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1. Abstract
Theory-based, three new unknown photoelectric

effects can be occurred in semiconductors under
inhomogeneous optical illumination with specific
profile shapes along electric field in semiconductor:
self-amplification, self-quenching and sign self-
inversion of photogeneration rate of mobile charge
carriers. The general shapes of corresponding
illumination profiles are calculated. The occurring
effects cause by local photoexcited space charge
(PSC). It is shown that profile shapes depend on
parameters of semiconductor, dark electric field
strength and temperature. Also, we determine general
shapes of “neutral” profiles when local PSC although
exists but does not affect the result of interaction of
optical radiation with a semiconductor. In other
words, calculations with such “neutral” profiles lead
to the same result as with using quasi-neutrality
approximation, which does not account PSC. The
shape of “neutral” profile depends only on dark
electric field strength, temperature and sample size
along the electric field. Embodiments for all types of
profiles are given. The results can be used in practice,
first, to increasing significantly photoelectric
response of semiconductor detectors of optical
radiation.

2. Keywords: Semiconductors; Nonuniform band-
to-band photogeneration of charge carriers; Electric

field; Recombination center; Energy level;

Photoinduced space-charge; Illumination profile;
Self-Amplification; Self-Quenching and sign Self-
Inversion of photogeneration rate of mobile charge
carriers

3. Introduction
In my article (September 2019), it was theory-based

that spatial inhomogeneous (exponential) density of
photogeneration rate along the dark electric field in
photoconductor can radically affect the magnitude of
the photocurrent [1]. The effect is due to local PSC.
Based on this result, the goal is to find out possible
effects of spatial inhomogeneity of the incident
optical radiation flux along the dark electric field on
photoelectric  response in  semiconductors. In
principle, such inhomogeneity with different profile
shapes can be created in classic configuration when
optical radiation flux falls perpendicular to electric
field direction in semiconductor sample. The set-up of
the problem is like specified in work *. We consider
nondegenerate semiconductor with band-to-band
photogeneration of excess charge carriers and prevail
trap-assisted recombination. It is assumed that
photoelectric effect is aimed to detect weak optical
radiation [2,3].
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The latter statement allows to limit the consideration
to linear approximation in g - the density of
photogeneration rate of mobile charge carriers. One-
dimensional case is analyzed when all parameters can
change only along x axis. It is assumed that
semiconductor is doped with shallow-level fully
ionized donor atoms with concentrationN,, and
recombination of nonequilibrium charge carriers
occurs through trap-levels of acceptor atoms with
concentrationN. It is assumed that acceptor atoms can
be in either neutral or negatively singly charged states
[4,5]. In other words, acceptor atoms create single
recombination trap-level with energyE,. Denote the
concentration of charged acceptors asN_. Then the
concentration of neutral acceptors is:

No=N-—N_. (1)

No illumination (dark) electric field strength E, is
assumed to be uniform and directed along x axis, i.e.,
Ey(x) = consnt = 0. An important point is that the
local quasi-neutrality of the sample under
nonequilibrium conditions is not assumed.

4. Parametric technique to calculating
dependence of concentration of equilibrium
charge carriers on concentration of acceptor
impurity

To calculate the dependence of equilibrium electron

n, and hole p, concentrations on N we need to solve
the neutrality equation:

n, + N¢ =p, + N, )

whereN€ is equilibrium concentration of charged
acceptors.

Let’s introduce parameter:

& = N¢/N§, (3)

whereN¢ is equilibrium concentration of neutral
acceptor atoms.

Taking account that filling function of acceptor trap-

levels is: [6,7].
1

= 4
fa = e Enwern )
whereky is Boltzmann constant and T is temperature.

From relations (1)-(4), expressing Fermi level energy

Ep in terms of parameter & we can obtain: [7,8].

S5 5§ _n
ne=;><n”:§><n—t:><ni (5)
2 2 n;
pezgxptrzgxn_:rxnir (6)
_ 1+6 _n 148
N = X 22 % £(8) = 2 xn, x 22 x £5)
(7

F)=B+Ax5—582 (8)

. A2
A=2x22—pxlpy, B=4xﬁz(ﬁ)

Ner ni Ner Ngr Ngr
9)
Here n.. and p..are equilibrium electron and hole
concentrations when Fermi level energy Er coincides
with energy of recombination trap-levelE,, n; is
intrinsic concentration of charge carriers.
Maximum value of § is found from solution of

equation £ (&) = 0 and is defined by the expression:

Smax =2+ 24 B (10)

Expressions (5)-(10) define in parametric form
dependences of equilibrium electron n, and hole p,
concentrations on acceptor concentrationN.

5. Parametric technique to calculating
electron and hole lifetimes on concentration
of acceptor impurity

In stationary case, charge state of recombination

impurity atoms is determined by the equation:

R, =R, (11)

where electron R, and hole R,generation-
recombination rates due to capture of charge carriers
by trap-levels formed by acceptor impurity and
thermal excitation from trap-levels to allowed bands
are equal.

Ry,=MmXNy—=81Xn,xN_)xw,, R,= (X
N_— 6 Xp, XNy) xw, (12)

Here n and p are electron and hole concentrations, w,
and w,, are capture probabilities of electron and hole
to proper trap.

Small deflection linearization is done for relations
(11) and (12) when An =n —n,, Ap =p —p, and
ANy =Ny —N§ = —AN_=N¢—N_ are small

Then, by accounting of Poisson equation:

0AE
Apzixgqu(Ap—An—AN_)(l'&)
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we obtain: [8,9].

R, = “—: + a, X divAE (14)
A .
R, = —: —a, X divAE  (15)

Apzi—:xAn+(an+ap)x‘?—: (16)

1 _ w, X N X &x8 % N+(1+5)><(1+6_1_)x(ne+pe)
Tn 1+8 = SXOXN+(1+8)X(1+8~ )X (ne+80pe)
(17
1 8 SXN+(1+8)? X (Ne+Dpe)
—_— = X X —X
p Wo N 148~ SXN+(1+82)X(ne+8XOXpe) (18)
14+8)XwyXNxn
an — & ( ) p_ e (19)
AXTXq  EXOXN+(1+8)X(1+8 L)X (ne+8XOXpe)
@ = £ (1+8)XwpXNXpe
P 7 oaxmwxq  N+(1+8)X(A+E" D)X (ne+8X0xpe)’
(20)
Here ¢ - dielectric permittivity; 4p - local

nonequilibrium space charge; AE = E — E, - change
in electric field due to deflection of concentrations of
electrons, holes and traps from equilibrium values; q
- absolute value of electron charge; 8 = w,, /w,. The
first terms in expressions (14) and (15) mean the
recombination rates of nonequilibrium electrons and
holes (therefore, 7,, and t,,are proper lifetimes) under
conditions of local quasi-neutrality relative to electric
field 4E, i.e., for sufficiently small values |divAE].
We keep this terminology for 7,, and z,, also in case
of violation of quasi-neutrality, so that the values of
7, and 7,, do not depend on value divAE. Relations
(5)-(10), (17) and (18) define parametrized
dependences of 7, and 7, onN. This method of
calculating dependences 7,,(N) and 7,,(N) allowed to
predict the possibility of growth, including the giant
splash, of charge carriers lifetimes with increasing in
N [8,9]. Splash growth of 7,(N) and 7,(N)
dependences with increasing in N is the main reason
for the giant splash (up to several orders of
magnitude) of photoelectric gain with increasing in N
[10-13].

6. Non-quasi-neutral equation for distribution

of concentration of nonequilibrium charge
carriers

Recall that a solution to the problem is called non-
quasi-neutral when, in contrast to quasi-neutral
approximation, divAE is not considered to be zero in
Poisson equation (13). In the linear approximation
ing, the changes in density of electron 41, and hole

Al

» currents and (electron and hole components of

photocurrent  densityl,,,) are determined by
expressions:

Al, = qXpu, X (Eg xAn+n, X AE) + q X D, X
94n
ax '
Al, = q X pp X (Eg X Ap + pe X AE) —q X D, X

(21)

d4p
ax '’

(22)

whereu,, u,, D, and D,, - electron and hole mobilities
and diffusion constants.

Electron and hole components of photocurrent
density:

L, = Al + A, (23)

should obey equations of continuity:

dAly,

5 = 4% Ry—9) (24)
0AI

—=ax(g—Ry) (25)
Besides:

6Alph _

- = 0 (26)

Let’s restrict consideration by interval of bias voltage
applied across the sample

V=E,xW (27)
when dependences of u,, and u,, on electric field E,
can be neglected. Here, W is sample dimension along
electric field.

Equation for distribution of the concentration of
nonequilibrium charge carriers (photocarriers) can be
derivable from relations (11)-(26) without invoking
local quasi-neutrality approximation [1, 11-13].
When illumination is inhomogeneous, i.e., when
g(x) # const, this equation, e.g., for nonequilibrium

electrons, is written as: [1, 13].
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(28)
where
D =Dg+ D¢+ DF, u=ps +us, (29)
DEzfXTpopXuanoz (30)

Q =& X Dy X L%, szfpxz—:xDp+§nan,

T
l’lf:fpxixﬂp_fnxﬂnl (31)
_ an+tap _ 2x(an+ap)xd 32
f HnXNe+lpXPe (5zxﬂn+3><#p)xntr ( )

fnzan/(unxne-l'upxpe)l fng_fnzap/
(p X Mg + 1y X ), (33)
Ambipolar mobilities and diffusion constants equals

to:
NeXTp—PeXT 8§2XT,—BXT
a — e 14 e n —_ 14 n
Un = Un = 2 X Hn» (34)
(PetbXneg)XTy (B+bx6%)Xtp
NeXTp+PeXT 82 XTp+BXT
f=——t = xD,=—L_—=xD,(35)
(PetbXng)XTy (B+bx6%)XTp

L, = ,/D,t, - hole diffusion length. Right side of

Eq. (28) is due to absorption of optical radiation and

defined by expression:
a
Ger@) = g(0) +§ x 1, x (1t X By x 22— D,, x

29). (36)
The degree of deviation of nonequilibrium electron-
hole plasma of the semiconductor from local quasi-
neutrality is characterized by three dimensionless
parameterss,, &, and ¢ = ¢, +&,. By the way, in
approximation of local quasi-neutrality &, =&, =
&=0.

7. New ideas
As can be seen from Eq. (28), the result of direct

interaction of optical radiation with a semiconductor
is described by Eq. (36), which depends not only on
the density of the photogeneration rate of charge
carriersg(x), but also on its first and second
derivatives. Illumination of semiconductor sample
with inhomogeneous profile of intensity along
external electric field, wheng(x) # consnt, can
affect significantly the magnitude of the photocurrent,
as was early shown theoretically in work [1].

Based on this result, let’s analyze principle

possibilities that can be realized due to spatial
inhomogeneity of the incident optical radiation along
external electric field. For this purpose, in accordance
with Eq. (36), we consider the equation:

Ay xT8-B, xLtoxg)=0  (37)
where

Agp =X Dy X1

Ber =& X1y X, XEy (38)

If g(x) is measured by values of g,, where g, =
go(x) = const is density of a certain uniform
photogeneration rate of charge carriers, then general
dimensionless solution of equation (37) will be as
follows:

g(x) = C; xexp(a; X x) + C, X exp(a,x x) (39)

where
a;, =1 %1-4{x7r)/(2xd)(40)
_ ALf _ kXT
Bef? - EXqXTpXpupXEg? (41)

d = Aer/Bes = Dp/(uy X Eo) = kT /(q X Eo) (42)
The only restriction imposed on dimensionless
integration constants C; and C, is that according to the
physical meaning of density of photogeneration rate
of mobile charge carriers g(x) >0 always. As follows
from Egs. (34) - (39), dimensionless parameterd,
depending on its sign and absolute value, has the
following physical meaning.

7.1.  Self-amplification of the density of
photogeneration rate in (1 + {) times:

Ger () = (1 + ) x g(x) > g(x) (43)
This takes place if the profile g (x) satisfies to Eq. (37)
along with ¢ > 0.

7.2. Photogenerated charge does not affect the
result of the interaction of optical radiation with a
semiconductor:

Ger(¥) = g(x) (44)

This is ensured by the profile of g(x) satisfying Eq.
(37) when{ = 0. Let’s call such a profile as neutral,
note here, local quasineutrality approximation gives
the same result.

7.3.  Self-quenching of the density of
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photogeneration rate when:

0<ger(®) =(A+xgkx)<gx) (45)
This will take place if the profile g(x) satisfies Eq.
(37) along with -1 < ¢ < 0.

7.4. Full self-quenching of photogeneration:
Jer(x) = 0. This will take place if the profile g(x)
satisfies Eq. (37) along with { = —1

In this case, despite the photogeneration of charge
carriers, the incident radiation does not affect
electrical resistance of semiconductor sample.

7.5. Sign self-inversion of the density of
photogeneration rate:

Ger®) =(1+{)x g(x) <0 (46)

This will take place if the profile g(x) satisfies Eq.
(37) along with¢ < —1.

In this case, despite the photogeneration of charge
carriers, the incident radiation results in an increase in
electrical resistance of semiconductor sample. Let’s
call this case as negative photoconductivity, since
exposure to illumination with such profile reduces
current. Here are some examples of g(x) profiles for
the family C,=C, (Figure: 1-3). When plotting the
graphs to compare of different profiles correctly, it
was naturally  considered that the total
photogeneration rate of mobile charge carriers in the
sample, regardless of profile shape and type of effect,
should be the same, i.e.:

w
Gtot = fo g(x)dx =const (47)
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Figure 1: Density of photogeneration rate g(x) profiles from

family C;=C, for self-amplification - curves SA, self-quenching -

curves SQ and sign self-inversion - curves Sl at two values
of dark electric field strength E, (1 -E, =30 Vicm, 2 - E, =
60V/cm). It is accepted: N = Np = 10%5cm?3, n;/n, = 10*.
Values of g(x) is measured in units ofg(0), in the case of sign self-

inversion of g(x) at E, = 60V/cm.
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Figure 2: Effect of concentration of recombination impurityN on
illumination profile from familyC,=C,for the case of self-
quenching [g(x) = gqu(x)]. It is accepted: N, = 10" cm?,
n;/ng. = 10* E, = 10V/cm. ValuesN/N,: 1-0.25;2-0.5; 3 - 1;

—2,5-4. Values of gg,, (x) is measured in units of g, (0) inthe

case 3.
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Figure 3: Effect of dark electric field strength E, on neutral profile
of photogeneration rate g(x) = gn.(x). Valuesky, Vicm: 1 -1, 2-
10,3-50,4-100. Values of g,,. (x) is measured in units of g,.(0) in

the case 4.

8. Conclusion

Spatial inhomogeneity of illumination along the
direction of dark electric field (axis x) can
dramatically  affect  the  photocurrent  in
semiconductors, as it was earlier clarified by the
example of interband photogeneration of mobile
charge carriers and subsequent trap-assisted

recombination of those [1]. This article shows that
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such inhomogeneity can even lead to abnormal
photoelectric effects. Depending on profile shape of
the density of photogeneration rate g(x) of charge
carriers, phenomena of self-amplification, self-
quenching, and sign self-inversion can occur. In the
latter case, under exposure of illumination, the current
through semiconductor sample decreases (negative
photoconductivity). The corresponding
photogeneration profiles are calculated. Profiles are
defined by parameters of semiconductor material,
temperature of the sample and magnitude of dark
electric field strength (field in the absence of
illumination exposure). The effects are due to a local
photoexcited charge. Evidently, photoexcited local
charge affects strength of photoexcited electric field
AE(x) = E — E,,. Moreover, as can be seen from Egs.
(13) - (15), such a charge affects the recombination-
generation process. Therefore, photoelectric effects
considered above are caused by change in the
population  (which is  nonequilibrium)  of
recombination level. A similar change of
nonequilibrium population occurs with increase in
concentration of recombination centers N leading to a
giant splash in lifetimes of mobile charge carriers and
transit-time field-depended photoelectric gain G [1, 8-
13]. Neutral shape of illumination exposure profile
has been calculated, i.e., when photogenerated charge
exists although, but does not affect the result of the
interaction of optical radiation with a semiconductor.
Only when profile is of such shape, simple g(x) will
be presented in distribution equation for concentration
of nonequilibrium charge carriers (28). The results
can be used to increase significantly in photoelectric
response of semiconductors. For example, further
increase in giant splash in photoconductivity of a
semiconductor is possible with increase in

concentration of recombination centers N [10-13].

The effects presented in this work can also be
expected at interband (conduction band — valence
band) recombination of nonequilibrium mobile
charge carriers.

In the future, we plan to perform a wide and detailed
analysis of, as it can be expressed, profile
photoelectric effects.

The author is grateful to Mikhail Stepanovich Nikitin
for discussing the results of this work.
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