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The photoconductivity of an inhomogeneous semiconductor whose energy bands are modulated by a 
random potential is considered. The presence of such a potential causes spatial separation of the light­
produced electron-hole pairs and this results in a sharp increase of the lifetime of the nonequilibrium 
carriers. This model can be used to explain the major features of long-duration relaxation and residual 
conductivity phenomena observed in compensated and amorphous semiconductors. 

P ACS numbers: 72.40. 

One of the most interesting photoelectric phenomena 
in semiconductors is the residual (quenched) conduc­
tivity (RC), which is observed in a large number of 
various semiconductor compounds (see the bibliogra­
phies in [1-3]). An opinion has been gained recently that 
the cause of the RC is the presence in the sample of 
potential barriers connected with some kind of in­
homogeneities. Several particular models were pro­
posed for these barriers and have resulted in consider­
able progress in the understanding of the physical prin­
ciples of RC. For example, She'inkman, Markevich, and 
Khvostov[4] were the first to show that the high multi­
plicity of the RC is due to the changes in the overlaps 
of the space-charge region. This idea was further 
developed in the concepts of drift and recombination 
barriers, introduced by Sandomirskil et al. [4] Neverthe­
less, there is still no consistent quantitative theory that 
explain all the observed features of RC. 

Ryvkin and Shlimak[5] were the first to point out the 
possibility of explaining the RC in a very general 
semiconductor model, in which the energy bands are 
modulated by a random potential. This model can 
describe doped/6 ] amorphous ,[5,7] and in some cases al­
so arriadiated semiconductors', Tkach[9] has made the 
first attempt to construct a quantitative theory within 
the framework of this model. The present paper is de­
voted to further development of this idea. We consider 
the photoconductivity of a randomly-inhomogeneous 
semiconductor and show that the proposed model makes 
it possible to explain both the main experimental 
regularities of the RC , and many other features of the 
photoconductivity of compensated and amorphous semi­
conductors. 

Consider a semiconductor with a random potential re­
lief V(r). It is known that such a relief can be char­
acterized bfi "percolation levels" E~ in the conduction 
band and Ep in the valence band. We assume that the 
level of the chemical potential S satisfies the condition 
E~ < S < E~ (in doped semiconductors this takes place 
in the case of strong compensation[lO]). In this case both 
the electrons and the holes are localized: the former at 
the minima and the latter at the maxima of V(r), and to 
take part in the conductivity they must be activated to 
the percolation level. 

When the semiconductor is illuminated with light 
of frequency wand intensity J there are generated 
a.{3J electron-hole pairs per cm3 and per second (a. is 
interband absorption coefficient and {3 is the quantum 
yield). The pairs will be separated by the internal elec­
tric field E = 'ilV Ie. It can be shown[9] that the charac­
teristic time of this process, To, is practically always 
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shorter than the time T r of recombination in the ab­
sence of spatial separation of the electrons and holes. 
Then all the equilibrium carriers will become localized 
in the extrema of V(r) that are closest to the point of 
pair production, We shall show that the localized car­
riers go over with large probability into another more 
energywise favored extremum, rather than recombine. 
Tkach[9] has postulated this statement without proof. 

Since T r > To, to prove this statement it suffices 
to verify that for electrons from a certain minimum 
with energy E' > s the process of transition to a lower­
lying minimum is connected with overcoming a smaller 
potential barrier than the recombination process, 

Recombination can take place either with equili­
brium holes or with nonequilibrium holes from maxima 
of energy E" < S. In the former case if the electrons 
are to recombine they must be activated to s + Eg - E' 
in order to fall into hole-containing regions. By virtue 
of the condition Eg < S, these regions are not connected 
with one another. Therefore a path joining two 
minima of V(r) can always be drawn through regions 
with a potential energy lower than s + Eg , q.e.d. 

In the second case, if the electrons are to recombine 
they need no longer reach the highest maxima of V(r), 
so that a situation is possible wherein the minimum 
E' and the maximum E" are separated from all the 
low-lying minima by a barrier that is higher than E", 
It might seem that here the electrons should recombine 
without having time to go over to another minimum. 
There will be no recombination, however, because the 
holes go off from the maximum E" to the vertices of 
the aforementioned barrier. This path, circumventing 
the minimum E', is connected with activation by an 
energy smaller than the Eg - E' + E" needed for the re­
combination. 

By virtue of the foregoing proof, the carriers in an 
illuminated inhomogeneous semiconductor can be re­
garded as quasi-equilibrium and characterized by elec­
tron and hole Fermi quasilevels se and sh, respectively. 
For the electron to find itself at one point of space 
with a hole and to recombine, it is necessary to over­
come a potential barrier of height E T = Eg - se + Sh' 
The lifetime of the nonequilibrium carriers is then 
Tr exp (E TIT), and their stationary concentration is 

( E'-~'+~h) t.n~a~h, exp T . 

It was assumed above that the recombination 
barrier ET is surmounted by thermal activation, and 
tunneling effects were neglected. This calls for not 
too Iowa temperature; for example, for strongly 
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doped compensated semiconductors T > EB(na3)1/2, 
where EB and a are the Bohr energy and radius, and 
n is the electron density.[l1l At low temperatures ex­
pression (1) does not hold, but the conclusion that 
quasi-equilibrium sets in remains in force. The point 
is that the radius and amplitude of the fluctuations of 
the electrostatic potential V(r) are connected with each 
other by the Poisson equation. Because of this, higher 
maxima of V(r) also have a lower tunnel penetrability, 
and allowance for tunneling will not change our 
arguments. 

Since the Fermi quasilevels are determined by the 
carrier density, expression (1) determines the function 
<In(J) in implicit form. Since 

d(~'-~h)/d(tln) >0, 

it can be stated that this dependence is sublinear. To 
determine it exactly it is necessary to know the concen­
tration dependence of the quasilevels. We shall solve 
this problem for a strongly-doped compensated semi­
conductor. 

The form of .:;n(J) is different at different light in­
tensities. In the case of high intensities, such that 
':;n > 110 (110 is the electron density in darkness). the 
electron and hole densities can be made the same and 
equal to ':;n. If at the same time we have 

(N is the impurity density and K is the dielectric con­
stant), then the screening by the nonequilibrium 
carriers lowers the amplitude V(r) to a value ~T, and 
':;n takes the same form as in a homogeneous sample: 

~n=a~lTr' (2) 
At lower intensity we have -!:e ~!:h + Eg~e2N2/3/ 
K( ':;n)1/3 , [10 l so that (1) takes the form 

~n=a~h:r exph,e'N"'/x(~n) "T}, (3) 

and Y1, like Y2 and Y3 in the succeeding formulas is a 
numerical factor on the order of unity. Solving (3). we 
obtain 

~n"'N'h,e'[zT In (e'N'/x'T'a~lTr) ]_I}'. (4) 

The region of applicability of (4) is determined by the 
inequalities 

(Eo = e2N2/3/KnJ/3 is the characteristic amplitude of 
V(r) in the absence of illumination). At N ~ 1018 cm-.'l, 
110 ~ 1016 cm-.'l, K ~ 10, and T ~ 10-14 erg, expression (5) 
is satisfied if the intensity of the light is such as to 
produce in a homogeneous sample with the same Tr a 
stationary carrier density from 1014 to 1018 cm-3. 

At still lower intensity, we arrive at the case ;ln < 110, 
where we can assume that !:e = const (<In) = Y2EO' No 
such formula, however, holds for !:h' The concentration 
dependence of the Fermi level, described by this 
formula, reflects the n-dependence of the characteristic 
dimensions of the fluctuations of V(r). In our case 
the latter are determined by a constant value 110 greatly 
exceeding ;ln, and the !:h(<lN) dependence is connected 
only with the change of the filling of these fluctuations. 
With the aid of the distribution function of V(r), obtained 
by Shklovski'i and ~fros112l in the region of high ener­
gies: 
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1 {1 1/ 2 ( V ) 'I, F(V) ~-P'P -~ --;- V - - l, 
Eo' ;; n Eo J 

we easily obtain 

, I (mE,),/'] 'I, 
~,\+E,=1,E, In--,-­

h'~n 

Expression (1) then reduces to the cubic equation 
, Eo. E, (mE,)'/' 

x +v,-X"+v.--In---=O 
I T I~ T a~h:rh' ' 

I (mE,)'/, ] 'fo 
X= In--­

h'hn 

the solution of which yields <In. 

(6) 

(7) 

In the derivation of (6) and (7) it was assumed that 
in spite of the strong compensation, the concentration Po 
of the equilibrium holes is negligibly small in compari­
son with 110 and ':;n. In compensated semiconductors this 
is as a rule satisfied. In amorphous substances, how­
ever, which in a number of cases can be regarded as 
fully compensated, 110 = Po ~ N2e6/K3Eg,c17l and the in­
dicated formulas do not hold. For these, in the region 

aRhrd<--exp -~ e'N' (E) 
P x'T' T 

<In is described by (4), and at lower intensities the in­
equality ':;n < 110 is satisfied, the change of the quasi­
levels upon illumination is small, and 

~n=a~Jr: r exp (E/T). (8) 

We turn now to a directly measurable quantity, the 
conductivity of the sample. At !:e < Ep it has an activa­
tion character: 

o=n'eil exp (-E.lT) , E.=Ep·-~., (9) 

where J.l is the mobility and n* is the effective 
denSity of states. It is of interest to compare the activa­
tion energies Ea and E T' which determine the tempera­
ture dependences of the conductivity and of the life­
time.1) For n-type semiconductors 

E.< (Ep'-Eph_~'+~h) /2. 

Using the inequality[13 l Eg > E~ - Eg, we ultimately have 

E,>2E.. (10) 

The foregoing arguments prove the statement made by 
Smorodinski'i et al. (13) that the drift barriers are lower 
than the recombination barriers. A qualitative explana­
tion of this effect was proposed by Ryvkin andShlimak.[5l 

To calculate the explicit form of the lux-ampere 
characteristics a(J) it is necessary to know, beSides 
the expressions derived above for ;In(J) , the function 
Ea( <In). In compensated and amorphous semiconductors 
we have 

The indeterminate factor can be set equal here, by 
virtue of (10), to Y/T/, where T/ > 2. For high intensities 
we then obtain directly from (4) 

~O=O-(Jd""o=n'el1 (x'T'a~TrJ/e'N2) '1. 

(ad is the dark value of the conductivity). Thus, the 
function ':;a(J) in the indicated intensity band varies 
somewhat more slowly than in proportion to the 
square root. 

(11) 

At smaller J, when p_ < <In < 110, we have for compen­
sated semiconductors 
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( "(I Eo) [ ( "(I Eo I'1n) ] ~o"'n·eJ.texp --- exp --- -1 , 
'1 T \ 3'lT no 

(12) 

where ~ is determined from (7). The lux-ampere 
characteristic described by these formulas is shown 
in the figure. It is seen that at hEo/T = 3 it is close to 
a square-root curve, and becomes steeper with increas­
ing temperature. This is physically understandable, for 
with increasing T the inhomogeneities become less in­
fluential and we approach the case of a homogeneous 
sample, where t:..a - J. It should be noted that at low 
intensities, when t:..a - t:..n, the form of t:..a(J), as is easily 
seen from (12), does not depend on the parameters 
Tj and non3(mEorS/2 which characterize the properties 
of the random potential V(r). When plotting the curves 
in the figure we have assumed for the sake of argument 
Tj = 3 and nofi3(mEot3/2 = lk 

As to amorphous semiconductors, their lux-ampere 
characteristic comes close to linear already at t:..n < no: 

1'10"'n·eJ.texp[E;(1-~ )] (13) 

. {exp(E.''X3a.~JTr) -1}. 
TN'e' 

The foregoing formulas are valid for the case of 
linear recombination, when Tr = const(t:..n). At high in­
tensities, however, quadratic recombination can also 
take place. Then 

(14) 

(y is the recombination coefficient), and in place of (11) 
we obtain a somewhat different formula: 

(15) 

The foregoing formulas allow us also to calculate 
the temperature dependence of the photoconductivity. 
With increasing temperature, at a given light intensity, 
a strong decrease takes place in the lifetime and con­
centration of the free carriers (see (1) and (14». We 
then go over from the region ~ > no, where expression 
(11) or (15) is valid and t:..a(T) is an increasing function, 
into the region t:..n < no where this function, according 
to (7), (12), and (13), is decreasing. As a result, t:..a(T) 
should have a maximum that shifts towards higher 
temperatures with increasing J (the temperature de­
pendence of ad has then the usual activation character). 

We have calculated above the stationary values of 
the conductivity and the concentration of the nonequili­
brium carriers. When photoactive illumination is 
turned on, these values reach steady-state within a time 

Tc-l'1nla.~J. 

Since (with the exception of the case of extremely large 

J 

2 

Lux-ampere characteristic 
of a compensated semicon­
ductor at low light intensi­
ties. For curves I, 2, and 3 
the values of the parameter 

ID -6 ~.-c---+----+----+---I 

'Y 2EoIT are respectively 3, 5, 
and 7. The dashed line shows, 
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for comparison, a plot of 1'10 
- J I12' In the calculations it 

10-' 
alJrr~J was assumed that 'Y2='Y~and 
(mE,)JI2 J 'YI = 2'Y2 (the latter IS vahd for 

a symmetrical potential V(r). 
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J) a{3JTr « t:..n and the function ~(J) is sublinear, it fol­
lows that TC greatly exceeds Tr and decreases with in­
creasing intensity of the light more slowly than r 1 , for 
extremely low intensities we have T c = T r exp (Eg/T). 

When the light is turned off, the conductivity re-
laxes slowly to its dark value. The instantaneous re­
laxation time Tr exp (E TIT increases continuously dur­
ing the course of the process (owing to the increase of 
ET), from an initial value TC to a value Trexp(Eg/T) at 
the end of the relaxation. In broadband semiconductors, 
even near room temperature, the relaxation time can 
become so long that during the observation time to the 
conductivity remains practically unchanged, a fact that 
the experiment will record as residual conductivity (RC). 
This calls for the condition to « Tr exp (Eg/T). The value 
of the RC should not depend on the light intensity, pro­
vided only that the latter exceeds the value at which ETIT 
= In(tahr )· 

In some cases it is easy to obtain also exact analytic 
expressions that describe the kinetics of the photore­
sponse. For example, the decrease of the photoconduc­
tivity in the region t:..n » no is described by the equation 

do do dn I'1n do ( e'N'I') (16) 
7z=Tn-di= --:;;- dn exp -,I y.(~nr' 

Since 

Eq. (16) can be reduced to the form 

Hence 

[( n·eJ.l) " t n·eJ.t ]-"" o(t)""n·eJ.t -- +-In-- , 
10 Tr 110 

where t:..a is the stationary value of the photoconduc­
tivity (11). It is easily seen that in this case the in­
stantaneous relaxation time 

Tinst=o (dol dt) _t 

(17) 

(18) 

increases linearly with time. A similar result is ob­
tained also for the case of quadratic recombination. 

We note that owing to the dependence of ET on the 
carrier density, the photoconductivity of inhomogeneous 
semiconductors, even in the case of linear recombina­
tion, has features similar to those of photoconductivity 
under conditions of quadratic recombination, namely, a 
sublinear lux-ampere characteristic, a short rise time 
in comparison with fall-off time of the photoresponse. 
and a rise of the latter during the curse of the relaxation. 

All the foregoing features of the photoconductivity of 
inhomogeneous semiconductors are observed experi­
mentally in compensated, irradiated, and amorphous 
semiconductors. Let us list briefly again these features 
and let us compare them with the corresponding ex­
perimental results. 

1. The heights of the drift and recombination barriers 
are connected by the inequality (10). In all the experi­
ments where both quantities are determined, this in­
equality holds. For example, Markevich and Shelnkman 
obtain Ea = 0.05 eV and ET = 0,6 eV; Sandomirskil et al. 
have Ea = 0.05 eV and ET = -0.2 eV; in 114] Ea = 0.06 eV 
and ET = 0.15-0.26 eV. 

2. In amorphous semiconductors the lux-ampere 
characteristic is linear at t:..n < no and sublinear at t:..n 
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> no. A similar regularity is observed in most chalco­
genide glasses, and at An > no the Aa(J) dependence is 
close to a square-root one (see, e.g., (15), where a 
detailed bibliography can be found). 

3. In compensated semiconductors, the lux-ampere 
characteristic is sublinear down to very low light in­
tensities. This is confirmed by experiments on com­
pensated Ge(16 ) and GaAs [17 ). 

4. The temperature dependence of the photoconduc­
tivity has a maximum in the region where An - no. This 
behavior of the photoconductivity is typical of most 
amorphous semiconductors y5 ,16) With increasing light 
intensity, the maximum shifts, as called for by the 
theory, towards higher temperatures. 

5. The time of establishment of stationary photocon­
ductivity increases with decreasing illumination in­
tensity. This effect takes place in all samples having 
RC, both crystalline (see, e.g., [14)) and amorphousY5) 

6. In all samples with RC, the instantaneous fall-off 
time of the photoresponse increases in the course of the 
relaxation, and in many cases the decrease is like 
Tinst - t.[17,19) 

7. At high light intensities the value of the RC does 
not depend on the intensity. [15,20,21) 

As shown above, in inhomogeneous semiconductors 
the photoconductivity relaxation process is extremely 
slow. It can be strongly accelerated (the RC can be 
quenched). for example, by raising the temperature. 
Another method of quenching the RC is to apply infrared 
light. Let us consider some features of this effect. We 
assume that the time needed for a nonequilibrium 
electron to cool down to an energy E is proportional to 
E and can be written in the form AE. Then the station­
ary concentration of the electrons excited by illumina­
tion of frequency w' and intensity J' is equal to on 
= nSJ' Afiw' (S is the cross section for photon absorp­
tion by the electron). A fraction of the electrons, namely 

lies above the percolation level and takes part in the 
conductivity. The number recombining in one second is 

{)n fUiJ' -E,/2 
1: r fUiJ' 

and electrons having an energy higher than S e + E T can 
recombine with equilibrium holes, while those having a 
lower energy can be recombined only with holes that have 
also absorbed photons. It follows from the foregoing that 
infrared illumination of a sample in the RC state gives 
rise to a rapid increase of the conductivity, by an amount 
nef-LSJ'A(fiw' - EaL followed by a fall-off having a charac­
teristic time 

A (fj{j)'-E'/2)SI' 

to a value ad + noef-LSJ' A(fiw' - Est). When the addi­
tional illumination is turned off, the dark value ad is 
rapidly restored. 

The foregoing arguments are valid at fiw' > E T/2. 
If fiw' < E T/2,then the excited electron and hole cannot 
be present at the same point of space, and recombina­
tion calls for additional tunneling or activation, and this 
greatly lowers the quenching effectiveness. Therefore 
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in the case ET/2 < nw' < Eg/2 (in substances with large 
RC multiplicity, this spectral interval is quite wide), 
the additional illumination rapidly lowers the RC not to 
zero, but to a level at which se - Sh = Eg/2 - fiw', after 
which the relaxation slows down abruptly. It is possible 
that this effect explains the incomplete infrared quench­
ing of the RC in certain experiments. [22,23) 

In conclusion, let us discuss the question of the in­
fluence of illumination on the carrier Hall mobility f-LH' 
Numerous experiments show that in inhomogeneous (com­
pensated, irradiated) semiconductors f-LH has an 
anomalously low value that cannot be explained by the 
classical kinetic theory. It was shown earlier[24) that 
this effect is not connected with the behavior of the 
true (drift) mobility, but is due to singularities of the 
Hall effect in an inhomogeneous sample. The measured 
value of f-LH is smaller the larger the amplitude of the 
inhomogeneities. Since the latter decreases with in­
creasing carrier density, illumination of the sample 
will increase f-LH' If CR takes place in the sample, then 
f-LH in the CR state should be smaller than in light, 
but larger than in a non-illuminated samples, as is 
indeed observed in experiment. [1 ,20,25-27) We emphasize 
once more that the foregoing pertains only to f-LH' The 
drift mobility f-L, which enters in particular in the formu­
las for the photoconductivity, depends weakly on the il­
lumination. 

The author thanks S. M. Ryvkin, V. B. Sandomirskil, 
Yu. A. Tkach, M. K. Shelnkman, and I. S. Shlimak for 
stimulating discussions. 
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