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ABSTRACT KEYWORDS
Photoelectrical response in CulnS,-ZnlIn,S, alloys single crystals was CulnS,~Znin,S, alloys single
analysed in the low temperature region from 30 K up to 100 K. The molar crystals; solid solutions;
ratio of Znln,S, in the alloys was varied in the range 0 mol%—16 mol%. semiconductors;

The crystals with up to 12 mol% were the single-crystalline, meanwhile ~ Photoconductivity;
. relaxation; recombination
those with 16 mol% were the two phase ones. We have analysed spec- centers

tral distribution of their photocurrent at different temperatures and the
following relaxation towards the stationary values. The photo-induced
photoconductivity phenomena were identified. Moreover the long-
lasting relaxations with characteristic times exceeding 1.5x10° sec were
observed at lowest temperatures. They used to shorten exponentially
with increasing temperature showing thermally activated behaviour.
The main parameters of the photoconductivity kinetics and their tem-
perature dependencies were determined. The observed behaviour was
explained by the slow multicenter recombination due to the combined
effect of different trapping and recombination centers. The effects of
both - “fast”and “slow” recombination centers were taken into account.

1. Introduction

Compound semiconductor CulnSe, and its alloys feature the optimal combination of the opti-
cal and electronic properties, which make them perfectly suitable for applications in optoelec-
tronics. Particularly, they are promising materials for the active absorbing layers in thin film
heterojunction solar cells [1, 2, 3]. Numerous data demonstrate that the physical properties of
CulnSe, compound and CulnSe-based alloys are controlled to a large extent by point defects
of the crystal lattice [4, 5, 6, 7]. Thus, the in-depth studies of the behavior of defects in these
semiconductors can reveal new ways of controlling the (photo-) electrical characteristics, and
spectral sensitivity in particular.

The long-lasting (~10° sec) photoconductivity relaxations in Cu,_Zn,InS, alloys single
crystals were first reported in [8]. Semiconductors, characterized by the long-lasting relax-
ations of photoconductivity, are widely used as materials for the slow-relaxing photoresistors
and photo-memory systems [9]. Moreover, studies of the photoconductivity and its relax-
ations is one of the most used methods for determining parameters of the localized states
in the band gap, as well as the nonequilibrium charge carrier lifetimes [10, 11]. We have
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Table 1. Results of the EDX analysis of the samples.

Znin,S, content, mol% Element Measured concentration, at.% Batch composition, at%
4 Cu 2312 + 045 2330
In 2524 + 0.23 25.24
Zn - 0.97
S 51.65 + 0.21 50.49
8 Cu 2179 £+ 034 21.70
In 2546 £+ 0,16 25.47
Zn 176 + 0.42 1.89
S 50.99 + 0.67 50.94
12 Cu 20.68 £+ 0.54 20.17
In 2543 + 036 25.69
Zn 2.55 £ 0.32 2.76
S 52.99 + 0.77 5138

demonstrated earlier that photoconductivity is a sensitive tool for the analysis of charge trans-
port in defective and inhomogeneous materials as well [12, 13, 14, 15, 16, 17].

The purpose of this study is investigation of the photoconductivity spectra and its relax-
ation in Cu,;.4Zn,InS, alloys single crystals in the temperature range from ~30 up to 100 K.
Attention is paid to the influence of the cation-vacancy defects on the photoelectrical prop-
erties of crystals.

2, Samples and experiment

We have investigated CulnS,-ZnIn,S, solid solutions containing 4, 8, 12 and 16 mol% of the
ZnInS,. The crystal growth technology, results of their X-ray structural analysis and some
physical properties are presented in our previous publications [18, 19]. The crystals with up
to 12 mol% ZnIn,S, were the single-crystalline, meanwhile those with as much as 16 mol%
were the two phase ones. The composition of grown crystals was controlled by EDX analysis.
The results of EDX analysis are presented in Table 1. They had confirmed that the content
of the elements in the solid solutions is coinciding well with the composition of the initial
charge.

To measure the (photo-) electrical properties of CulnS,-ZnIn,S, alloys the samples in the
form of regular parallelepipeds of about ~6x 2 x 1 mm? were fabricated. All the crystals had n-
type conductivity. The relaxation processes and photoconductivity spectra were measured in
the temperature regions T~30-100 K. To avoid pre-excitation of the samples by high-energy
photons, photoconductivity spectra were first measured starting from the low quanta energies
of the exciting light. After that, the spectra were scanned in the opposite direction starting
from the highest quanta energies. To assure the stationary measurement conditions, duration
of the single scans was as long as up to 3000 s. Kinetics of the photoconductivity growth and
decay were recorded after the excitation of the samples by light corresponding to the maxima
of the induced photoconductivity. The energy position of these peaks was found to be 1.32 eV,
1.35eV and 1.30 eV for the samples with 8, 12 and 16 mol% of ZnIn, Sy, respectively [18]. The
light excitation of the samples lasted for 3000 sec till the photocurrent saturation was reached,
after that light was turned off and relaxation kinetics were measured.

3. Results and discussion

The induced impurity-related photoconductivity was observed in Cu;_yZn,InS, single crys-
tals, containing ~8 and ~12 mol% ZnlIn,S, atlow temperature (T~30 K) in [18]. The explana-
tion and model of the induced impurity-related photoconductivity was first proposed in [20].
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To explain the experimental results, in [18] we had proposed the two-defect-center recom-
bination model. According to the model, the impurity and induced photoconductivity phe-
nomena are caused by the transitions to the valence band from the acceptor levels formed
by Ve, and Vi, respectively. It was argued that Vi, play the role of the fast recombination
s-centers, and the slow recombination r-centers are formed by V¢, [18, 21]. Meanwhile two
donor levels, which are caused by Vs, play the role of shallow traps (t-levels). The thermal
activation energies (Ep) of these levels were determined from the spectra of thermally stim-
ulated currents in [18]. They were found to be Ep;: 0.016 eV and 0.023 eV, Ep,: 0.081 eV and
0.117 eV for the samples containing 8 and 12 mol % ZnIn,S,, respectively.

The photoconductivity spectra at different temperatures are shown in Fig. 1.

Increase in the height of the induced photoconductivity peak compared to that of the impu-
rity photoconductivity (shortwave maximum) can be explained by the fact that upon light
excitation trap levels become filled, thus more generated electrons can take part in the photo-
conductivity without being trapped. This means that the trapping time constant of electrons
exceeds the electron lifetime.

Reduction of the difference in heights of the maxima of the impurity photoconductivity and
induced photoconductivity at higher temperatures in Fig. 1 is caused by the onset of full or
partial thermal activation of electrons from t-levels. This assumption is supported by the fact
that the thermally stimulated conductivity maxima are observed at ~70 K and ~80 K in the
samples with 8 and 12mol% ZnIn,S,, respectively [18]. Shift of the peaks of the impurity pho-
toconductivity towards longer wavelengths with increasing temperature is presumably due to
the decrease of E,. This shift is marked by the doted straight line in Fig. 1. The thermal coef-
ficient of the change in the position of the photoconductivity peak is 4.3 10~* eV-K™*, being
consistent with the thermal coeflicient of other chalcogenide compounds [22].

Kinetics of the photoconductivity growth and decay of Cu; Zn,InS, single crystals are
shown in Figs. 2, 3. It can be seen that these long-lasting relaxation processes are of complex
nature. In case of impurity excitation photoconductivity growth in semiconductors can be
described by the expression [11, 20]:

Ao = Aoy - <1 — exp <_‘ci)) (1)
1

Here t; - photoconductivity relaxation time upon excitation, Ao - stationary nonequi-
librium conductivity.

In the CulnS,-ZnIn,S, alloys with the lowest content of the second component (~ 4 mol%
ZnlIn,S,) the long-lasting photoconductivity relaxations were not observed. This is consistent
with the data of Ref. [18], according to which in CulnS,-ZnIn,S,; with 4 mol% ZnIn,S, as
well as in CulnS, crystals the photoconductivity peak corresponds to band-to-band optical
transitions. Thus, low content of Zn atoms is the reason for such variation of photoelectrical
properties.

As is known [e.g., 18], during the formation of CulnS,-ZnIn,S, solid solutions, two Cu
atoms are substituted by one Zn atom in their crystallographic positions 4a. This causes for-
mation of the tetrahedral voids and appearance of V¢,. Concentration of V¢, grows with
increasing ZnIn,S, content; this leads to an increase in the degree of compensation of the
electrons.

Figure 2 shows photoconductivity growth of CulnS,-ZnlIn,S, solid solutions containing
8, 12 and 16 mol% of ZnIn,S,. In the semi-logarithmic scaling they are well described by
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Figure 1. Photoconductivity spectra of the CulnS,-Znln,S, alloys containing 8 mol% (a) and 12 mol % (b) of

ZnlIn,S, at different temperatures. Dash-dotted line indicates shift of the impurity photoconductivity peaks
towards longer wavelengths with temperature.
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Figure 2. Kinetics of the photoconductivity growth of the CulnS,-ZnIn,S, alloys containing 8 (a), 12 (b) and
16 (c) mol % of ZnIn,S, at different temperatures.
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Figure 3. Kinetics of the photoconductivity decay of CulnS,-ZnIn,S, alloys containing 8 and 12 mol% of
ZnIn,S, at different temperatures.

the straight lines in a wide time interval. From the slope of these straight lines the relax-
ation time constants of photoconductivity v, were defined (Table 2). Large values of 7,
(~10%-10°% s) indicate participation of the shallow traps (t-levels) or recombination barriers
in the photoconductivity relaxation.

Presently, two major models are used to explain the long-lasting relaxation of photocon-
ductivity. The first one is based on the representation of the capture of nonequilibrium charge
carriers by the strongly localized states in the vicinity of point defects (traps) and/or impuri-
ties with deep energy levels in the band gap. In the second model electrons and holes become
spatially separated by potential barriers caused by fluctuations of the band gap edges. Such

Table 2. Temporal parameters of relaxation processes in CulnS;-ZniIn,S,.

8 mol. % Znin,S, 12 mol. % Znln,S, 16 mol. % Znln,S,

T, K s TyS T3 TyS T, K s T3S Ty T, K s 73S TyS

30 600 1420 80 1550 30 1060 ~10 1250 30 925 100 1700
50 300 170 50 n50 40 900  ~10 1000 63 600 60 820
73 200 1040 30 870 65 540 ~10 660 80 320 40 610
100 140 860 15 680 80 400 ~10 500 100 210 25 470
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spatial fluctuations can arise in highly compensated crystals due to local inhomogeneities
of doping, or around clusters of defects, or can be caused by, e.g., ionizing. Thus, in order
to take part in conductivity, charge carriers have to overcome the so-called mobility bar-
riers. In order to recombine and/or to be trapped charge carriers of different signs have
to move in space to meet each other by overcoming so-called recombination barriers. In
most cases, the differentiation of both relaxation mechanisms is a challenging and complex
task.

As we have studied the relaxation of impurity photoconductivity induced by light quanta
from the impurity region, the analysis of the experimental results based on the relaxation
model due to the capture of free carriers on localized centers is more appropriate. In such
case, the relaxation time constant of photoconductivity is not equal to the lifetime of the
photoexcited charge carriers, and will significantly exceed it, since part of the electrons will
be captured on the t-levels. Moreover, as compared to the band-to-band recombination, the
relaxation time constants are much longer because the main recombination channels are tran-
sitions of the electrons to defect sites - the r or s recombination centers [11, 20]. Long-lasting
photoconductivity relaxations in other semiconductor compounds were observed in [23, 24,
25, 26].

Characteristically, in Fig. 2(b,c) deviations from the exponential growth of the photocon-
ductivity are seen at the initial stages in the temperature region 30-60 K in the samples with
12 and 16 mol% of ZnlIn,S,. The detailed analysis showed that after the onset of excita-
tion photoconductivity increases linearly with time. Such linear behavior is characteristic in
case of nearly empty t-levels [11, 20], e.g., in highly compensated semiconductors, including
Cuy_Zn,InS, with the high content of ZnIn,S,. The reason for the linear growth is that the
balance between the conduction band and the t-levels takes some time after the beginning
of the photoexcitation. After the establishment of equilibrium between the conduction band
and t-levels, alongside with the photoexcitation of electrons, they start recombining through
the r- and s-centers.

In the samples with lower ZnIn,S, content (8 mol%) two straight-line segments can be sin-
gled out in the photoconductivity growth process in —In(1 — AA_<;) — t scaling, see Fig. 2(a).
At the initial stage the increase of photoconductivity occurs with a characteristic time 7,
(Table 2). Later on (approx. 500 seconds at 30 K) photoconductivity growth slows down and
is described by the relaxation time 7,>7, (Table 2). Both 7, and 7, decrease with increasing
temperature. Different photoconductivity kinetics in the samples with different ZnIn,S4 con-
tent can be due to the different concentrations of V¢, resulting in a redistribution of electrons
at defect levels. Similar processes were observed in Cu-doped Ge [20].

In Fig. 3 photoconductivity decay after the light excitation is switched off is presented. It is
seen that the photoconductivity relaxation in crystals with 8 and 12 mol% ZnlIn,S, is charac-
terized by the presence of at least two recombination channels. In the two-phase Cu; xZn,InS,
alloys with 16 mol% of ZnIn,S, the results are similar. The photoconductivity relaxation in
this case is described well by the sum of two exponents:

t t
Ao = A -exp (——) + B-exp (——) (2)
T3 Ty

here A & B =~ Aocy. From the slopes of the straight lines (Fig. 3.) the relaxation time con-
stants 73 and 7, were estimated. The fast and the slow components with characteristic relax-
ation times: 73 ~ 10 s and 7, ~ 10’ s, respectively, could be singled out. Both these values
decrease with increasing temperature, as can be seen from Table 2. The fast recombination
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Figure 4. Dependence of the relaxation time constants of the slow relaxation component on the tempera-
ture of CulnS,-Znin,S, solid solutions with different ZnIn,S, content.

channel, which is observed at the initial stages could be due to electron capture by the s-fast
recombination centers. The slow relaxation component is given by r-recombination centers.

In the presence of electron trapping centers the photoconductivity relaxation time decrease
with increasing temperature can be described as [11]:

Nt Etn
r_rn-<l+ﬁc-exp<k—T)>, (3)

here 7, - nonequilibrium electron lifetimes, N; - concentration of trapping centers, N. - effec-
tive density of electron states in the conduction band, E,, - energy distance from the electron
trap level to the conduction band.

As follows from Eq.(3), the photoconductivity relaxation time decreases with increasing
temperature, approaching t,. Thus, the lower the temperature and the higher the concentra-
tion of traps, the more the photoconductivity relaxation time constants differ from the lifetime
of nonequilibrium charge carriers. The high concentration of traps in the investigated com-
pounds is evidenced by the high induced photoconductivity. Thus, assuming that t>>1, in
the used temperature interval, Eq. (3) can be rewritten as:

N, E,
T, — - — . 4
LA (kT) “@

Therefore E;, could be determined from the slope of the temperature dependencies of the
relaxation time constants inIn ¢ — 1/7 scaling. The resulting t dependencies on temperature
are well described by straight lines in Fig. 4. From the slope of these lines E;, values of 0.11 eV,
0.15 eV and 0.18 eV were evaluated for CulnS,-ZnIn,S, alloys with 8, 12 and 16 mol% of
Znln,S,, respectively. These values characterizing t-trapping centers are close to those, eval-
uated in [18] from the thermally stimulated current spectra.
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4. Conclusions

Photoconductivity spectra and photoconductivity transients were investigated in
CuyZn,InS, single crystals. The photo-induced defect related enhanced photoconduc-
tivity was observed in the photoconductivity spectra. The photoconductivity relaxation
kinetics at low temperatures is characterized by two types of relaxation processes: the fast and
the slow ones with characteristic relaxation times of ~10' s and ~10° s, respectively. These
two relaxation processes are controlled by the s-centers of fast recombination and r-centers
of slow recombination. The thermal activation energies of the trapping t-levels formed by the
Sulphur vacancies V; were evaluated from the temperature dependencies of the relaxation
time constants of photoconductivity.
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