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ABSTRACT

We evaluated the impact of spatially nonuniform illumination on giant splash in the photoelectric gain of a photoconductor (PC) occurring with an
increase in the concentration of recombination centers (traps) in semiconductors. Nonuniformity was considered along electric field in the PC. This
study was performed beyond the quasi-neutrality (QN) approximation. It showed that the splash in the photoelectric gain at uniform and nonuniform
illuminations can differ from each other by orders of magnitude due to the photoinduced space charge. In case of nonuniform illumination, the
amplitude of the photoelectric gain splash strongly depends on the polarity of the applied bias voltage and the mutual directions of the gradient of
incident radiation flux intensity and external electric field. A simple approach using QN approximation and uniform profile of photogenerated charge
carriers does not allow to reveal the described features.
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Introduction

We used the following model and symbols: a) semiconductor was nondegenerate; b) photo-
generation of charge carrlers is band-to-band; ¢) density of photogeneration rate g(x)#const
along external electric field E with |nten5|ty|E0| EO, when g = 0; d) electric current con-
tact electrodes are located at x = () and x = [A/; e) semiconductor is doped with shallow
fully ionized donors and deep acceptors with concentrations Nd andN = NO + N_, where

0 and N_ are concentrations of neutral and singly negatively-charged acceptors; f) recom-
bination occurs through acceptor energy states (traps); g) deviations in the concentrations
of holes AP = P — Pe, electrons ATl = 1 — N, neytral and singly negatively-charged
acceptors ANy = Ny — Ne = —AN_ = —NE& — N_from equilibrium values e, Pe

NO and NE€ are small. Th|s modeling approximation is often realized when low-intensity
optical radiation is detected with PC [1, 2]. Trapping probabilities of electrons and holes are
w_n and w_p. The absolute value of electron charge is g. Intrinsic concentration of charge car-
riers is Ui; er is the value of Te, when Fermi level EF coincides with the energy level of the
acceptor (trap) “tr. Electron and hole mobility, diffusion constant and lifetime are denoted by
Un, Dn, Tnand tup, Dp, TP, respectively. Hole diffusion length is Lp =,/ Dp’[p. Density of
photocurrent is ' Ph.

Modeling of Photoconductor Performance

For simplicity, assume that the thickness of PC in the direction of the incident irradiation flux
(seeinsertin Fig. 1a) is less than the absorption length. This means a uniform photogeneration
of excess charge carriers in this direction. Linear approximation in J is used. Phenomenon of
giant splash in the photoelectric gain G (Eq. (1)) of PC with an increase in the concentration N
of the recombination centers (Fig. 1a) has been predicted [3] forg(x) = E = constand
then described in detail [4-6] and reported [7].

G = Iph/(ng) v
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The effect of giant splash is due to a possible increase by several
orders of electron Tnand hole TP lifetimes with an increase in N
(Fig. 1b), as was first shown in [9, 10]. Additionally, previously ob-
tained results [3, 6] show that with increase in EO, value G (N)
begins to depend strongly on the photoinduced space charge
(PSC) density, even when the charge carriers were preheated by
the electric field. l.e., with growth ofEO, the local QN of photoex-
cited plasmaiis disturbed. We stucﬂed the case whenillumination
was spatially nonuniform along EO. To determine the strongest
effect of nonuniform illumination and PSC on , we ana-
lyzed the case N = N when G(N) reached the maximum
value G = G(N) Following the method given in [4-6, 9, 10],
we can find analytical dependencies [9, 10] for Tn, TP, and de-
rive the relationship between Ap and An:
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Figure 1. Dependencies of photoelectric gain at uniform
illumination ( g(x) = const) (@ and electron and hole
lifetimes (b) on N: T - maximal values of Tn, tD. It is as-
sumed: T=300 K, W=0.1 cm, Ng-10s e 3, L0=10 V/cm,
ntr/ni=104, Wn=10® cmi/s, 8 = Wn/Wp=102. The val-
ues of semiconductor parameters are taken from [8]

0An 0%2An

- Ppn— = —
Ap—(1+)()TnAn XTp|g + unEo e + Dy 722 | )

Equation for An(x) at maximum point of function 7 (N)
can be written as:

0*An b 02%An 4 An An
0x* ox2 1,
, (3)
ag d%g
=g+t (ﬂpan_ pm)

where Q= fDnL%’; D = Dq + Dg + Df - effective dif-
fusion coefficient consists of the ambipolar diffusion constant

d components due to PSC: VE - electric field assisted
and ¢ - nonrelated to electric field:

NeTp + PeT
Dy = —2P PeTn nDp; @.1)
(Dnne + Dyp,) Ty
Dp=¢ Tp.up.unEg ; (4.2)
T

parameters X, f and fn,p < f characterize the deviation of
the assemble of photogenerated charge carriers from local QN
[4-6]. In QN approximation, X = f = fn = fp = 0.Inde-
riving Eq. (3), it was taken into account that coefficient preced-

ing 927() yanishes (within small corrections [4-6]) at the same

value ﬁ N where functions Tn(N) and TP(N) reach
maxima Tn and Tp (Fig. 1b). Photocurrent density:

consists of electron and hole components:

dAn(x) (6)

Al (x) = q [,Lln[EoATL(x) + neAE] + Dy

dA
. p(x) 7

ALy(x) = g [yp[EOAp(x) + poAE] =D

where AE =F — EO - photoinduced electric field intensity
(difference between electric field intensity in the sample under
illumination E and without illumination £0). Considering the
sample with sweep-out effect at contacts, i.e., with conditions
at conta:

An(0) = Ap(0) = An(W) = Ap(W) ®)

and nonuniform illumination along or against the direction of
and nonunifo_r)m illumination along or against the direction of
electric field EO‘ Due to the fact, that the illumination does not
change the electrical voltage drop on the sample, we get from
Eqgs. (5)-(7):
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Iph = Ipy + 15, o

p
where electron Igh and hole Iph photocurrents:

gh — qﬂ?’L(An)EO (10)

Igh qup{Ap)Eo (an

and <An> and (Ap) - arithmetic mean values of photoelec-
trons and photoholes concentra:

1 v

(An) = Wfo An(x)dx | (12)
1 v

o) =5 | dpods, =

For definiteness, assume an exponential dependence of the
illumination intensity along X axis of PC (see insert in Fig. 1a):

g(x) = g(0) exp(—px), (14)

where B >0 decay index. When the density of iradiation
flux is reversal, i.e, maximal at X = W, then XS can be
found from Eq. (14) by the replacement X on W — x.Eq.(3)
has the exact solution under studied conditions. For simplicity,
let’s limit the consideration by In (Eq. (10)) and accordingly,
electronic photoelectric gai:

h
Gn = P2 (15)
qQtot

where

0)

w
Gtot = fo g)dx = i [1—exp (—pW)] (16)

is the total density of the photogeneration rate of charge car-
riers in PC.

The required four boundary conditions are determined by Egs.
(2) and (8). Expressions for Iph and Gn are of a very cluttered
appearance. Therefore, Fig. 2 shows only the solution found for

Gn (EO)'

Discussion and Conclusions

The results of the calculation beyond local quasi-neutrality (QN)
approximation shows that nonuniformity of the photogenera-
tion rate density along the external electric field can drastically
affect the giant splash of the photoelectric gain (G) in the pho-
toconductor (PC), with an increase in the concentration of the
recombination centers IV (Fig. 2). This influence grows with an

increase in|Vg (x)|

Opposite to local QN approximation, the case beyond local
Opposite to local QN approximation, the case beyond local QN
assumes occurring PSC; therefore, the value G = G atamax-
imum of 3 depends strongly on the mutual directions of
Vg and EO l.e., value G depends on the polarity of the applied
bias voltage (curves 1 and 2 in Fig. 2). Note that in QN approxi-
mation (curve 4 in Fig. 2), there is no such dependence, because
f:o in this approximation. Therefore, the external electric field
does not affect the distribution of photoelectrons in the sam.
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Figure 2. Dependencies of the maximal val-
ue Gn(N) = Gn on &0 in GaAs photoconductor
with a sweep-out effect at contacts. Assumed values:
Eyr =E__024 eV, P=10* cm™, bandgap E,=1.42 eV [8].
Other%arameters are the same as in Fig. 1

In PCs with a sweep-out effect at current contacts, the increase
in IVQ(X)I leads usually to decreases in G Here, as in the
case Vg(x) = 0, function G (E) has a maximum. This is
caused by an increase in the term D Eq. (4. 2) of effective dif-

fusion coefficient D (a coefficient preceding 0%An Eq. (3)) with
0x?
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growth of EO. The latter provides increase in the loss of photo-

generated charge carriers due to the diffusion to contacts and
subsequent recombination there. With parallel Vg and EO’ the
maximum value 0/ is larger and is achieved at higher =0
than in the antiparallel case. Due to PSC, effective density of
photogeneration rate (right side of Eq. (3)) depends on the mu-
tual directions ong and EO' QN approximation is not feasible
for the calculation ofGA(EO) dependency.

Used calculation method is described in detail in [11-13].

Similarly, it was reported for the first time in [14] (see also [15])
about the availability of a minimum and a region of weak
growth (by 24%) in the experimental dependence of the life-
time of the nonequilibrium charge carriers on the concentra-
tion of the recombination centers. Moreover, lifetime increased
under irradiation of the sample with a high-energy electron
flux. Much later, an increase in lifetime was observed experi-
mentally [16], possibly due to an increase in N at least several
times. However, any physical explanation or theoretical justifi-
cation was not given.

Peer-review: Externally peer-reviewed.

Conflict of Interest: The authors have no conflicts of interest to de-
clare.

Financial Disclosure: The authors declared that the study has received
no financial support.

References

1. G. Lutz, "Semiconductor Radiation Detectors", Springer, Berlin,
Germany, 2007. [Crossref]

2. A.Rogalski, "Infrared Detectors’, CRC Press, Taylor & Francis Group,
London-New York, UK-USA, 2011.

3. V. A. Kholodnov, "Giant burst of photoconductivity in semicon-
ductors upon an increase in the concentration of recombination
centers', JETP Lett., vol. 67, no 9, pp. 685-691, 1998. [Crossref]

4. V.A.Kholodnov, A. A. Drugova, "Limitation of a giant amplification
surge by photoinduced space charge accompanying an increase
in the concentration of recombination centers in intrinsic thresh-
old photoresistors with extracting contacts', Tech. Phys. Lett., vol.
25, no. 3, pp, 167-169, 1999. [Crossref]

5. V. A. Kholodnov, "Gigantic splash of the weak optical radiation
gain in intrinsic threshold photoconductive devices (photore-

sistors) upon an increase in the concentration of recombina-
tion centers', Proceedings of SPIE, vol. 3819, pp. 98-115, 1999.
[Crossref]

V. A. Kholodnoy, A. A. Drugova, "On impact of the photo-induced
space charge upon semiconductor photoresponse dependence
on the concentration of recombination centers under weak op-
tical radiation". Proceedings of SPIE, vol. 4340, pp. 186-212, 2000.
[Crossref]

V. A.Kholodnoy, A. A. Drugova, N. E. Kurochkin, "New phenomena:
gigantic splashes of Dember's photo-EMF and photoconductiv-
ity in semiconductors upon an increase in the concentration of
trapping deep impurity", Physics of Semiconductors 2000: Pro-
ceedings of the 25th International Conference on the Physics of
Semiconductors, Osaka, Japan, 2000, Part Il, 2001, pp. 1445-1446.
Sadao Adachi, "Properties of Semiconductor Alloys: Group-IV, llI-V
and II-VI Semiconductors", John Wiley, New York, USA, 2009.

A. A.Drugova, V. A. Kholodnov, "Character of the dependences of
non-equilibrium electron and hole lifetimes on the concentration
of recombination centers in impurity-type recombination semi-
conductors", Solid-St. Electron., vol. 38, no. 6, pp. 1247-1252, 1995.
[Crossref]

V. A. Kholodnov, "Contribution to the Hall-Shockley-Read theory
of recombination”, Semiconductors, vol. 30, no. 6, pp. 538-544,
1996.

V. A. Kholodnov, M. S. Nikitin, "The Theory of Giant Splash of Pho-
toresponse in Semiconductors at Low-Level lllumination with In-
creasing Concentration of Deep Recombination Impurity", in book
"Optoelectronics - materials and devices', Eds. S. L. Pyshkin and J.
Ballato, pp. 301-348, InTech, Rijeka, Croatia, 2015. [Crossref]

V. A. Kholodnov, M. S. Nikitin, "About giant splash of intrinsic pho-
toconductivity in semiconductors with increasing concentration
of recombination centers: photoconductor with blocking con-
tacts", The Seventh International Conference on Sensor Device
Technologies and Applications, SENSORDEVICES 2016, July 24-26
2016, Nice, France, Proceedings of the conference, 4 pages.

V. A. Kholodnov, "Effect of recombination centers concentration
on photoelectric response semiconductor', Advances in Applied
Physics, vol. 3, no. 3, pp. 254-280, 2015 (in Russion).

G. K. Wertheim, "Transient recombination of excess carriers in
semiconductors’, Physical Review, vol. 109, no. 4, pp. 1086-1091,
1958. [Crossref]

A. G. Milns, "Deep Impurities in Semiconductors", John Wiley, New
York-London-Sydney-Toronto, USA-UK-Australia-Canada, 1973.

Z. V. Basheleishvili, V. S. Garnyk, S. N. Gorin, T. Pagaeva, "Change
of the minority carrier lifetime under irradiation of high-ohmic
p-type silicon’, Sov. Phys. Semicond., vol. 18, no. 9, pp. 1074-1075,
1984.


https://doi.org/10.1007/978-3-540-71679-2
https://doi.org/10.1134/1.567702
https://doi.org/10.1134/1.1262408
https://doi.org/10.1117/12.350890
https://doi.org/10.1117/12.407731
https://doi.org/10.1016/0038-1101(94)00154-8
https://doi.org/10.5772/61028
https://doi.org/10.1103/PhysRev.109.1086

Electrica 2021; 21(1): 168-172
Kholodnov and Nikitin. Impact of Nonuniform Illumination on Giant Splash

Prof. Viacheslav Kholodnov is leading research scientist at V.A. Kotelnikov Institute of Radio Engineering and
Electronics of Russian Academy of Sciences. He is also professor at the Moscow Institute of Physics and Tech-
nology (MIPT Technical University) and the Moscow Institute of Radio Engineering, Electronics and Automa-
tion - Russian Technological University. He received MS degree in theoretical nuclear physics from the Mos-
cow Institute of Engineering Physics (TU) in 1967 and doctor of sciences degree in physics of semiconductors
and dielectrics in 1990. He is the author of more than 200 journal papers and has written three book chapters.
_Heis author of several tutorials for students and PhD students. His current research interests include theory

- of optical and photoelectrical phenomena in semiconductor structures including multilayer structures with
graded-gap layers and avalanche photodiodes.

Dr. Mikhail Nikitin is currently project leader in Skolkovo resident company RusTec LLC. He received his MS
degree in automation and electronics from the Moscow Institute of Physics and Technology (MIPTTU) in 1975
and his PhD degree in physics of semiconductors and dielectrics in 1980. He is the author of more than 110
journal papers and has written three book chapters. He is editor of two books. His current research interests
include research and development of different kind of optoelectronics and photonics.




