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(Presented by Academician A. V. Shubnikov, February 9, 1968)

It is known (}2) that the effective drift (e.d.) mobility of carriers up, in crystals
in the presence of trapping is determined by the microscopic mobility u,,, and by
the mean “lifetimes” of a carrier in the trapped state 7, and in the corresponding
allowed band 7,:

1p = i (147, /7) (1)

Excitation of such crystals by light in their intrinsic absorption band leads to
gradual filling of the trapping levels and to a monotonic change in the quantities
7, and 7. For crystals with electron conductivity and with [ trapping levels of
different types, neglecting recombination, it can be shown that
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here N¢y,, is the effective density of states in the conduction band, reduced
to the i-th trapping level (3); Neoy, = Npe Fi/FT: ~. is the electron-capture
coefficient; m,; /M, is the degree of filling by electrons of trapping centers of the
i-th type; E; is the thermal activation energy of these centers.

For 7 /7, > 1
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Consequently, the e.d. mobility is determined by the concentration of carriers
localized on trapping levels and therefore must depend on the intensity and
duration of the action of the exciting light: up = f(I,t). Only in the limiting
case, when capture of carriers by trapping levels is negligible (Tg — 0), does the
e.d. mobility become a constant quantity pp = p,,.

Thus, the theory of isopotential curves of the photoelectret state of high-
resistance crystals developed in the works of V. M. Fridkin and E. I. Adirovich
(476) requires a natural generalization to the case yup = f(I,t). The kinetics
of heterocharge formation in nonmetallic crystals with electron conductivity
under the combined action of photoactive light, thermal generation, and an
electric field (7), taking into account the change in the e.d. mobility, must be
written in the following form:

—In ( — ng(:) = 4Xiq /Ot n(t)pup(t) dt. (4)

Therefore, the problem of finding the form of the equipotential curves of pho-
topolarization —In(1 — Q(t)/Q.,) = const reduces to evaluating the integral in
relation (4).

The simplest band scheme of an electronic semiconductor that makes it possible
to take into account the change in the effective drift mobility during excitation
is a two-local scheme. The kinetics of electronic processes for the initial stages
of excitation, assuming weak filling of trapping levels, absence of recombination,
and thermal activation of electrons into the conduction band from deep levels,

m; << M;; YomaNep, =0 (5)

is described by the system of equations

dn/dt = Bkl +vymyNepy, — n(yi My + 7, Ms);
dmy /dt = —yymy Negy, +ny, My; (6)

dms [dt = ny, M.

Under the initial conditions n(0) = ny; mq(0) = myy; my(0) = my, the system
has the solution:

n(t) = no, —exp [—%(A + 20)4 {C ch %t — Msh ét};

5 5 (7)
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1 A A 2v, M A
my(t) = my.. —exp [_5(/1 + 2c)t] {g cht+ # sh Et} . ®)
my(t) = Mmooy = BkIt — [my(t) — m10] —[n(t) — n0]~ 9)
Here

A=y M +7M; —¢ ¢ =%Ncwm,; AP = A%+ dey My
Moo = ——3 Mg = —— —; = My — Mig; =Ny — Ny-
YoM, ! YoM, ¢ ! 10 0
(10)

Taking into account relations (3), (7)—(9), under the simplifying assumptions
n(t) K mq(t); n(t) € mo(t); mys, > Myg; Neo > Ny, We obtain

e\, "y (t)n(t)
1+ @),My Jy B+ BEIt

4dmq
X

| ooyt~ ;
0

The notations introduced are

4 M
A= Ly =11,

B = .
N ® oM, Ng + Myg + Mo

Finally, from (8) we obtain the following equation of the equipotential curve of
the photopolarization process:

—1In (1 = 6622(2) = const = % {ln (1 + %) — g:lck exp (mk%> {Ei (—mk%) —Ei {—r

(11)
Here
M M
f01:1+’y171+6; 02:f1+’y171+c;
A A
. YoMy e+ My . YoMy e+ My
2cs=1—A 2 + 3 ; 2c,=1—A VR 3 ;
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65:A72)\2 ; 2my =mg=A+2c— X 2my =my = A+2c+ X\

mg = A+ 2c. (12)

In the particular case of weak thermal activation of carriers localized on shallow
trapping levels,

¢ <My &y, My,

the equation of the isoopaque line is considerably simplified:

—1

BkIt

In (1 + —) A const

B o BT B 2% B 2 P\ "1

(13)

<1+so><v2M2>2+ﬂkI{3¢+2+<1+6kh) {so p( 2ct>

In calculating (13), the following relation was used, valid for the asymptotic
expansion of the integral exponential function (9):

61— )~ B[ (142429

~ —nﬁl]:; exp (—mk%> [1 — (1 + ﬂl;ft)l exp(—mkt)] .

Thus, for sufficiently weak intensities of the exciting light, the slope of the
isopotential curves of photopolarization turns out to be negative. The physical
meaning of the existence of a region 9(It)/0I < 0 is that the creation of a
heterocharge of a given magnitude proceeds more slowly under exposure to
light of low intensity, since the effective mobility of the carriers in the crystal in
this case proves to be smaller than under more intense illumination.

Fig. 1 Fig. 2

Fig. 1. Initial stages of charging curves of zinc sulfide photoelectrets. Intensity
of the exciting light I (rel. units): 1-100; 2—48.8; 3—29.1; 4—15.1; 5—7.2; 6—
2.91; 7—1.5. The dashed line shows the level of dark polarization of the crystal.

Fig. 2. Isopotential curves of the photopolarization process. Solid lines—cal-
culated curves; points—experimental results. The designations of the calculated
curves are given in Table 1.
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The concepts developed above concerning the form of the isopotential curves of
the heterocharge-formation process were tested on single crystals of hexagonal
zinc sulfide doped with Ag and Al. The experimental procedure was analogous
to that described in work (10), but the charging duration was reduced to 2 min,
of which during the last ¢ sec the sample was irradiated with ultraviolet light of
various intensities. The charging curves and the corresponding isoopaque lines
are shown in Figs. 1 and 2. The samples were insulated from the electrodes
by thin films, and the presence in this case of a quasi-neutral region in the
charged crystals made it possible to apply, in analyzing the charging curves, the
theory of the heterocharge of photoelectrets due to E. I. Adirovich (7). The
correspondence of the energy spectrum of electron trapping levels---

trons of the investigated crystals to the two-local band scheme considered above
was ensured by special doping and, in addition, was confirmed by the spectral
distribution of the photoelectret state, by the S-shaped character of the longitu-
dinal photoconductivity, by the effect of redistribution of carriers over trapping
levels (1), and by the complex kinetics of photodepolarization currents (11).

Table 1

Charge

magnitude

Isopotential Q- 10°,
curve C/cm? const D, D,
I 3 0,1567 4.10* 4.5
I 2.5 0,1244 410 3
11 1,75 0,0769 4. 104 1,6
v 1,0 0,0305 3. 104 0,3
Vv 0,6 0,0075 115104 0,1

Since only the initial stages of the process of formation of the photoelectret state
in previously unexcited crystals were investigated, the relation Sklt/B <« 1
could be considered satisfied. The assumption (1%11) of multiple sticking of
carriers at shallow trapping levels is equivalent to satisfaction of the relation
@ > 1. These inequalities make it possible to simplify considerably equation
(13) for the isopotential curve.

It = const - D, /I + D,I((t/D,); (14)

((t/Dy) = 3 + exp(—t/Dy) — 4exp(—t/2D,);

2
® B (M.
Dy=oo:  Di=+— (Lﬂk?) . (15)
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Table 1 gives, for the indicated charge-density values, the principal parameters
of the isopotential curves calculated from formulas (14) and (15). For better
agreement with the experimental results, the parameters D; and D, were se-
lected separately for each curve. The noticeable difference in the values of the
parameter D, for different isopotential curves is evidently explained by the fact
that, in the reasoning given above, no account was taken of geometrical factors,
which are significant under conditions of strong absorption of the exciting UV
light (®), nor of the possibility of ionization of shallow trapping levels by the
electric field.

Although the mechanism of deviations from the reciprocity law, based on tak-
ing into account the change in the effective drift mobility of the carriers, has
been verified only for zinc sulfide photoelectrets, it may be assumed that it will
also prove valid for other high-resistance materials widely used in electropho-
tography. The fact that the effective drift mobility changes during excitation
of high-resistance semiconductors is certainly not limited to its influence on the
shape of the isoopakes of the photoelectret state; for example, with its aid it is
possible to explain many processes of the complex kinetics of photoconductivity
and the so-called fatigue phenomenon.

It is possible that taking into account the effective drift mobility of electrons
will also make it possible to explain, from a single point of view, both branches
of the isoopake of the photographic process on silver halides, without resorting,
in order to substantiate deviations from the reciprocity law in the regions of low
and high intensities (12), to two different mechanisms.
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