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Photo-enchanced defect reactions in CdS:Ag crystals
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Abstract. Two reversible photo-enhanced defect reactions proceeding under visible light illu-
mination have been found in CdS:Ag crystals. The first process leads to the increase of crystal
photosensitivity, which has been shown to be caused by creation of “sensitizing” recombina-
tion centres. The second process results in photosensitivity degradation that has been proved
to be due to disappearance of shallow donors. The initial state of the crystal restores under
heating in dark. Both reactions have been shown to vanish after Ag extraction from the
crystal. Metastable clusters including Ag and Cd atoms are supposed to be responsible for

these reactions.
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1. Introduction

Photo-enhanced defect reactions (PEDR’s) were observed
in various semiconductors (Si, I[I-VI and ITI-V compounds)
and studied intensively for last several decades [1-3]. The
steady interest to these processes is because of they play
the main role in degradation of light-emitting devices and
photoresistors [1,3,4]. On the other hand, PEDR’s that
cause considerable changes in material conductivity,
photosensitivity and emission intensity can be used for
registration of information. To control these useful and
undesirable effects, the mechanisms of reactions and the
nature of defects responsible for these processes have to
be elucidated.

Various PEDR’s can take place in the same semicon-
ductor depending on the nature and density of native and
impurity defects. A number of PEDR’s were observed in
CdS crystals [2,4-7]. It was shown that these reactions
were induced by the change of Coulomb interaction be-
tween point defects or complex centre components due to
their recharge as a result of photocarrier capture; after
such recharge diffusional dissociation of the complex
centre or association of point defects became possible [4-
6]. These processes were earlier investigated in nominally
undoped and doped with Cu and Li CdS crystals. Re-
cently we found such defect reactions in CdS:Ag crystals
[8]. The results of investigation of these reactions and
their comparison with those obtained earlier for CdS:Cu
crystals are adduced below.
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2. Experimental procedure and results

Bulk CdS crystals grown by sublimation from vapour
phase were used. Silver was introduced either under grow-
ing or by diffusion from the surface at 800 °C. Bright
brown high-resistivity (o > 10° Q[6m) crystals were ob-
tained. The crystals were cleft into rectangular parallel-
epipeds of typical dimensions 5%x2x1 mm. The samples
were supplied with melted In electrodes.

To reveal photo-enhanced processes the sample was
heated up to 500-520 K, cooled in dark to 90 K, and
then its photocurrent (PC) and photoluminescence (PL)
spectra were measured; next the sample was illuminated
with visible light at a certain temperature 77, from 100-
450 K range, cooled to 90 K, and after that PC and PL
spectra were measured once again. Comparison of the
results obtained after cooling in dark and after illumina-
tion at different 7; showed that two PEDR’s took place
in the investigated crystals. One of them occurred at
T; > 270 K and resulted in the increase of photosensitiv-
ity (“sensitizing” reaction). The other proceeded at
T; > 320 K and caused photosensitivity degradation
(“degradation” reaction). These reactions were independ-
ent one from the other. Both reactions were found to be
reversible, initial state being restored by heating and sub-
sequent cooling without illumination.

When after cooling in dark from 7= 500-520 K the
sample was illuminated at 77 = 270-310 K, isothermal
rise of photocurrent | 5, was observed and then steady
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Fig. 1. Photocurrent dependence on time in CdS:Ag crystal af-
ter switching on light illumination at 293 (/), 320 (2), 365 (3) and

390 K (4).

value of | , was reached (Fig.1, curve 7). At room tem-
perature this sensitized state retained for a long time in
dark, but it could be distracted by heating to 7 > 430 K.
At Ty > 320 K after initial rise of |y its subsequent drop
occurred under illumination, the higher the temperature
the faster the both processes (Fig. 1, curves 2—4). The
degradation effect was not influenced by heating up to
450 K and retired completely only at 500-520 K. At
Ty <270 K the illumination caused no change in crystal
photosensitivity. Thus, depending on previous cooling
and illumination conditions, the sample at 7 < 270 K
can be transferred in any of four different states:

A. The initial state (cooling from 500-520 K in dark);

B. The sensitizing state (illumination at 77 = 270-
310 K);

C. The state with both sensitizing and degradation
reactions (illumination at 77 = 320-430 K);

D. The state with degradation reaction only (illumi-
nation at 77 > 430 K and following cooling in dark).

Each state can be reproduced many times in the same
sample.

PC and PL spectra of a typical CdS:Ag crystal in the
A-D states are shown in Fig. 2 and Fig. 3 correspond-
ingly. One can see that PEDR’s lead to considerable pho-
tosensitivity changes in both intrinsic and extrinsic PC
maxima. The latter at A = 680-700nm is known to be due
to excitation of electrons from “sensitizing” recombina-
tion centres (r-centres) to c-band (r-centre extrinsic maxi-
mum) [9]. In PL spectra, three bands at A = 1.0 pm (IR),
A =0.72 pym (“red”) and A = 0.60 um (“orange”) are
present. The IR band is known to result from recombina-
tion of free electrons on r-centres [9]. Two other bands
were shown to be caused by recombination of free elec-
trons on “red” and “orange” acceptors [10], the latter
being Agcq centres [8]. The transfer from A to B state
leads to considerable increase of IR band intensity. Si-
multaneously, the decrease of red and orange band
intensities takes place, both decreasing equally (Fig. 3,
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Fig. 2. Photocurrent spectra of CdS:Ag crystal at 90 K in A (/),
B (2), C (3) and D (4) states.
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Fig. 3. PL spectra of CdS:Ag crystal at 90 K in A (/), B (2), C (3)
and D (4) states. Excitation light wavelength is 480 nm.
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curves 1,2). At the same time, the degradation PEDR
causes very slight changes in PL spectra (Fig. 3, curves
3, 4).

Dark current provided with equilibrium electrons and
thermally stimulated current (TSC) were measured in A,
B and D states in 300-550 K temperature range (Fig. 4).
It was found that equilibrium conductivity did not change
as a result of sensitizing PEDR and decreased due to
degradation one.

When above measurements had been performed, Ag
was extracted from the samples under external electric
field E;= 102 V/cm at T= 650 K (detailed description of
the procedure see in [8]). After Ag extraction the crystal
acquired bright yellow colour characteristic for undoped
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Fig. 4. Temperature dependences of TSC (/, 2, 3) and equilib-
rium conductivity (/', 2', 3') of CdS:Ag crystal in A (, I'), B (2,
2"y and D (3, 3') states.

CdS, both investigated PEDR’s disappearing. Only a
slight sensitizing reaction, that began to proceed at 7 =
= 330 K and wholly distracted at Tp = 400 K, was ob-
served in “purified” samples (Fig. 5). This PEDR was
shown to occur, as a rule, in bulk nominally undoped
CdS crystals and consisted in partial dissociation of Cd
clusters [7].

3. Discussion

Earlier investigations showed that lattice defects respon-
sible for PEDR’s in CdS were mobile shallow donors,
namely cadmium interstitials Cd; [5,6,11,12]. They are
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Fig. 5. Photocurrent spectra of CdS:Ag crystal after Ag extrac-
tion: / — cooling from 520 K in dark, 2 — illumination at 360 K.
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always present in CdS crystals and can associate one with
another, as well as with other defects [5,6,7,11]. Such
associates can be both created and distracted under illu-
mination, which results in the decrease [5,6,11,12] or
increase [2, 5-7] of shallow donor density and densities
of other defects, particularly, r-centres [2, 6]. One can
expect that these donors participate also in PEDR’s in
CdS:Agcrystals.

The change of photocurrent in r-centre maximum | E,h
means that investigated PEDR’s cause the change in the
density of electrons on r-centres n, under illumination.
Really, |© ph ~ Ty [10], where 7, = 1/C'p; is free elec-
tron l1fet1rne cli 1s the coefficient of electron capture by
r-centre, Py = ( pr + pr ) is the density of holes on r-cen-
tres, py are holes corresponding to electrons captured
by electron traps and Py are holes corresponding to free
electrons. Two processes can lead to the increase (de-
crease) of n,: 1) appearance (disappearance) of shallow
donors, while the density of r-centres remains unchanged;
ii) simultaneous appearance (disappearance) of shallow
donors and r-centres which compensate each other. The
first process will result in the increase (decrease) of equi-
librium conductwlty as well as 7, due to the decrease (in-
crease) of pr The second process will not influence on
equilibrium conductivity and 7,, and the change of || ph
will be caused only by the change of n, due to creation of
new r-centres. As Fig. 4 shows, after sensitizing PEDR
equilibrium conductivity and TSC values do not change.
Since the latter is proportional to 7, [13] it means that 7,
remains unchanged too. Therefore, one can conclude that
the rise of |1, after sensitizing PEDR is due to creation
of compensated r-centres.

The changes in PL spectra caused by sensitising PEDR
can be also accounted for by the increase of ... The intensity of
IR band W, ~ g,, where g, = Crpnr /(Crpnr + Z‘C pnI
is the portion of hole recombination flow through r-cen-
tres, Crp .G P are coefficients of hole capture by r-centre
and any other i-recombination centre, #; is electron den-
sity on i-centres [10]. The increase of n, will lead to the
enhancing of hole recombination flow through r-centres
and the weakening of that through other recombination
centres, the decrease of each g; value being the same.
This is the effect that is observed (Fig. 3, curves 1, 2).

After degradation PEDR equilibrium conductivity and
TSC values reduce (Fig. 4, curves /', 3' and 1, 3). There-
fore, one can conclude that as a result of this process the
density of shallow donors decreases, while that of accep-
tors does not. The decrease of shallow donor density re-
sults in the rise of p? and, consequently, in the drop of 7,.
In this case, however, the decrease of n, slightly affects
PL band intensities (Fig. 3, curves /, 4and 2, 3). [t means

that | [)h drop is mainly due to 7, decrease. Really, | [)h

drop (Fig. 2, curves /, 4) is almost equal to that of TSC
value (Fig. 4, curves 1, 3).

A degradation reaction quite similar to described
above was earlier observed in CdS:Cu crystals [5,11,12].
This reaction that occurred at 77 > 250 K under visible
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light illumination and distracted at 7 > 400 K in dark
also resulted in the reduction of n, due to the decrease of
density of shallow donors [11,12]. So, the mechanisms of
degradation reactions in CdS:Cu and CdS:Ag crystals
can be expected to be the same. The donors that partici-
pated in the reaction in CdS:Cu crystals were proved to
be cadmium interstitials Cd; [12], and their disappear-
ance under illumination was shown to be due to forma-
tion of clusters containing Cd atoms [5,6,11]. Thermal
ionization of these clusters in dark led to their dissocia-
tion and restoration of the initial Cd; density [5,12]. It
remained vague, however, whether impurity atoms par-
ticipate in this process. Above results on disappearance
of degradation reaction after Ag extraction from the sam-
ple testify that Ag-related defects do take part in degra-
dation PEDR in CdS:Ag crystals. One can state, how-
ever, that such defects are not Agcy acceptors responsi-
ble for orange band A, = 600 nm [8], because this band
intensity does not change as a result of degradation reac-
tion (Fig. 3, curves 1, 4 and 2, 3). They are not Ag; do-
nors either, because such donors were not found in CdS:Ag
crystals [8]. Most probably, the defects under considera-
tion are complexes that act as priming centres and join
mobile donors Cd; after recharge due to photocarrier cap-
ture. One can suppose that above mentioned clusters in
CdS:Cu crystals include Cu atoms as well. Really, our
last investigations have shown that extraction of Cu from
CdS:Cu crystals leads to disappearance of degradation
PEDR, too. The fact that degradation reactions in
CdS:Cuand CdS:Ag crystals occur and distract in differ-
ent temperature ranges can be accounted for by different
bound energies of defects in corresponding clusters. Since
not only degradation PEDR but also sensitizing one has
disappeared after Ag extraction, one can conclude that
different metastable complex centres containing Ag are
present in the investigated crystals.

In conclusion it is necessary to note, that degradation
reaction in CdS:Ag crystals is the most high-temperature
PEDR of all observed up to now in CdS. One can think
that this reaction can be used for high temperature vis-
ible light signal recording.

4. Conclusion

Two reversible defect reactions induced by visible light
illumination were found in CdS crystals doped with Ag.
The first reaction occurred at 7> 270 K and distracted
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at 7> 430 K; this reaction caused the increase of crystal
photosensitivity and was shown to consist in creation of
“sensitizing” recombination centres. The second reac-
tion occurred at 7> 320 K and distracted at 7> 500 K;
it led to photosensitivity degradation due to the decrease
of free electron lifetime 7,, which was proved to result
from disappearance of shallow donors. Each reaction
separately and both reactions simultaneously could be
proceeded in the same crystal.

It was found that after extraction of Ag from the sam-
ple both sensitizing and degradation reactions vanished.
This fact indicates that different Ag-related defects take
part in the reactions. These defects are stated to be
metastable clusters including Ag and Cd atoms.

The reaction resulted in photosensitivity degradation
is the most high-temperature PEDR of all observed in
CdS up to now. This reaction can be used for visible light
signal recording in 320-450 temperature range.
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