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THE STUDY OF CADMIUM SULFIDE HETEROGENEOUSLY SENSITIZED
CRYSTALS. PART II. RELAXATION CHARACTERISTICS

The photoelectric properties of CdS crystals with combined doping has been considered. The relaxation of the
photocurrent determined by the long-term (months) redistribution of the sensitive impurity has been found. The
possibility of creating of a new type of light sensors with super long memory has been shown. The medium-time
(minutes) and fast (seconds) relaxation of the photocurrent under excitation by intrinsic and infrared light has been

studied.

This article is a continuation of the review
[1]. For the sake of maintaining wholeness the
numbering of sections were selected transpar-
ent. References in each article are given indi-
vidually.

The term «Heterogenicy is understood in two
senses.

Firstly, the process of tactile sensing Bube-
Rose you must have at least two classes of cen-
ters — R (slow recombination) and S (fast recom-
bination). Moreover, each of these groups may
consist of several physically different types. The
condition of predominance of concentration of
one of the classes N, > N¢ or N <N creates
some features considered in Part I.

Secondly, under the influence of external fac-
tors (electric field, light, temperature), spatial re-
distribution of the sensitive centers is possible.
This creates a number of specific effects, dis-
cussed below, which are impossible in samples
with uniform doping.

3.1. Long-term (hours) migration-depen-
dent relaxation of photocurrent

After pre- lightings of the samples with our
own light and long (2-3 months) stay in the
dark, we observed almost complete absence of
photosensitivity [2,3,4,5]. Then the photosensi-
tivity was restored for several days, while the
crystals were exposed to monochromatic light

with a wavelength of 515 nm [6]. The process
passed independently of the duration or the
number of lightings and remained the same
even under lighting for 20 minutes once a day
[7,8]. The rate of recovery of photosensitivity
turned out to be the maximum at first, then the
increase decreased. After about 100 hours, the
photocells stabilized and no longer responded to
daily lightings.
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Fig. 3.1 Relaxation of the photocurrent after exposure
in the dark for 3 months (curve “a*), then five days
(’b*) and two days (Pc").

At the same time, there was a certain limit
level of sensitivity, which could not be exceed-
ed, regardless of the time of illumination, both
one-time and total.
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The type of relaxation curve depended on the
applied field strength. Moreover, if a simple de-
crease in the applied voltage did not make fun-
damental changes in the shape of the curve, only
reducing the corresponding currents, then an
increase in the distance between the contacts to
2 mm at a displacement on the sample was still
50 V led to a modification of the initial stage of
changes-at small times of less than 10 min, a sec-
tion of relatively slow current increase appeared
and the relaxation curve as a whole acquired an
S — shaped form. Characteristically, in this case,
although the strength applied field is decreased
approximately four times, the value of flowing
current decreases disproportionately, accounting
for roughly half of the original value on the plot
of saturation after relaxation in 35 — 40 minutes.

The samples had a strong effect of infrared
quenching of photocurrent. Even with not very
large values of the ratio of the intensity of the
quenching light to the intensity of the exciting,
the value of the IR quenching coefficient Q easily
reached 100 %. The spectral distribution curve
Q (1) was typical with two maxima at 1080 and
1400 nm (0.9 and 1.1 eV, respectively).

At temperatures of large 40 — 50 °C for the
excitation intensities used, the effect of temper-
ature quenching of the photocurrent with stan-
dard characteristics was observed.

The presence of both types of quenching in-
dicates the presence of S — and R — centers of
comparable concentrations in the crystal, and
the absolute value of the number of centers of
each class should be significant.

Since the described situation is close to the
existing model with moving S-centers, we have
put a special selective experiment. After com-
pletion of the relaxation process is already in a
sensual state (curve "b,, Fig. 3.1) the polarity of
the applied field was reversed.

If the observed phenomena are associated with
the migration in the sample of light-charged de-
fects, which play the role of centers of rapid re-
combination and their gradual accumulation in the
anode, then such processes should be expected:

When changing the sign of the pulling field
(the light continues to operate and, therefore,
the centers retain the charging state), the defects
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must migrate in the opposite direction. During
the time comparable with the time of the pre-
vious relaxation, they first dissipate over the
crystal (due to the spread of mobility and fluc-
tuations of the diffusion jumps of V&d vacan-
cies). The sample returns to the pre-relaxation
state with low sensitivity. And then, even for
the same period of time, there is a spatial repo-
larization of S-centers with their accumulation
at the opposite contact.

Instead, we observed a slight change in the
photocurrent within 20-25 minutes no more
than 10 — 20 % of the initial value. Given the
inefficient process of moving S-centers through
the crystal grate as already noted, such time in-
tervals are completely inadequate diffusion of
defects of this type.

Thus, the features of the time dependence
of the current require to exclude from consid-
eration in our case the movement of S-centers.
The difference between this model and the situ-
ation under study is the state of contacts to the
sample. The study of the light current-voltage
characteristics both at different moments of re-
laxation (instantaneous or almost instantaneous
values) and in a stationary, sensitive state, in-
dicates the presence of locking barriers in the
entire temperature range and the light intensities
used. The curves of the current-voltage char-
acteristic had the form typical for the reverse
branches of the diodes. Moreover, we are talk-
ing about both contacts, since there were no
fundamental differences in the applied voltage
at opposite polarities.

The non-ohmic contact with the crystal is
also reflected in the volt-farad dependencies.
During the measurement times excluding the
diffusion of impurities, in the case of anti-lock
contacts, the sample capacity should not change
at all with the applied voltage. Instead, we ob-
served a volt-farad dependence, although not
straightening in standard coordinates C*(U).

With the increase in temperature, the relax-
ation process was revived. However, it seems
anomaly practically no differences in the graphs
in the temperature range from slightly increased
to 80 °C.



Contrariwise, temperature rise has proved
to be an effective way of returning cadmium
sulfide crystals to photosensitivity. Even after
long exposure in the dark (situation of “a” Fig.
3.1) as a result of subsequent heating (without
photoexcitation and voltage) at a temperature of
40 °C for 4 to 6 hours, the crystal passed to the
state characteristic of the dependence “b” Fig.
3.1. At the same time, no accumulation from
the photo effect was observed. However, even
in this case, we could not achieve an improve-
ment in the transfer of the sample to a state with
increased photosensitivity by simply increasing
the temperature. The effect of infrared light on
our crystals also increased their photo response
to their own excitation after a long stay in the
dark. The combination of a small heating and
IR — effect almost completely removed the re-
laxation of the photocurrent.

Since the investigated chronological depen-
dence of the current in the samples occurred un-
der the conditions of photoexcitation with the si-
multaneous presence in the electric field, it was
of interest to study the effect of each of these
effects individually.

Curve "a, fig. 3.2 measured under the same
conditions as the curve “a” in fig. 3.1 and transferred
here as a reference. Curves "b” and» “c” «Fig. 3.2
is obtained according to the scenario based on
“c” Fig. 3.1 however, an additional stage has
been introduced. The sample was kept for one
hour either in a light without a field or in the
dark but under voltage.
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Fig. 3.2 Discrete process impact.

As can be seen from the figure, the introduc-
tion of such an additional effect significantly
modifies the relaxation graph. In both situations,
an initial conduction spike appears, the causes
of which are discussed below.

The totality of the data obtained was inter-
preted as follows.

Direct experiments have proved the pres-
ence of S — and R-centers in the studied crys-
tals. The observed duration of current relaxation
excludes purely electronic interpretations. At
the same time, these intervals are too small, as
shown earlier, to participate in the processes of
rapid recombination centers. Therefore, in con-
sideration of the concentration changes are in-
troduced for R — centers.

When the external voltage is turned on, the
role of the pelotons from the R-centers at the
contacts is different. Let the field be directed in
such a way that it causes the charged R-centers
to move from right to left. Then the left contact
centers are compacted and would have to lower
the height of this barrier. But at the same time,
since its intensity coincides with the external
field, it must increase. Because of this competi-
tion, the changes taking place here practically
do not affect the relaxation of the current of pho-
to excited carriers.

The right peloton has a significant impact.
The external field pulls out of it the sensitive
centers from a potential hole in the middle part
of the crystal, significantly increasing the life
time of the main carriers. From the outside, this
is manifested in the form of current relaxation.
While remaining small due to shut-off contacts,
it nevertheless increases from 10 — 10 A to
107 A (Fig. 3.1). It is obvious that the barri-
ers are approximately symmetrical, the effect
is insensitive to the sign of the applied voltage.
When the polarity changes, the left and right
barriers change roles.

This also explains the indifference to the sign
of the field after the relaxation. A small decline
here may be due to the fact that some of the free
R-centers of the middle band of the crystal (see
Fig. 3.4) goes faster to your contact that they
are replaced with the held field R-centers of
the opposite potential well. It is clear that the
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longer the Central part, the less influence the
field injection of the sensitive centers has on it.
It is clear that the longer the Central part, the
less influence the field injection of the sensitive
centers has on it. Especially in the initial periods
of time, while the concentration of additional
agents here is small.

Especially in the initial periods of time, while
the concentration of additional agents here is
small. Having a depth of about 1 eV, R-centers
are capable of holding captured non-equilibrium
holes at room temperature for a long time. This,
obviously, determines the processes of redistribu-
tion of the concentration of the sensitive centers
after the light is turned off (Fig. 3.1), if the time
spent in the dark was not too long. We see this as
a “remembering” the previous crystal effects.

The developed concept easily explains why
the increase in stationary current decreases with
increasing lighting cycles. At first, when there
are many centers in the SCR, their transition to
the central part is massive. In descending or-
der of their concentration in the SCR for the
subsequent cycles of illumination, the intensity
of all the considered processes decreases. The
photocurrent is higher due to the sensitive action
of R-centers, while the subsequent relaxation
is more lively (curves “b“ and “c* Fig. 3.1).
Limit relaxed sensitivity to external influence
in this case is limited to the total concentration
of R-centers. No combination of effects on the
crystal can increase its conductivity in our mod-
el, if all the sensitive centers from the contact
area are already involved, which could take part
in these processes (curve “c” Fig. 3.1).

Obviously, heating increases the mobility of
the centers and accelerates relaxation. However,
with increasing temperature there is a competing
process — due to the thermal emptying of traps,
part of the R-centers, losing charge, ceases to
respond to the external field.

The same action produces IR radiation. This
explains its ability to return to crystals sensitivity
in combination with a small heating. R-centers
in those conditions is a Central part of the crys-
tal, sensing it due to the usual mechanisms of
diffusion due to concentration gradients from
the contacts to the center. Current surges at the
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initial moments of time in Fig. 3.2 (curves “b*
and “c* ) have different nature. With the prelim-
inary influence on the crystal field in the dark,
we lower the height of the barrier, the intensity
of which is opposite to the external. He is no
longer able to hold R-centers in a potential pit
and there is a perception of the crystal (curve
“b*“ Fig. 3.2). On the contrary, if the crystal was
exposed to illumination without a field, in both
contact SCR appear R-centers, captured no
equilibrium holes. Because of their charge they
lower retaining their intensity of the internal
fields, the injection of excess with the appropri-
ate sensitizing. Because both areas at the same
time participate in sensitizing, the magnitude of
the emission is somewhat larger (Fig. 3.2, curve
“c*).

In conclusion, we indicate several ways of
recycling the discovered patterns [10]. The re-
laxation process itself allows the use of CdS
samples with locking contacts as timers for tens
of minutes. The process of returning to balance,
which has lasted for dozens of days, allows for
the implementation of long-term devices. In
turn, since both processes-increasing relaxation
in their own light and their dark aging depend
from temperature and IR effects, it is possible to
create appropriate sensors with memory. In ad-
dition, the relaxation process itself is dependent
on the previous exposure to white light, which
allows the use of such samples as photorecep-
tors for illumination.

3.2. Average time (minutes) relaxation of
the photocurrent in crystals with inhomoge-
neous focus

Because the barriers in contacts play an im-
portant role in the implementation of long-term
relaxation of the photocurrent, it was of interest
to strengthen this effect. To do this, the contacts
were shifted to 0,1-0,2 mm. In this case, the in-
terelectrode distance is comparable in magni-
tude to the SCR width. Thus, the contact barri-
ers and the processes taking place there become
current controlling. An unusual form of photo
current relaxation was found on crystals with a
small distance between the contacts after stay-
ing in equilibrium conditions [5,11].



With a small level of its own lighting (1-3
1x), the photocurrent was installed in a few min-
utes. For large illuminances (10-15 Ix) the pho-
tocurrents first also increased during 3-4 min (1
stage); then during the time up to 15 minutes ~
30 % (2 stage) decreased; and later returned to
the same value and stabilized during the period
of 45-50 minutes.
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Fig. 3.3. Relaxation of own photocurrent at the level of
illumination: (1) — 10-15 Ix and (2) — 1-3 Ix.

When illuminated with its own light (515
nm) in the sensitive samples CdS have been
long time relaxation of the photocurrent in the
range of 50-60 min (Fig. 3.3).

Typically, that at low light the photocurrent
stabilized within 10 minutes. When the light
flux was increasing, a disproportionate increase
in the photocurrent occurred. With the increase
in the order of the level of illumination, the
magnitude of the photocurrent increased only
several times. This indicates the flow of several
competing processes in the crystal.

In addition, for some crystals, relaxation was
accompanied by a decrease of the photocurrent
for 10 to 15 minutes. And then the restoration of
its value for the period of about 40-50 minutes.

Times like these flowing processes exclude
purely electronic interpretation and are typi-
cal for migration-ionic phenomena. It was also
shown that in the fields 10* — 10° V/sm it is pos-
sible to move the impurity ions along the crys-
tal grate. When the barrier height is about 1 eV
and the width is ~1pum, it is possible to reaching
such fields in the contact areas of crystals.

At the same time, the fields of the barriers are
directed in such a way that they contribute to
the outflow of the negatively charged impurity
to the Central part and the extraction of the posi-
tively charged impurity to the SCR contacts.

In the first approximation for the present
consideration it is assumed that in the electric
field used the distribution of S-centers remains
uniform. They cannot have any noticeable mo-
bility to move around the crystal grate. On the
contrary, the R-center is copper in the cadmium
sublattice, which is able to move relatively eas-
ily through the crystal.

According to the Baby-Rose model, R-centers
create levels in the forbidden zone with a depth
of 0,9-1,1 eV. It is obvious that in equilibrium
conditions, capturing their own holes, these cen-
ters are able to hold them for a long time. At
the same time, as shown in chapter 2.1 (part I),
they charge positively. Under these conditions,
under the action of Schottky barrier fields, they
are extracted from the crystal areas of the width
of the order of diffusion length from the inner
boundary of the barriers and the accumulation
of this impurity in the SCR contacts.

In General, the distribution of the concen-
tration of R-centers takes the form, as shown
in Fig. 3.4. As a result of sluggish recombina-
tion processes, some of these centers lose their
charge. Therefore, under equilibrium condi-
tions, the concentration of charged N," centers
in the contact areas is much less than their total
concentration of N,.

When exposed at the same time its own light
and external voltage to the crystal (Fig. 3.3) the
situation in the crystal changes. Let’s first con-
sider the initial state of the contacts.

In the dark, in conditions N*™ <N | the
charge in the SCR is concentrated on ionized
donors. Since the barrier is locking, the influ-
ence of free electric charge is neglected. Then

The potential distribution in the SCR is found
from the Poisson equation

d’p 4rne’
e e 8D
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the standard solution is:

2
p(x) =N, (L-a)

The value L in (3.2) sets the width of the SCR
at the equilibrium height of the barrier ¢ :

(3.2)

e 1
dark = 2 ¢O . (33)

7 N,
When the light intensity is high, the condi-

tion N* <N is violated. R-centers, already
located in the SCR and distributed there evenly,
capture appeared in a large number of no equi-
librium holes and are completely ionized. We
used high-resistance crystals. Consequently, the
concentration of donors is low. At the same time,
a bright effect of infrared extinction indicates
the presence of a large concentration of second-

class centers. As aresult N, =N, >> N,

=g+ el

b

Fig. 3.4. Migration processes in the crystal in the light
under the influence of the field.

Positive charge in the SCR is now fixed on

R-centers and formulas (3.2) — (3.3) are modi-
fied:
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Here it is taken into account that under the in-
fluence of external voltage the height of the bar-

rier has decreased to a value (p(O) =¢,—eU .
It will be shown below that the changes on the
second barrier increasing in the same field are
insignificant.

Formulas (3.3),(3.5) allow to explain the in-
crease in the photocurrent in the region “a” Fig. 3.3.

It is seen that the light width of the barrier
(3.5) because of the conditions decreased in
comparison with the black values (3.3). At the
same time it became lower.

Resistance R1 (Fig. 3.4) this part of the crys-
tal decreases. The current grows. Because pro-
cesses are limited only by the time the traps are
captured, changes occur quickly.

However, the processes that occur with the
barrier (in Fig. 3.4-left), more harder. If light
quanta are small, then a small concentration of
non-equilibrium holes is created. In SCR of the
contact they distributed according to the law:

o (x)

Ap(x)=Apexp {7} (3.6)

Where Ap — is the concentration of holes at

the bottom of the barrier; (p(x) - potential dis-
tribution. As a criterion of low light we choose

¢ (x)

Apexp| ——= |<N,. 3.7
\p p{ T } 2 (3.7)
That is, at any point in the barrier holes are
not enough to fill all the R-centers. Under these
conditions, a fixed positive charge is the holes,
according to (3.7) captured on the R-centers

o(x)

p=eN, (x)=eApexp {k—T} . (3.9)



Then the Poisson equation has the form:

d(p 4re’ o(x)
—Apex ) 3.9
@t e 1{ kT 3:9)
or:
d’z
— =Aexp(z 3.10
= Aexp(2), (3.10)
where .
z=agp; A:[mAp]L; a=—. (3.11)
£ kT kT
Integration (3.10) gives:
(%jz =24[exp(2)-1]. (12
dx

The equation (3.12) requires numerical inte-
gration. However, it can be simplified. The con-
dition (3.7) assumes a small number of holes at
the sole of the barrier and, accordingly, a small
charge at the centers of the sensitivity. In other
words, the far edge of the barrier again depends
on ionized donors:

Ap(L)exp{%;)}<N;. (3.13)

Here, small levels of illumination and a
small barrier potential are taken into account

(D(L) — 0. Thus, the barrier now consists of
two parts, most of which are subject to (3.12),
and the edge is defined similarly (3.2). To es-
timate the width of the SCR of such a bar-
rier is sufficient to use (3.12) in the conditions
>>
Then

= =1v24 exp(ij ,
dx 2

In all of the SCR with the increasing coor-

(3.14)

dinate value , and hence z, is decreasing (see
Fig. 3.4, left barrier). Then, in (3.14), the “+”
sign should be discarded as having no physical
meaning. We have in view (3.11)

1) 27Z€2Ap
- = -L)+1.33.1
eXp( 2ij o Fh)TLGIS)

It is not difficult to obtain an explicit form of
potential distribution

1

2me’Ap
L —
kT (£, =)

@ =2kTIn

, (3.16)

moreover, because of the conditions (3.7), equa-
tion (3.16) still need to sew with (3.2). However,
(3.15) is sufficient to estimate the width of the

SCR. On the left border, at

o, —eU 27e’Ap
e 1- L. (317
Xp( AT j \ e G

It is taken into account that voltage is ap-
plied together with the light (as shown in Fig.
3.4), which lowers the height of the barrier. And

- is only part of the barrier, although large,
which is determined by the charge captured on
the R-centers:

l—exp( Po = er
I - KT ) 3y

e’ Ap i
kT

Calculate, taking into account (3.5) for large
levels of illumination, the ratio

1—exp _p—et
L 2kT ) |N,

=== (3.19)
ngg @0 B eU Ap
kT
Or applying (3.13),
L expi%z;(;Uj_
! (3.20)

Llllum > _ U
big \/ ¢O e
kT
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And the equation for solved, due to the

¢(x)

condition €xp {k—T} »1 for large barriers.

Therefore, the unit in the numerator (3.20) can
be discarded. It is obvious that any exponent
with an exponent greater than one is greater than
its degree. Therefore, finally,

exp(% — eU)

L kT
illnm _ U >> 1 .
l&ﬁg 5?9444514,
kT

Here  —only part of the barrier in low light
conditions. Finally

illum
—small 1.,
Llllum

big

(3.21)

That is, at low light conditions the barrier,
having the same height, is considerably broad-
ened. And this is the second reason that the cur-
rent on the curve 2 in the “A” region of Fig. 3.3
much less.

Note also that the N, = N, >> N, compari-

son of (3.3) and (3.5) follows L > Lllfgm . At the
same time, any appearance of a positive charge
in the SCR in the light should reduce its width.
Therefore, the logical chain of (3.3), (3.5) and

(3.21) is built as L > Lislf:;?, > Lilzzm . When
lighting SCR width is reduced, and the more, the

higher the light intensity. This is also consistent

with (3.18) ( in the denominator) and (3.5).
Now let’s consider the influence of Seth on
the formation of ion-coordination mechanisms.
For times of about tens of minutes (area “B”

Fig. 3.3) the charged - impurity can already
be moved in the applied electric field. The fate
of SCR at both ends of the crystal is different.
Let the polarity of the applied field be as
shown in Fig. 3.4. Then it should cause outflow

-centers from the left barrier and increase
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their concentration due to the drift component

in the right. At the same time, since - cen-
ters in the light are charged there and there, a

diffusion outflow of the centers from both
contacts is formed. The figure shows that for the
left barrier both reasons are formed, and for the
right — compete with each other. As a result, the
applied field and light cause much greater ex-
traction of R-centers from the left contact to the
Central part. In this case, its height is reduced by
an external field. In the right contact, the outer
field would have to raise the height. However,
a much greater concentration of the residual

charge - it lowers. Thus, the parameters of
the right SCR are controlled by a set of mutually
competing causes. In the first approximation,
it can be considered stable and changes in Fig.
3.3 bind to the left contact only. The dominant
mechanism for it is the broadening, as shown
above. The height of this barrier can also be
considered to be slightly changing, since the
external field reduces it, and the departure of a

positive charge — increases it.

Thus, area "B" Fig. 3.3 controlled by only
one process: the left SCR expands, its resistance
increases, the current drops. This process will be
the stronger the greater the light intensity. First,
then there is more concentration of charged cen-
ters. And secondly, as can be seen from (3.21),
the twilight lighting barrier and so wide. Its rela-
tive changes are much smaller. That is why we
have not recorded a long-term decrease in the
current on the curve 2 Fig.3.3.

Note that the change of polarity of the ap-
plied voltage does not change the picture. Just
the barriers are reversed and their roles.

Extracting of contact of the SCR, the centers
of tactile sensing include two other mechanisms
beyond. Depending on the intensity of the light,
as shown above, in the near-surface layer is more
or less increased concentration captured on the
centers of the positive charge. Accordingly, they
leave this area under the influence of diffusion
and drift. This should be accompanied by its ex-
pansion. This changes the length of the Central
part of the crystal.



Since the total length of the crystal-the central
part plus two contact areas-remains unchanged,
the broadening of one of the contacts should in-
evitably lead to a narrowing of the central part. At
the same time its electrical resistance ( at Fig.
3.4) decreases due to simple length reduction.
The resistance of the entire tandem increases
as part of the inter-electrode space has to be re-
placed by the high resistance region of the barrier.

This would have to lead to further stimula-
tion to reduce the photocurrent. However, this
process is superimposed on another.

Getting into the central part, R-centers are
sensitive to it. At the same time, the life time of
the main carriers can increase to five orders of
magnitude. We were able to show (Chapter 2.1
Part I) that this will be when the concentrations
of S - and R - centers are roughly compared:
N, ~N,.

In turn, the increase in life time causes an in-
crease in conductivity

o=enp=e(fT)p. (3.22)

Since the decrease in conductivity with the
broadening of the barrier is approximately lin-
ear and even sublinear, and (3.22) accompanied
by an avalanche increase, the current in the “C”
figure. 3.3 increase as shown by dotted line.
However, this process is longer. First, unlike
area “B “and the more area” A” Fig. 3.3 it is
called by several competing mechanisms. And
secondly, a simple increase in the concentration
of sensory centers in the sole of the SCR does
not cause additional changes. It takes time for
the resorption of the peloton of the R-centers on
the crystal. This is what causes the asymmetry
of the pit walls in relaxation in Fig. 3.3.

It is also obvious that in low light conditions
these processes are absent (curve 2 Fig. 3.3). -
centers are much smaller, and their addition in
the Central part of the crystal is insignificant. In
addition, the barrier is initially much wider [see
(3.21)]. For relatively short samples, the SCR
contacts in General can be gathered. Sensitive
centers extract nowhere. It is with this that we
connect the experimentally observed absence of
an increase in the current in the area “C” of the
curve 2 Fig. 3.3.

Note in conclusion that at the end of all the
redistribution processes for the curve 1 Fig. 3.3
as expected, the current stabilizes again at the
same level in the “C” area as in the maximum
after the capture processes in the area “A”. This
is not difficult to explain, given that just as many
of the sensory centers have left the SCR, exactly
the same amount eventually caused changes in
the Central part of the crystal.

3.3. Experimental confirmation of mobile
R-centers model

Thus, we link the peculiarities of relaxation
processes of the own photocurrent in samples
with two types of recombination centers with
the redistribution of charged R-centers from the
regions of the space charge in the contact parts
of the crystals. To test this model, a special ex-
periment was carried out to artificially change
the concentration of such centers. Of course, it
is quite difficult to model the physical amount of
1 ligand in the element under study.

However, in our case we are talking about
the charged admixture after the capture of non-
primary carriers. The number of holes located
on the R-levels and providing a change of state
[12], is easily regulated by infrared radiation in
accordance with the model of the Bube-Rose.
Long-wave photons, knocking holes from
R-centers, return them to a neutral state, which
completely excludes them from drift processes
under the influence of an external field.

In addition, since the concentration of the li-
gand is, of course, much less than the number
of basic atoms of the substance, the distance be-
tween the neighboring R-centers exceeds sever-
al translations of the crystal lattice. This means
that the uncharged impurity practically does not
interact with each other, which completely ex-
cludes the formation of diffusion flows. Thus,
the use of IR radiation is a good modulating
means for virtual change of the concentration
of R-centers, turning them off from the ongoing
processes (see also chapter 2.2 Part I).

Figure 3.5 shows the change in the relaxation
curve when the crystal is exposed to additional
infrared illumination. The curves were normal-
ized to the maximum of the curve 1 photocur-
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rent in the region of 10 minutes. It is seen that
the additional effect of IR photons, and thus re-
ducing the effective number of R-centers, com-
pletely eliminates the feature of the relaxation
process with the formation of a cavity (area
“B” Fig. 3.3). The photocurrent curve 2 Fig. 3.5
smoothly went to saturation for much longer
times several times longer than the time to reach
the maximum on curve 1.

Iy relan.

! 1, min

| | |
10 20 30

Fig. 3.5. Change of photocurrent with time under the
action of only self-illuminating (1) and using IR illu-
mination (2).

The absolute value of the photocurrent was
almost an order of magnitude less than in the
initial state without IR radiation. This is the ex-
pected result, given that under the action of IR
radiation from SCR contact areas disappears
fixed positive charge. In accordance with the
conclusion of chapter 3.2, both barriers become
higher and wider, the resistance R1 and R3 in
the equivalent circuit Fig. 3.4 increases, the cur-
rent drops.

3.4. Fast (seconds) relaxation of the photocur-
rent at excitation by own and infrared light
Long-term processes of spatial redistribution
of impurities in the sensitive crystals described
in sections 2.1 — 2.2 of Part I camouflage fast
electronic relaxation. In this regard, it is of inter-
est to study the changes of the photocurrent for
the times excluding the influence of ion process-
es — 10'-10? sec, (tens of seconds, up to several
minutes). For its observation, the samples were
kept for a long time in their own light. The situ-
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ations considered in this section occur [8] under
already established conditions of dynamic equi-
librium and correspond to the ends of the graphs
Fig. 3.1 and 3.3.

The sample was illuminated with its own
light of different intensity. The luminous flux
was regulated stepwise by varying the annular
diaphragms in the region of the focusing lens.
Usually, the relaxation of the photocurrent is
measured from the initial state, i.e. darkness,
to a fully steady state, i.e. saturation on the
I(t) chart. At the same time, they are limited
to someone fixed light intensity. Note that the
proposed method for the first time to study the
comparative changes in the relaxation of the
photocurrent with a step change in the inten-
sity of light has a number of advantages over
the traditional excitation of “dark— full light”
or “light— dark”. This is especially noticeable
for complex capture centers, such as R-centers,
with the possibility of internal transitions to ex-
cited R’ states.

In the traditional method, a large number of
photons with a wavelength from the self-ab-
sorption band appear at once and at the same
time a huge number of non-basic carriers are
formed, which are able to fill both the main and
excited States of the R-centers from the V-zone.
Redistribution processes between them are sim-
ply not included.

If the photoexcitation and disappears imme-
diately to zero, the effective S-centers of a large
concentration of free carriers take to recombine.
Against the background of this intensive pro-
cess, weak amendments related to changes in
the population of the R and R’, and even more
so, its redistribution between them, are not no-
ticeable.

And of course, apply low light, when the
concentration of non-equilibrium charge will be
less than the number of free places on the impu-
rity levels. However, since both the concentra-
tion of recombination S-centers and the concen-
tration of capture traps for holes are not known
in advance, groping for this ratio will lead to the
same stepwise method.

The process of changing the flowing current
consists of at least two fundamentally differ-



ent phases. At the initial stage, the photo exci-
tation of free media is carried out (area I Fig.
3.6), most of which go to fill existing traps and
recombination centers. In the studied sensitive
crystals, there are definitely at least effective
R-centers for this. The usual mechanisms of
perception due to redistribution of carriers be-
tween the centers of the first and second classes,
and even more so, the center-to-center distribu-
tion between R and R" centers have not yet been
included. Especially for small light intensities,
when the number of photons absorbed is less
than the concentration of traps, the non-equi-
librium charge capture process dominates. The
conditions for the formation of the photocurrent
are unfavorable.

FrE

Fig. 3.6. The kinetics of infrared quenching of pho-
tocurrent in the highs quenches at wavelengths of 1100
nm (1) and 1380 nm (2).

1. —from 4,25 to 9,8 Ix;

2. —from 9,8 to 4,25 Ix;

3. —from 1,35 to 4,25 Ix;

4. — from 4,25 to 1,35 Ix;

5.—from 0,6 to 1,35Ix;

6. — from 1,35 to 0,6 Ix.

On the contrary, the final stages of relaxation
take place in the conditions of quasi-steady equi-
librium between the capture-release processes.
For our samples, this is done for at least four
channels: in addition to the always present ad-
hesion centers, recombination at the S-centers,
captures and emissions from the ground and
excited States of the R-centers and intra-center
transitions between them.

It is this complex ensemble of interactions
that mainly represented the subject of research.
Therefore, the measurements were carried out
under conditions of the existing intensity of the

natural light and the steady-state photocurrent
in the transition to higher illumination [13]. For
the moment t=0 inclusion of additional light was
accepted (Fig. 3.6).

I, mA4

0,057 5

I, sec

200 300

Fig. 3.7. The kinetics of infrared quenching of photo-
current in the highs quenches at wavelengths of 1100
nm (1) and 1380 nm (2).

The measurement results were compared
with the reverse process, when the illumination
returned to its original value. In this case, the
determining process becomes a competing-the
centers are emptied.

Indeed, the measurements under low illumi-
nation, we observed a relatively tight region of
the exit to the plateau of the graph 1(t). At the
same time, the decreasing relaxation was faster.

For transitions from smaller to larger illumi-
nation at large light fluxes, in addition to the nat-
ural increase in the absolute values of the photo-
current, the increasing part increased slightly in
time. This is because it is not determined by the
parameters of light, and the presence of empty
spaces on the traps. The decaying part of the 1(t)
dependence was delayed to a greater extent be-
cause it was determined by the large charge ac-
cumulated on the traps.

Finally, for relatively high light intensities, as
seen in Fig. 3.6, the magnitude of the photocur-
rent itself depended on the intensity of the light
used. The kinetics of its change-both increas-
ing and decreasing, since the time of about two
minutes, became more and more identical. With
visual superposition of graphs at light intensities
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of more than 10 Lux, these parts of the curves
coincided.

In addition, it is characteristic that the value of the
relaxation interval for the recession (Fig. 3.6 area III)
also increased with increasing light intensity.

Short-term plot, less than 2 minutes, was de-
pendent on the temperature at which the mea-
surement was made. The absolute values of the
current with increasing temperature decreased
both in the saturation region and the current
value. In order to exclude the collapse reduction
of currents associated with the effect of tem-
perature quenching, not considered in this work,
the temperature change region was used below
50-60 °C, characteristic for the beginning of
T-quenching. The increase in temperature led to
a noticeable recovery of relaxation by 2-3 times.
Given the seconds of the duration of the evolu-
tions of the current, we connected the observed
variation exclusively with electronic processes.
In contact with own light on the sample there
is a release of no equilibrium charge carriers. A
number of them take part in the formation of the
photocurrent. And a significant part, especially
in the initial moments of time, goes to fill deep
traps. It is obvious that the number of such cap-
tured carriers on the traps is large at first, be-
cause the traps were empty. But over time it is
reduced as the traps are filled. This ensures an
increase in the proportion of carriers remaining
in the free state with a corresponding relaxation
increase in the photocurrent.

At the same time, it is superimposed by a
competing process — as the traps are filled un-
der the influence of temperature, the number of
thermally ejected carriers increases. In General,
the presence of equilibrium is characterized by
the approximate equality of the flows of cap-
tured and discarded carriers from the traps. As
the temperature increases with the same cap-
ture intensity, the number of thermal emissions
increases. This provides a more rapid achieve-
ment of the saturation current.

As noted, when excited by its own light, the
formation of the photocurrent is controlled by
the recombination processes at the S-centers.
The role of R-centers can be made decisive, if
you do otherwise-without changing the current
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intensity of this light, turn on the infrared. The
relaxation curves of the effect of infrared quench-
ing of the photocurrent, not studied earlier, are
shown in Fig. 3.7. To observe the relaxation of
the photocurrent under the influence of radiation
from the long — wave part of the spectrum, the
wavelengths corresponding to the damping maxi-
ma of 1100 and 1380 nm were used. Optimal val-
ues of the Eigen frequency and quenching light
intensities were chosen in accordance with [14]
— [17] (see chapter 1.1. Part ).

With an ongoing and exciting light, when the
photocurrent I achieved relaxation, including
infrared light, pre-set to the wavelength of the
corresponding maximum damping and starred
time dependence of the photocurrent.

Both curves start from a single point cor-
responding to the value of the self-excitation.
When the infrared illumination is switched on,
the photocurrent is quenched and its value de-
creases-and the curve 1 corresponding to the
wavelength of the short-wave maximum (see
Fig.1.1. PartI) is above the curve 2 for the wave-
length maximum and relaxes to the steady-state
value longer.

This is explained as follows. Since there is
a thermal transition from level R to level R’,
the probability of transition from this level is
greater due to the greater population of the ex-
cited States. This determines that the curve 2
corresponding to the transition from levels R’
is lower than the curve 1 corresponding to the
transition from levels R.

As you can see from figure 3.7, curve 2 re-
laxes to steady value faster. This is due to only
one process, namely-transitions from the levels
R’. At the same time, the curve 1 is due to transi-
tions from the levels R and R’, plus thermal tran-
sitions within the centers of sensitivity from the
ground to the excited States. In addition, there is
a possibility of reverse capture of the hole from
the valence band to the R-centers. In General,
the existence of such a complex combination of
processes and causes a more protracted front of
the observed curve.

Thus, the considered model assumes a large
population of R” level holes due to thermal tran-
sitions to them from the main state of R-centers.
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PaccmoTtpens! goTtoanekTpuueckue cBoiictBa kpuctamioB CdS ¢ KoMOMHHPOBAHHBIM JIETHPO-
BaHUEM.
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JOCIIIKEHHSA HEOJHOPI/THO 34YBCTBJIEHHUX KPUCTAJIIB CYJIb®IAY
KAJIMIIO. YACTHHA II. PEJTAKCAIIIMHI XAPAKTEPUCTHKH.

PosmstayTi hoToenekTpudHi BIacTUBOCTI kpucTaiiB CdS 3 koMOIHOBaHUM JIETyBaHHSIM.
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