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The kinetics of the photostimulated change of the electric charge on dislocations in NaCl single crystals in
which color centers (F centers) are introduced is investigated in detail as a function of the intensity and the
duration of the illumination in the temperature interval 220-320 K. It is observed that the photostimulated
change of the dislocation charge has a complicated and nonmonotonic character, and under certain
conditions the sign of the charge can be reversed. The observed change of the charge can be described by a 3-
stage process. The empirical relations that describe each of the stages are found, and their main characteristics
are studied. A model is proposed, according to which the photostimulated change of the dislocation charge is
connected with the capture of photoelectrons and anion vacancies, which are produced when the F centers are
photoionized, followed by a redistribution of the cation and anion vacancies between the dislocation, the
screening charge cloud, and the bulk of the crystal. The theoretical relations for the kinetics of
photostimulated charge change agree well with the experimental results.

PACS numbers: 61.70.Dx

The charges on dislocations in alkali-halide crystals
(AHC) and their influence on the physical properties of
these crystals have been intensively investigated in the
last few years.!® Of great interest is the study of the
dislocation charge in AHC in which electronic color
centers (usually F centers) have been introduced. In
such crystals the photoionization of the F centers leads
to slowing down of the dislocations (the photoplastic ef-
fect) and to a temporal redistribution of the carriers
responsible for the formation of the dislocation charge.
This manifests itself in an effect recently observed in
NaCl crystals, namely F-stimulated reversal of the
sign of the charge on the dislocation. ? Understandably,
the two effects are related and therefore an understand-
ing of the nature of one of them yields essential infor-
mation for the understanding of the other. The present
paper is devoted to an investigation of the kinetics of the
photostimulated change of the dislocation charge in NaCl
crystals.

EXPERIMENTAL PROCEDURE

To measure the dislocation charge we used a 4-com-
ponent piezoelectric vibrator (Fig. 1). The method is
based on the known fact® that if longitudinal mechanical
vibrations are excited in a sample subjected to prior
deformation by flexure, an alternating voltage U ap-
pears between its opposite faces on account of the peri-
odic displacements of the charged dislocations (see the
right-hand part of Fig. 1). The connection between U
and the charge on the dislocation is established in the
following manner. The displacement of the dislocation
under the influence of the applied stress causes a dis-
location strain g4, =N;b¢,, where Nj is the density of the
mobile dislocations, b is the Burgers vector, and Z; is the
average displacement of the dislocations. In addition,
displacements of the charged dislocations lead to sam-
ple polarization P =gN,€,, where q is the linear charge
of the dislocation, N, is the density of the excess edge
dislocations that are produced by the bending of the
sample, and g, is the average displacement of the dis-
location relative to its screening charge cloud.
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As shown by Robinson et al. ,4 the charge cloud is im-
mobile up to temperatures ~600 K, so that in our case
T, =fz, inasmuch as the employed temperatures were
substantially lowered in 600 K. Thus, the alternating
voltage U produced by displacement of the dislocations
can be expressed in terms of the parameters of the dis-
location structure: U= aquzfz, where o, is a coefficient
that takes into account the electrical characteristics of the
measuring circuit. Expressing g, in terms of El, we
obtain ultimately

N, ¢
U=°‘iﬁ§'73disl- (1)

As seenfrom (1), the quantities @, and N,/N, are constants
for agiven sample and for a chosen measurement setup,
thereforeto estimate g itis necessaryto determine U and
€4isifrom experiment. The alternating voltage Uis obtained
from direct measurements of the potential difference
between the faces of the sample, and €4, is determined
from the measured amplitude-dependent decrement &
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FIG. 1. Block diagram of the setup: 1—quartz exciter, 2—
quartz receiver, 3—fused-quartz buffer, 4—sample, 5—fre-
quency meter, 6—voltmeter, 7—phase meter, 8—automatic
plotter, 9—narrow-band amplifier, 10—amplifier, 11—sweep
generator, 12—current-frequency characteristics meter, 13—
synchronous detector. On the right is shown the pattern of
motion of the excess edge dislocations in a bent sample under
the influence of compression and tension stresses.
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and the change of the elastic modulus Ap/p.

Within the framework of the string model’ for this
procedure all these quantities are connected by the
simple relation

€ gi =0€0=2(Ap/p) &,

where g is the amplitude of the mechanical stress ap-
plied to the sample.

The measurement circuit is shown in Fig. 1. A volt-
age v, is applied to the quartz exciter from a generator.
As a result, natural longitudinal oscillations are excit-
ed in the vibrator, which consists of the quartz exciter,
quartz receiver, buffer, and sample.

The amplitudes v, of these vibrations are registered
by the quartz receiver. The alternating voltage U,
which is produced only when an excess density of edge
dislocations is introduced into the sample by flexure, is
picked off simultaneously from the silver-coated faces
of the sample. The voltage U is applied through an
amplifier to a measuring instrument and a synchronous
detector. The amplitude- and phase-frequency charac-
teristics of the voltage U and of the voltage from the
quartz receiver are recorded with automatic plotters.
To eliminate electric noise, a buffer of fused quartz
and a brass screen are placed between the sample and
the quartz crystals. For the same reason, the entire
vibrator is placed in a metallic vessel.

The quantities 5, £, and ap/u can be expressed,
within the framework of the theory of the compound pie-
zoelectric vibrator,® in terms of measurable parame-
ters of the electric circuit: g =kyv,, 0="Fkyv,/ /v, S1/1
=k3Af, where Af is the change of the resonant frequency of
the vibrator, measured with a frequency meter, and %y,
ky, and k3 are the characteristic parameters of the cir-
cuit. Thus, expression (1) can be represented in terms
of the measured parameters of the electric circuit of
the vibrator:

N: ¢

v N g (2)
Uman— L b 2t hgymabke =~ v,
S AT

It should be noted that, as seen from (2), ¢~ U when v,
is constant.

The employed measurement circuit makes it possible
not only to estimate the absolute value of the charge,
but also to determine its sign. To this end, the sign of
the piezoelectric modulus for the chosen face is first
determined from static experiments on the quartz re-
ceiver. This makes it possible to ascertain, from the
voltage v, picked off the quartz receiver in the dynamic
regime, whether the positive (negative) half-wave of the
picked-off voltage belongs to the compression or tension
cycle. Knowing the distribution of the stresses in the
vibrator at each instant of time, we can determine for
the second instant of time the distribution of the stress-
es in the sample. Since the slip geometry in the sample
is known (see Fig. 1), the sign of ¢ can be determined
by measuring the phase relations between U and v,.

The experiment was performed in the following man-
ner. Samples measuring 3X3X21 mm were cleaved a-
long the [100] planes from single crystals of NaCl con-
taining < 107 at. % impurities. Measures were taken in
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the course of the preparation of the samples’ to prevent
a possible increase of the dislocation density when the
samples are attuned to the required frequency (~100
kHz). Silver electrodes were coated on the prepared
samples, after which the samples were bombarded with
gamma rays up to a dose of 1x10° rad, corresponding
to introduction of ~10'® ¢cm™ F centers. The samples
with the introduced color centers were then deformed in
darkness by 4-point bending to a radius ~0.7 m. Ac-
cording to Whitworth,® this corresponds to introduction
of an excess of ~10° cm™ edge dislocations. The mea-
surements were made in the temperature 220-320 K,
but at fixed temperatures. The sample was kept at the
specified temperature prior to the start of the experi-
ment for a time not less than 30 min. The rate of heat-
ing or cooling on going from one temperature to the oth-
er did not exceed 1 K/min. In the entire temperature
interval, the resonant frequencies of the samples and of
the quartz crystals differed by not more than 0.3%.

The F centers were photoionized by illuminating the
sample with F light (=470 nm) for a specified time in-
terval, using a DKSSh-500 lamp with an SPM-2 mono-
chromator or a 170-W incandescent tungsten lamp and
light filters. The employed samples satisfied the condi-
tion #d < 0.3, where a is the optical absorption coeffi-
cient and d is the sample thickness. Thus, the de-
crease of the light intensity on passing through the sam-
ple was negligible.

The experiments were performed at amplitudes corre-
sponding to the amplitude-dependent internal friction
(this was verified by plotting the amplitude dependence)
at constant v,.

The main part of the study was an investigation, at
various temperatures, of the kinetics of the variation of
the dislocation charge as a function of the incident-light
intensity, of the illumination duration, and of the F-cen-
ter concentration.

RESULTS OF EXPERIMENTS

When edge dislocations are introduced into a sample,
the oscillating mechanical stress gives rise to an alter-
nating voltage U corresponding to the charge g on the
dislocation. In the estimate of ¢ by formula (2), we as-
sumed N,/N;=1. The dark charge is negative and re-
mains practically unchanged when the sample is kept at
300 K for a rather long time. The photoionization of the
F centers by the F light leads to a change in the disloca-
tion charge. Figure 2 shows this change at T =295 K.
When the light has sufficient intensity, the change of the
dislocation charge goes through three stages. Stage I is
an increase of the negative charge and is observed only
in the presence of illumination. Stage II is a rapid de-
crease of the charge, with possible reversal of its sign;
it is observed both in the course of illumination and
after the light is turned off. Stage III is the restoration
of the initial charge. The kinetics of the variation of
the charge depends substantially on the temperature, on
the intensity of the light, on the illumination duration,
and on other parameters.

The dependence of the kinetics of the variation of the
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FIG. 2. Photostimulated change of the dislocation charge
(T=295). The numbers I, II, III denote different stages of the
change of the dislocation charge.

dislocation charge on the measurement temperature is
shown in Fig. 3. The data pertain to the same sample
at different temperatures. An important factor in mea-
surements of this kind is the requirement that the initial
conditions be identical for each temperature. To satis-
fy this requirement, the duration of the illumination
with F-light was chosen in each measurement to be 10
sec. This time interval is short enough for the number
of F centers not to decrease noticeably at the employed
light intensity, and at the same time it is sufficient to
cause a significant change of the charge. When mea-
surements were made in the temperature interval below
300 K, the sample was heated to 300 K and kept at this
temperature after each measurement cycle at a speci-
fied temperature, so as to restore the initial dark
charge. The kinetics of the variation of the dislocation
charge was practically identical for different samples
but with the same initial data.

Figure 3 shows plots of the dislocation charge during
the first hour after the light is turned off. We note that
the course of stage I is practically independent of tem-
perature. Stages II and III slow down substantially with
decreasing temperature, and may not appear at all at
sufficiently low temperatures. It is convenient to ex-
amine the character of the singularities of each of the
stages separately.

Stage I. 1t is observed only with the light on. It man-
ifests itself most clearly at low temperatures (T < 250
K). As seen from Fig. 4, in this case the function g(¢),
where ¢ is the exposure time, is described by a curve

! i
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FIG. 3. Time dependences of the dislocation charge following

a short-duration illumination at temperatures 240-320 K.
Mlumination time 10 sec. The turning on and off of the illumi-
nation is marked by a single arrow.
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FIG. 4. Dependence of the dislocation charge on the time
during stage I following illumination with light of varying inten-
sities; I—intensity of incident light, I,=2I, T=232 K.

with saturation. The quantity gn., corresponding to the
saturation level for a given sample depends little on the
temperature and on the concentration of the F centers.
The independence of g, of the intensity of the incident
light is readily illustrated by an experiment (Fig. 4) in
which light of higher intensity is subsequently turned on
after the saturation level is reached. At the character-
istic value for g, for the samples employed in the ex-
periments is 0.001-0. 005 electron/site. It must be
noted that even though g,., does not depend on the light
intensity and on the F-center concentration, the rate at
which the saturation level is reached increases substan-
tially when these quantities are increased. The curve
q(t) during stage I is well approximated by an exponen-
tial with a time constant 7;. This can be seen in Fig. 5,
which shows the plots of ¢(t) in the coordinates log{(g. — ¢)/
(¢ —go)}andt. Thecurveswere plotted at 280K, and at
this temperature stageIl is weakly pronounced. Atchange
inthe slopes of the straight lines, i.e., anincreaseof 7 is
noted when the F-center concentration is decreased by
discoloring the crystal. The values of- 7; for different
samples vary in the range 10-100 sec.

We emphasize the following important circumstance.
Regardless of the sign of the initial dislocation charge,
stage I corresponds to an increase of the negative
charge. This fact is illustrated by an experimeat in
which the light was turned on both when the dislocation
charge was negative and when it became positive as a
result of photostimulated sign reversal. In both cases
the charge became more negative under illumination.

Stage II. This stage takes place both in light and after

the light is turned off, and depends strongly on the tem-
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FIG. 5. Dependence of the dislocation charge on the time dur-
ing stage I for one and the same sample with different F-center
concentration. g, and g, are the values of the dislocation
charge at =0 and at saturation. The concentration of the F
centers in the initial samples is 1x10'6 cm=3. Curves 1, 2,
and 3 were obtained as a result of discoloring the initial sample
by light of the same intensity for 10, 80, and 220 sec respec-
tively.
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FIG. 6. Dependence of the dislocation charge during stage II
on the time after the turning off of the light, in coordinates
(Ag)-! and ¢-1; curve 1—at 270 K, 2—at 284 K, 3—at 295 K
4—at 309 K. In the right corner is shown the plot of A (in
relative units) against temperature E=0.55+0.5 eV (Aq is

the change of the dislocation charge after turning off the light).

perature, so that at low temperatures it may also not be
observed (Fig. 3, T=242 K). However, when a sample
illuminated at T< 250 K is heated to room temperature,
stage II occurs without additional illumination, and re-
versal of the sign of the charge can be observed.

The time dependence of the change of the charge 2¢q
after turning off the light, with the exception of the val-
ues corresponding to the transition region between
stages II and III, is described by the empirical relation
(Fig. 6) Aq =KA#/(K+At) or

(Ag)—'=1/K+1/4t, 3)

In this expression, K and A are constants that charac-
terize the depth and rate of the process. With increas-
ing temperature, A increases in accordance with the
Arrhenius law (see Fig. 6), with an activation energy
0.55+ 0.5 eV, while K depends little on the temperature
and increases with increasing exposure.

It should be noted that the acceleration of the stage II
with increasing temperature can cause the stage I to be-
come unobservable, owing to superposition of the pro-
cesses responsible for stages I and II. A similar result
is possible also in the case of a dark charge which is
close to the limiting value.

As already indicated above, stage II can occur also in
light. If the exposure times are long, the simultaneous
occurence of stages I and II leads to stabilization of the
charge as is well illustrated in Fig. 7. It is seen from
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FIG. 7. Dependence of the dislocation charge ¢ and of the
ultrasound damping decrement 6 on the time following pro-
longed illumination, T'=295 K.
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FIG. 8. Dislocation charge against time during stage III:
J—at 295K, 2—309 K, 3—320 K. In the right-hand corner

is shown the dependence of the time constant 7; of stage III on
the temperature; E=0.75+0.02 eV.

the figure that the charge is stabilized, although the
number of point defects per dislocation continues to in-
crease, as follows from the change of the dislocation
damping 6, which is sensitive to those defects that
serve as pinning centers.

Stage III. This stage is observed only after this lumi-
nation is stopped, and its course depends strongly on
the temperature (Fig. 3). At negligible light sums,
when the discoloring is small, this stage is well de-
scribed by an exponential with a time constant that de-
pends on the temperature in accordance with the Ar-
rhenius law (Fig. 8), and with an activation energy
~0.75 eV. The attained level of restoration of the
charge depends substantially on the prior action of the
light on the sample. In the case of strong discoloring,
the prime of restoration of the charge becomes substan-
tially longer.

DISCUSSION OF EXPERIMENTAL RESULTS

It is known® that the geometry of the dislocations in
AHC is such that charged steps (captured vacancies)
can be produced on an edge dislocation. These steps
can move together with the dislocation. For the sake of
convenience we shall designate the vacancy density in
the volume by n~ or ', and the densities on the disloca-
tion line by p~and p*. Since both cation and anion va-
cancies can be frozen in the crystal, incomplete steps
{captured vacancies) of opposite signs can be produced.
The resultant dislocation charge is g=(o"-p’)e. The
limiting value of this charge is determined, on the one
hand, by the elastic and electrostatic interaction of the
dislocation with the vacancies, and on the other by the
forces of the Coulomb interaction of the charges on the
dislocation. According to Whitworth,? the limiting value
in AHC is gp,, 0. 01 electron/site.

The dislocation charge under equilibrium conditions is
screened by a Debye-Hiickel cloud of oppositely charge
point defects.® The screening radius A, as well as the
magnitude of the dislocation charge, depends strongly
on the concentration of the vacancies of different types.
At room temperatures, and lower, the concentration of
the intrinsic point defects is low and the charge on the
dislocation is determined by the vacancies introduced
into the crystal to ensure its electroneutrality when
doped by an impurity with different valence. In our
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crystal, according to chemical analysis, this impurity
comprised divalent cation-replacing calcium ions, and
therefore cation vacancies predominate in the crystal.
Thus, one should expect the dislocations in such crys-
tals to be negatively charged. This conclusion is con-
firmed by numerous experiments on crystals of similar
kind.®® It is also confirmed in our experiments. The
charge in crystals without color centers is negative,
and in the same crystals but with color centers the dark
charge is likewise negative, although its value is some-
what lower.

We examine now the distribution of the charged point
defects on the dislocations inside and outside the cloud
that screens the dislocation charge, i.e., in the bulk of
the crystal. As already indicated, in the volume of the
crystal the concentration of the anion vacancies =" is
very low, and the concentration of the mobile cation va-
cancies is npN" (where N' is the concentration of the di-
valent cation-replacing impurity and p is the fraction of
vacancies that are not bound into neutral [N"z"] com-
plexes), and is substantially larger than »’. Because of
the elastic (Cottrell) attraction, the concentration of
both the anion (p*) and cation (p~) vacancies on the dislo-
cation is larger than in the volume, but since there are
still cation vacancies, we have p" - p~< 0 and q<0. The
cloud that screens this dislocation charge is formed as
a result of the increased impurity density compared
with that of the free ions. Since the impurity ions are
mobile only at temperatures much higher than room
temperature, the necessary screening is reached as a
result of the departure of unbound cation vacancies from
the cloud, therefore their concentration in the cloud is
lower than in the volume. The maximum charge at-
tained in our experiments is gy~ 0. 05 electron/site,
corresponding to a free cation vacancy concentration
~10, At this vacancy concentration we have A~10%
cm. Since the density of the dislocations introduced is
N;~10° cm™, the radius of the Debye cloud turns out to
be much less than the average distance between dislo-
cation, the latter being 10® cm. This means that the
Debye clouds of the dislocations do not overlap and that
the proposed treatment of the distribution of the charged
point defects is perfectly reasonable.

It should be noted that the irradiated crystals con-
tained a large number of uncharged point defects, such
as color centers, hole centers, etc., which in first ap-
proximation can be regarded as uniformly distributed
over the entire volume, including the region inside the
screening cloud.

The sequence of the photostimulated change of the
charge on the dislocation can be visualized in the follow-
ing manner. Illumination with F light results in photo-
ionization of the F centers and formation of F* centers
(anion vacancies) and photoelectrons. The lifetime of
the electron in the band is short,!® owing to the presence
of capture centers in the crystal. Itis known!! that the
principal capture centers in gamma-irradiated AHC are
the chlorine atoms in interstices (the most effective
traps, which lead in fact to a discoloration of the crys-
tal), and F and F' centers. The presence of disloca-
tions can lead to capture of photoelectrons by the dislo-
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cation traps. Such traps can be F and F~ centers on the
dislocation. 1? The capture of the photoelectrons on a
dislocation is possible because of the presence, in the
immediate vicinity of the dislocation, of an unscreened
positive potential. In fact, the maximum attainable
charge in our experiments was ¢ ~0.005 electron/site.
Since the concentration of the cation vacancies on the
dislocation line greatly exceeds the concentration of the
anion vacancies, the average distance between vacan-
cies on the dislocation is a ~e/g =0.8%10% c¢cm, which
is not much less in order of magnitude than the radius
of the screening cloud. Therefore at distances < a the
screening is not very effective. Thus, the positive po-
tential near the anion vacancy on the dislocation is pre-
served at distances < a, and the electrons produced in
this region can be captured by the dislocation, even if
the latter carries a negative charge.

Photoionization of the F centers in the crystal, in-
cluding those inside the screening cloud, gives rise to a
large number of anion vacancies. Because of the elas-
tic and electrostatic attraction of the negatively charged
dislocation, the anion vacancies begin to flow towards
the dislocation, causing the charge to be redistributed
in it. As already indicated, the overwhelming part of
the photoelectrons is captured by atoms in the inter-
stices, therefore the number of vacancies generated by
the light is much larger than the number of electrons
that settle on the dislocation traps. The influx, on the
dislocation, of the anion vacancies produced by the il-
lumination leads not only to a compensation of the
charge in excess of the negative dark charge, but also
to a considerable decrease of the charge below the dark
level. Understandably, this change of the charge on the
dislocation should cause a corresponding response in the
system of cation vacancies. However, since the con-
centration of the cation vacancies inside the screening
cloud is much less than the volume concentration, the
cation vacancies should be redistributed by diffusion
from the volume. Thus, within the framework of the
proposed scheme, stage I constitutes capture of the pho-
toelectrons by the dislocation traps, stage II is the de-
crease of the dislocation charge on account of the arri-
val, at the dislocation, of anion vacancies produced by
illumination, and stage III is the restoration of the equi-
librium dark charge as a result of the redistribution of
the cation vacancies in the system. All three stages
are shifted in time and in space, so that, on the one
hand, the mobility of the photoelectrons is much larger
than the mobility of vacancies (stages I and II), and on
the other hand the diffusion paths of the cation and anion
vacancies differ significantly (stages II and III).

Since the mobility of the photoelectrons is much larg-
er than the mobility of the vacancies, the change of the
dislocation charge as a result of the illumination with F
light can be described by the following expression:

99 _Gned 7% Ly divGr), @)
dt Ty T2
where ¢na, is the limited value of the charge reached in
the experiment, j~ and j* are the densities of the fluxes
of the cation and anion vacancies, y is the coefficient of
capture of the approaching vacancies by a dislocation,
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and ¢ is the electron charge. In expression (4), the
first term corresponds to capture of photoelectron by
the dislocation traps, the second to the thermal release
of the electrons from the dislocation traps, and the third
describes the establishment of the equilibrium charge
via redistribution of the vacancies in the system.

The flux densities are determined both by diffusion
and by drift:

]
jr=D*Vn*—n*p* ~6—(U++e(p) s
r

a ()
jm=D"Vn —n-pu~— (U —ep),
ar

where D" and D~ are the diffusion coefficients, U" and U~
are the energies of the elastic interaction of the dislo-
cations with the vacancy, »" and »n” are the densities and
p* and p” are the mobilities of the anion (+) and cation
(-) vacancies, The potential y is determined from the
Poisson equation

2

4
Vg = — =% (nt—n-+N*).

€

We analyze now expression (4). At low temperatures,
T < T, the mobilities p” and p” are so small that the
motion of the vacancies can be neglected. At U'~0.8
or U ~0.8 eV (Ref. 13) this condition is satisfied at T
<250 K. Thus, the third term in (4) can be neglected.
The second of the two remaining terms also does not
play a substantial role, inasmuch as, judging from the
experimental data (see Fig. 3, T =242 K), at these
temperatures the dislocation charge remains unchanged
for a rather long time when the light is turned off, i.e.,
no thermal destruction of the dislocation capture cen-

ters takes place at these temperatures. Thus, at T

< T, we have
dq _ gmes—q —t
e =qmax=" \Gmex—q0o . 6
T =G (G g exp— ®)

The value of 7; can be estimated from the following
simple considerations. The rate of filling of the traps
by photoelectrons is proportional to the number of the
latter generated by the light per unit time, i.e., to the
quantity a8, where ¢ is the light flux, ¢ is the light
absorption coefficient, and 8 is the quantum yield, and
is inversely proportional to the total concentration », of
the traps in the crystal. If it is assumed that the ef-
fectiveness of all the traps in the volume is the same,
then

=18/ Dap. (1

Assuming 7y =1x10% cm®, e =1 em™, =1,  =2x 101
photons/sec, and anilluminatedarea S =0. 2 cm?, we ob-
tain 7{ =100 sec, in sufficiently good agreement, under the
assumptions made, with the estimates obtained in the ex-
periment.(7; =10-100 sec).

The proposed model explains the experiments on the
influence of the light intensity and of the degree of dis-
coloration on the course of stage I. An increase of the
light intensity decreases 7, as follows from (7). At the
same time, the dependence of gy, on I (Fig. 4) is evi-
dence of filling of all the allowed traps. The discolor-
ing of the sample decreases o. At the same time,
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while a change does take place in the concentration n; of
the volume traps, it'is smaller than o, since the con-
centration of the traps exceeds the concentration of the
F centers. It follows therefore that 7 should increase
upon discoloration, as is in fact observed in the experi-
ment (Fig. 5). It is known!? that 8~1 in the temperature
interval 270-320 K, and since this is the only quantity in
(7) that depends substantially on the temperature, it fol-
lows that 7; does not depend on temperature in the inter-
val 270-320 K. Therefore, when the temperature drops
below 250 K, one should expect stage I to slow down be-
cause of the decrease of 8. Let us estimate the possi-
bility of describing the increase of the negative charge
on the dislocation by means of the capture of the photo-
electrons generated when the F centers are destroyed
inside the screening cloud. The maximum charge is
Gmax~ 0. 005 electron/site. If the dark charge is close to
zero then to ensure a change of charge amounting to

0. 005 electron/site in the course of stage I at a disloca-
tion density N, =1x10° cm™, the number of required
electrons is ~10!! cm?,

At a screening-cloud radius A~10°b, the volume occu-
pied by all the clouds in the crystal is TN A2 =5% 103 cm®,
i.e., atan F-center concentration 1x 10° cm™ the clouds
contain5X 10" ¢m™ F centers, and this number is quite
sufficient to generate the required number of photoelec-
trons.

At moderate temperatures, an essential role is played
by processes governed by the mobility of the vacancies,
i.e., those described by the third term in (4). The
thermal release of electrons from the capture centers,
described by the second term of (4), also takes place,’
but does not play a decisive role in the determination of
the kinetics of the change of the dislocation charge.

The reason is that the capture of the photoelectrons by
the anion vacancies leads to formation of F centers (the
main process), which are stable at the experimental
temperatures. The formation of the less stable F~ cen-
ters, while it does take place, is less probable than the
formation of the F centers. Therefore the process of
the decrease of the negative charge on account of the re-
lease of the electrons with F~ centers is possible, but is
much less effective than the process connected with the
migration of the anion vacancies. In fact, after the
light is turned off, the dislocation charge decreases to
a level much lower than the initial one (Fig. 2). We
therefore confine ourselves hereafter to a consideration
of only the third term of (4).

We consider first the processes that take place imme-
diately after the light is turned off, when the influx of
the cation vacancies can be neglected. In the absence of
light, dg/dt=0and j'=j"=0. Turning on the illumina-
tion leads to generation of anion vacancies, and in first-
order approximation it can be assumed that the genera-
tion takes place uniformly over the entire volume. The
exposure time should be chosen so short that the dis-
placement of the anion vacancies is negligible during the
period of illumination. In this case, at the first instant
after the light is turned off, the diffusion flux of the an-
jon vacancies remains unchanged, and the entire change
of the charge is due to the increase of the drift flux pro-
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duced by the forces of elastic and electrostatic interac-
tion of the dislocations with the anion vacancy. Since
ep~U"=U"< U, the main contribution to this force is
made by the elastic interaction. Then, the calculation
of the flux of the anion vacancies can be reduced to the
known problem of formation of Cottrell atmospheres
near the dislocation. ' The concentration of the anion
vacancies near the dislocation corresponds to a change
Agq of the dislocation charge, and is described by the
expression

Ag=nen*(3U*u*bt)™, (8)

where 7 is a certain numerical parameter.

Subsequently the influx of the anion vacancies to the
dislocation slows down and stops ultimately because of
the accumulation of the space charge, the depletion of
the number of anion vacancies, and the change of the
electrostatic potential which becomes less attracting
and even repelling if the charge on the dislocation has
reversed its sign. The total change of the charge dur-
ing stage II is determined mainly by the number of the
newly produced anion vacancies, and should therefore
depend strongly on the absorbed light sum and weakly on
the temperature in the investigated interval; this is in
good agreement with the experimental results (see Fig.
3). The duration of this stage should decrease with in-
creasing temperature in accordance with (6), also in
good agreement with the experimental results (see Fig.
6). Estimates of the duration of stage II in accordance
with formulas (6) agree with the experimentally deter-
mined ones, and the temperature dependence of the pa-
rameter A in the empirical formula (3) for the descrip-
tion of stage II agrees qualitatively with the conlusions
of formula (6). It should be noted, however, that the
empirically determined activation energy of the process
of charge change during this stage is somewhat lower
(0.55+ 0.5 eV) than given by formula (6) (~0.8 eV), as
is typical of anion vacancies in NaCl.® This is most
readily due to the simplified description of the stage II,
wherein all the processes reduce to a single one—for-
mation of Cottrell atmospheres. Nonetheless, the pro-
posed model explains well qualitatively the features of
the course of stage II under the considered conditions.

A somewhat different picture should be observed in
the case of long exposure times. In this case the anion
vacancies and the electrons land on the dislocation si-
multaneously, and this leads to stabilization of the
charge (see Fig. 7). All the arriving anion vacancies
become filled by electrons. If the light is turned off,
then generation, and consequently capture of photoelec-
trons ceases, and since the influx of anion vacancies is
conserved, the positive charge is increased.

As already shown, in the region inside the screening
cloud, in the equilibrium dark case, the concentration of
the cation vacancies is decreased. This means that the
dislocation feels the response of the system of cation
vacancies to the change of the charge after some delay,
and the delay time can be roughly estimated to be the
time of displacement of the anion vacancies by a dis-
tance equal to the radius of the screening cloud, i.e.,
this time is determined by the mobility u~. Since n~
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>n', the dark charge is negative. Inasmuch as the em-
ployed exposures are short, it follows that to upset this
relation an equilibrium charge should be established,
after the light is turned off and the stage II terminates,
by migration of the cation vacancies through the disloca-
tion, i.e., a flux j~ is produced. The concentration n”
in expression (5) for j~ does not change, since it is de-
termined only by the concentration of the introduced di-
valent impurities. The appearance of the flux j~ is due
only to the change ¢ of the electric potential of the dis-
location, i.e.,

. _,_66
Jjr=—n"uTe—- 8.

At the same time, 6y can be expressed in terms of the
concentration of the cation vacancies, on the basis of
the Poisson equation

V2(6cp) =—4neAn/e,

where an is the change of the equilibrium concentration
of the charges on the dislocation relative to the concen-
tration established at the end of stage II, and € is the
dielectric constant, Since ean=25gq, expression (5),
with account taken of the fact that stage II has already
passed, can be written in the form

dAg
dt

Putting

e lmAq. ©)

eldnpn-e=rt,,
we obtain
dAgldt=—Aq/Ts,
whence
1=0 eq T (9—3eq ) XD (—t/T2), (10)

where g, is the charge corresponding to the end of stage
II, and ¢,, corresponds to the end of stage III. The re-
laxation time 73 is determined by the mobility and by the
concentration of the cation vacancies, inasmuch as un-
der the experimental conditions we have "~ exp(- U,/kT).
During the same time therefore U,, canbe estimated from
measurements of the temperature dependence of stageIIl.
In fact, as shown above, (see Fig. 8), the experimental
results are described by an exponential, and the activa-
tion energy U of the process responsible for stage III
turns out to be ~0.75 eV, in agreement with the activa-
tion energy U, of the migration of the cation vacancies,
as obtained in a number of studies!®!" by measuring the
electric conductivity, the dielectric losses, and others.

In conclusion, the authors thank R.A. Vardanyan,
A.V. Zaretskii, and S.Z. Shmurak for helpful discus-
sions.
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We obtain the distribution function F(E) of the electric field produced by charged donors and acceptors on
neutral impurity centers in a weakly doped compensated semiconductor at absolute zero temperature. For the
case of a low degree of compensation of the main impurity (K €1), when the charged impurities are situated in
the crystal in the form of individual pairs comprising an ionized donor and an ionized acceptor, we obtain an
analytic expression for F(E). At higher degrees of compensation (up to K = 0.95) the function F(E) is

obtained with the aid of computer experiments. The method of Efros ez al. [J. Phys. C: Solid St. Comm. 22,
623 (1977)] is used to realize in the computer the ground state of the model of a weakly doped compensated
semiconductor. It is found that up to the highest investigated K the most probable electric field at the neutral
impurity, a field corresponding to the maximum F(E), is much less than the value that would be obtained if
the charged impurities were disposed relative to each other and relative to the neutral impurities in a
completely uncorrelated manner, so that F(E) would correspond to a Holtsmark distribution. This result

points to a a strong correlation between the charges in the considered disordered system.

PACS numbers: 71.55.Ht

1. INTRODUCTION

In weakly doped compensated semiconductors at low
temperatures, when all the carriers are frozen out
(we consider for the sake of argument an n-type semi-
conductor with a donor density N, and an acceptor den-
sity N,<N,), the uncompensated electrons are situat-
ed on the donors, so that a unit volume contains N,
- N, neutral donors, N, positively charged donors, and
N, negatively charged acceptors. The static electric
fields produced by the ionized donors and acceptors
cause a Stark shift and a splitting of the levels of
those impurity centers that had remained neutral and
contribute to the impurity optical absorption. Since the
electric fields at the different impurity centers are
different, this effect leads to a broadening of the spec-
tral lines of the impurity optical absorption and of the
photoconductivity; this line broadening mechanism is
decisive in many cases (the analogous effect of Stark
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broadening of spectral lines in a gas plasma is well
known).

The usual approach!~® in the calculation of the Stark
broadening of the spectral lines in weakly doped com-
pensated semiconductors reduces to the following. It
is assumed that the charged donor and acceptor distri-
butions are perfectly random (uncorrelated) relative to
the radiation-absorbing neutral donors. In this case
the field distribution that determines the shape of the
spectral lines is well known: it is described by the
Holtsmark formula,®!® in which the concentration of the
charged particles must be taken to be equal to 2N ,.
This approach is valid when the crystal temperature is
much higher than the characteristic scatter of the levels
in the impurity band. At not too large a compensation
this scatter is of the order of the Coulomb energy of the
interaction of the charges over the average distance be-
tween the impurities, i.e., ~e2NY?/n, where % is the
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