3. XPS survey spectrum for the surface sputtered as-grown and films annealed
t 300 and 400 ◦C.
annealed in the temperature range of 250–400 ◦C.

The analysis of the powder with Checkcell software has shown a
single phase of AgGa0.5In0.5Te2 chalcopyrite structure with the lat-
tice constants a = b = 6.3771 Å and c = 12.2507 Å and space group of
I-42D. The same analysis was carried out for the deposited films
and compared with those obtained for the evaporation source
powder. As a result of this analysis, the unit cell parameters for
the films annealed at 300 ◦C were obtained as a = b = 6.3850 Å and
c = 12.3680 Å corresponding to AgGa0.5In0.5Te2 with the tetrago-
nal chalcopyrite structure. The calculated lattice parameters are
in close agreement with reported values by El-Sayad [10] for the
polycrystalline and the single crystalline forms of AgGa0.5In0.5Te2.
However, there is a slight difference between lattice constants
obtained for the powder and the deposited films. This difference
could be attributed to the segregation and/or re-evaporation of
the constituent elements in the structure. As seen from Fig. 4,
the as-grown AgGa0.5In0.5Te2 film is in the polycrystalline form.
Two weak peaks appeared in the diffractogram of as-grown film
were identified as (1 1 2) and (2 0 4) diffractions that are the char-
acteristic diffraction peaks of the AgGa0.5In0.5Te2 chalcopyrite
structure. On the other hand, new diffraction peaks corresponding
to AgGa0.5In0.5Te2 and AgGaTe2 phases start to appear depending
on the annealing temperature. The (1 1 2) diffraction line corre-
sponding to Bragg’s angle 2� = 24.35◦ is the strongest peak and
confirming the preferred orientation direction of AgGa0.5In0.5Te2
thin films. The lines indexed as (2 0 4) and (1 1 5) were identified to
be belonging to AgGaTe2 phase [19]. XRD study reveals that anneal-
ing at 250 ◦C leads to a remarkable improvement in AgGa0.5In0.5Te2
phase and arising of additional AgGaTe2 phase. No remarkable
change was observed with further increases in the annealing tem-
perature up to 300 ◦C except almost disappearance of AgGaTe2
phase and small decrease in full width at half maxima (FWHM)
of (1 1 2) diffraction line, which is the indication of better crys-
tallinity. However, as seen from Fig. 4, there is a small decrease in
the intensity of (1 1 2) diffraction line and increase in that of (2 0 4)
following to the annealing at 400 ◦C. This indicates the structural
modification related with the segregation and/or re-evaporation of
the constituent elements at high annealing temperature.

SEM micrographs of the as-grown and the annealed films (Fig. 5)
confirm the enhanced crystallinity after annealing. It is clearly seen
that the surface is composed of grains with different sizes (varying

from 250 nm to 1 �m) increasing with the annealing as a conse-
quence of the given thermal energy.
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Fig. 5. The SEM micrograph for (a) as-grown and AgG

In order to determine the average grain size of both as-deposited
nd the annealed films, the Scherrer’s formula was used;

= 0.94�

ˇ cos �
(1)

here � is the wavelength of X-ray, � is the Bragg angle, and ˇ is the
WHM. As a result of calculation, the average grain sizes of the as-
eposited and AgGa0.5In0.5Te2 film annealed at 250 ◦C were found
o be around 20 and 48 nm, respectively. There was no change in
he grain sizes with further annealing up to 350 ◦C. However, after
ubsequent annealing at 400 ◦C, they were around 36 nm. When
he grain sizes obtained from both methods are compared, there is
large difference in the evaluated and the measured values. This is
losely related with that the grain sizes appeared in SEM images are
he grains only at the surface of films, while grain size calculated
rom the XRD is the average value of the grain sizes distributed
hroughout the thickness of the film. The same result was reported
y Matsuo et al. [20].

.3. Optical analysis
Fig. 6 shows the transmittance and reflectance spectra of the
s-deposited and AgGa0.5In0.5Te2 films annealed at 250, 300 and
00 ◦C measured in the wavelength range of 400–1100 nm. As
een from the figure, the reflectance decreases upon applying the
nnealing process.

ig. 6. Transmission and reflection spectrum of as-grown and AgGa0.5In0.5Te2 film
nnealed at 250, 300 and 400 ◦C.
0.5Te2 thin film annealed at (b) 300 ◦C and (c) 400 ◦C.

The high reflection observed in the spectra of the as-grown film
can be taken as the indication of Ag- and Te-rich film surface behav-
ing like a metallic surface and reflecting the most of incoming light.
The decrease in reflection after annealing could be attributed to the
decrease in the atomic percentage of Te and Ag on the film surface
as observed from EDXA and XPS studies. It is also important to note
that the transmission is reduced and cut-off shifts to the shorter
wavelength with the annealing that is most probably related to the
changes observed in the structural modification of film surface as
deduced from XRD, XPS and EDXA studies.

The band gap values were determined by means of analyzing
the transmission and reflection spectra shown in Fig. 6. The absorp-
tion coefficient (˛) was evaluated through the following expression
[21]:

T = (1 − R)2 exp(−˛t) (2)

where T is transmittance, R is reflectance and t is the thickness of
the sample.

For the allowed direct band gap transition, ˛ is related to photon
energy (hv) through the following expression [22]:

2
(˛hv) = A(hv − Eg) (3)

where A is a constant and Eg is the optical band gap energy.
The plot of (˛hv)2 against (hv) for the as-grown and annealed
AgGa0.5In0.5Te2 film at 250, 300 and 400 ◦C is shown in Fig. 7.

Fig. 7. Plot of (˛h�)2 against (h�) for as-grown and AgGa0.5In0.5Te2 film annealed at
250, 300 and 400 ◦C.
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annealed film was determined as described above and its varia-
tion as a function of temperature under the illumination intensities
of 55, 80 and 115 mW/cm2 in temperature range of 100–430 K is
illustrated as inset in Fig. 10.
ig. 8. The variation of the photoconductivity with temperature and illumination
ntensity for as-grown AgGa0.5In0.5Te2 thin film.

The optical band gap values are determined by the extrapola-
ion of the linear part of (˛hv)2 vs. (hv) relation to zero and are
ound to be 1.37, 1.05, 1.28 and 1.21 eV for as-grown and annealed
gGa0.5In0.5Te2 film at 250, 300 and 400 ◦C, respectively. These val-
es are very close to the values given for AgGaTe2 (Eg = 1.36 eV) and
gInTe2 (Eg = 1.04 eV) [15,23]. It can be concluded that the anneal-

ng results in the changes in the optical band gap that is generally
xplained in terms of the decrease or the increase in the degree
f disorder and the defect density in the structure. In our case,
he variation in the band gap after annealing may be attributed
o the modification in the structure because of the segregation of
he constituent elements as observed from EDXA and XRD results.

.4. Photoconductivity

Fig. 8 shows the variation of the dark conductivity and the con-
uctivity under the illumination intensities (�) of 20, 35, 55, 80 and
15 mW/cm2 as a function of reciprocal temperature for as-grown
gGa0.5In0.5Te2 thin film.

Photoconductivity (��) can be expressed via the subtraction
f the dark conductivity from the conductivity measured under
llumination. The variation of photoconductivity under illumi-
ation intensities of 55, 80 and 115 mW/cm2 for the as-grown
gGa0.5In0.5Te2 thin film is shown in the inset of Fig. 8. As seen from

he figure, there is an exponential variation of the conductivity in
etween 9 × 10−3 and 4 × 10−2 (� cm)−1 with increasing tempera-
ure and illumination intensity. Three different regions under each
llumination intensity can be distinguished. From the calculated
ctivation energies for dark conductivity and photoconductivity
nder the illumination intensity of 115 mW/cm2, it was found that
he values for both cases are almost the same. The activation energy
alues were found to be around 10, 18 and 50 meV for 130–170 K,
80–230 K and 250–340 K temperature intervals, respectively.

As observed from the figure, at high temperatures the photo-
onductivity approaches a saturation value for all intensities. In
eed, for a material including imperfections the increase in tem-
erature above a critical value may result in the excitation of the
inority carriers trapped at levels responsible for the long majority

arrier lifetimes. These favor the rate of recombination and result
n a photocurrent approaching a saturation value [24].
Generally, the saturation behavior of a photocurrent is taken
s the indication of the deep trap levels. In order to determine
heir characteristics, the variation of photocurrent (Ipc) as a function
f illumination intensity (�) was determined. The plot in Log–Log
cale is shown in Fig. 9 for as-grown AgGa0.5In0.5Te2 thin film.
Fig. 9. The variation of photocurrent (Ipc) as a function of illumination intensity (Ф)
at temperatures of 100, 150, and 250 K for as-grown AgGa0.5In0.5Te2 thin film.

The variation was determined for the absolute temperatures of
100, 150, and 250 K. It was found that this variation obeys the Ipc∝�n

relation [25]. Here, Ipc is the photocurrent obtained by subtract-
ing the total current from the dark current, � is the illumination
intensity, and n is the power exponent, characterizing the type
of the recombination mechanism. It is known that ≈0.5 and ≈1.0
values of the exponent (n) are the indication of bimolecular and
monomolecular recombination mechanism, respectively [26]. On
the other hand, the value of n between 0.5 and 1.0 is the indica-
tion of existing continuous distribution of traps [27]. In our case,
for the as-grown AgGa0.5In0.5Te2 thin film, the n value was found
to be varying between 0.5 and 1 and taking distinct values at differ-
ent temperatures. This implies the continuous distribution of the
traps acting as either bimolecular or monomolecular recombination
mechanism.

Fig. 10 shows the variation of conductivity as a function of
temperature in the studied temperature range for the annealed
AgGa0.5In0.5Te2 thin film under the illumination intensities of
20, 35, 55, 80 and 115 mW/cm2. The photoconductivity for the
Fig. 10. The variation of the photoconductivity with temperature and illumination
intensity for AgGa0.5In0.5Te2 thin film annealed at 300 ◦C.
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ig. 11. The variation of the photocurrent (Ipc) as a function of illumination intensity
Ф) at the temperatures of 100, 200, 300, 350, 400 K for the AgGa0.5In0.5Te2 thin film
nnealed at 300 ◦C.

The variation of the photoconductivity with temperature and
llumination intensity showed a similar behavior as that of the as-
rown sample. The calculated activation energy values revealed the
ame as those obtained from the dark conductivity measurements.
hey are around 6, 15, and 40 meV for 100–150 K, 170–240 K and
50–330 K temperature intervals, respectively. Slight decreased
ctivation energies after 300 ◦C-annealing may be attributed to the
ossible modification in the grain boundary. The obtained activa-
ion energies for both as-grown and annealed samples are in close
greement with theoretically calculated values based on specific
odels for donors and acceptor levels in I–III–VI type compounds

28].
The existence of different activation energies is the indication

f the different conduction mechanisms that are taking place at
ifferent temperature intervals. These energies for the annealed
lm are probably related to the defects formed by the segrega-
ion of the constituent elements within the structure and giving
ise to the formation of the point defects (such as cation (Ag,
a, In) and anion (Te) vacancies), interstitials and cation–cation
ntisites mostly expected in chalcopyrite I–III–VI2 structures [28].
he deviation from stoichiometry following to the deposition and
he annealing process may promote the construction of additional
hases (AgGaTe2) that may also be the origin of the observed trap

evels. As it was done for as-grown sample, to characterize the exist-
ng recombination centers, the variation of photocurrent with the
llumination intensity for the annealed AgGa0.5In0.5Te2 thin film

as measured for the constant temperature of 100, 200, 300, 350,
nd 400 K and is shown in Fig. 11.

From the slope of Log(Ipc)–Log(�) plot, it is deduced that the
xponent of Ipc ∝ �n relation is >1 for the all absolute temper-
tures. The situation can be explained by a two-center model
hich is proposing the existence of supralinear photoconductiv-

ty. That is, the lifetime of free carriers increases with the light
ntensity and becomes more photosensitivity [25]. As a result of
he photocurrent-illumination intensity characteristics, it can be
oncluded that AgGa0.5In0.5Te2 thin film changes its behavior from
ublinear to supralinear photoconductivity following to the anneal-
ng process.
. Conclusions

In this study, polycrystalline AgGa0.5In0.5Te2 thin films with
halcopyrite structure were deposited by using the single crys-

[
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talline powder produced by Bridgman–Stockbarger technique.
Compositional analyses have revealed that the stoichiometry of the
films changes with the annealing process. As-grown films showed
Te-rich and Ag, Ga, In-deficient behaviors as compared with the
stoichiometry of the starting single crystalline powder. However,
annealing resulted in the decreasing in the amount of Te and In con-
tents in the structure. In general, they play an important role in the
structure of the films. These variations are also verified by means
of XPS study. Depending on annealing temperature AgGaTe2 and
AgGa0.5In0.5Te2 phases were observed in the XRD study, but after
annealing at 300 ◦C single phase of tetragonal chalcopyrite struc-
ture of AgGa0.5In0.5Te2 thin films with the preferred orientation
along (1 1 2) direction were obtained.

Optical analysis showed that depending on the fluctuation in the
compositions of the samples following to the annealing, the optical
band gap values varied from 1.37 to 1.05 eV, which can be taken as
the indication of the different energy levels in the band gap region.
The analysis of the photoconductivity for all samples showed that
the photocurrent values depending on the annealing temperature
reached a saturation value. This behavior can be attributed to the
existing of trap levels, which may be the result of the variation in
constituent elements as observed from XRD and EDXA study. The
study on these levels indicated that there was continuous distribu-
tion of the trap levels acting as either bimolecular or monomolecular
recombination centers. At high annealing temperature, the situa-
tion in the photoconductivity changed to the supralinear behavior
that can be explained by a two-center model.
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