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Experimental determination of the dependence of the free electron—hole
recombination rate constant on the band gap in semiconductors
of the AUBYI and AIBY!! types
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A correlation between the recombination rate constant of free electrons and holes (k;) and
the band gap (Eg) of semiconductors (AgCl, AgBr, Cd,Zn,_.S, CdSe, CdTe, and their solid
solutions) at 295 K was found. The experimental data were obtained by the UHF photocon-
ductivity (36 GHz) using current carrier generation by laser pulses (A = 337 nm, pulse duration
8 ns). A decrease in E, in a range of 1.5—3 eV increases k, by 1.5 orders of magnitude according

to the law close to exponential.
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Two key processes, namely, separation and recombi-
nation, determine changes in the charged particles gener-
ated in the matter by the light or ionizing radiation. The
most part of technical applications using compounds of
the AIBVT and ATBVIT types are based on the process of
charge separation, whose characteristics determine the
sensitivity and time parameters of various devices, e.g.,
solar energy converters, sensors for radiation detection,
systems of information transfer and recording, and others.
In these substances electron-hole recombination processes
most frequently result in irretrievable energy losses, ex-
cept for some types of recombination luminescence. How-
ever, quantitative data on the characteristics of this pro-
cess are virtually lacking, although their absence notice-
ably retards progress in the area of application of these
compounds, impeding prediction of the limiting charac-
teristics of the developed devices.

Note that quantitative regularities of recombination of
free (that have never been captured by traps) electrons
and holes in semiconductors of other types are not quite
clear, despite the fact that the problem on the relationship
of the recombination rate constant (k,) and the properties
of semiconductors were discussed in a series of publica-
tions. For instance, on the basis of the estimates for the
k, values in the Ge and Si semiconductors (~5+10~'* and
~3+10~15 ¢cm3 s~!, respectively), which were obtained us-
ing the dependence of the absorption coefficient on the
band gap (E,) and the principle of detailed balancing, it
was assumed that the rate constant should increase with a
decrease in E,. Although it should additionally be sub-
stantiated that the principle of detailed balancing can be
applied to an electron that underwent the thermalization

step after its generation, this concept met no basic objec-
tions so far.

Meanwhile, in the recent decade there were several
attempts to experimentally determine the rate constants
kr/cm3 s~1 (cross sections) of electron-hole recombina-
tion in compounds of the ATBYT and ATBVI types: 1 10~!!
(AgBr (powders), E, =2.6 eV,2 2+ 10712 (AgCl (powders),
E, = 3.1 eV;3 (3£1)-10-13 (CdS, E, =125 eV)4;
(3£1)- 10~ (CdTe, E,= 1.6 eV)3; (4—6)-10~!! (CdSe,
E, =138 eV).% However, no relationship was revealed
between the obtained constants and the properties of sub-
stances.

In the present work, we attempted to verify some ear-
lier published data on the rate constants of electron-hole
recombination in compounds of the ATBV! and ATBVII
types and to supplement partially these data.

Experimental

New measurements were carried out for CdS and Cd,, sZn, 5S
films and AgBr single crystals. The synthesis of CdS has been
described earlier.®

To prepare the CdjsZn,sS films,* 0.01—0.05 M aqueous
solutions of neutral [Me(N,H,CS),Cl,] complexes were sprayed
onto a glassceramic support heated to 550 °C. The complex
decomposed to form a film.47-8 Glassceramics was chosen as
a support because of good adhesion of the sulfide films due to
many silanol groups on the glassceramic surface.® The typical
film thickness was 5—10 um.

* The samples were kindly presented by Yu. V. Meteleva (Insti-
tute of Problems of Chemical Physics, Russian Academy of
Sciences).
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Single crystals of AgBr were obtained by the complex
method,* including purification of the starting silver nitrate with
inorganic sorbents, zone smelting of silver nitrate, synthesis of
silver halides by precipitation from an AgNOj; solution with the
corresponding hydrogen halide, thermal treatment of silver ha-
lides in an atmosphere of halogen agents, and zone smelting of
silver halides. High-purity single crystals of silver halides were
grown from the prepared melted crystals by the Bridgeman
method (heater movement velocity 1 mm h™1).

The kinetics of electron decay was studied by the UHF
photoconductivity method (8-mm range). Changes in the re-
flection coefficient of electromagnetic radiation from a resona-
tor of the TEy; type containing a small-volume sample were
detected. The changes in the sample were induced by a short
light pulse.29

The time resolution of the procedure was 10 ns. Samples
were irradiated with pulses from an LGI-505 N,-laser (A =
337 nm, pulse duration t, = 8 ns). The light beam was blinded to
separate a uniform light spot. The light intensity was varied
within more than three orders of magnitude using light filters
and changing beam focusing. When compared the experimental
results with the calculation, the final light pulse width and the
transient characteristic of the measuring tract were taken into
account calculating the corresponding mathematical convolu-
tions. The measurements were carried out at room temperature.

Results and Discussion

Irradiation with a light pulse results in a sharp de-
crease in the loaded Q-factor of the resonator and the
appearance of a "photoresponse”, a change in the power
of the reflected UHF wave, AP(¢) (¢ is the time counted
from the light pulse onset).

After the end of the light pulse, the AP(¢) value passes
through a maximum and gradually decreases to zero. The
dependence of AP on the ffrequency of the UHF genera-
tor are virtually symmetric relative to the resonance fre-
quency f;. According to earlier published data,? this fact
indicates that the photoresponse AP(7) = APy() + AP(1)
is mainly related to a change in the Q-factor of the reso-
nator Q rather than the change in the resonance fre-
quency f.

Exposure of the sample during experiment induces no
changes in the amplitude and shape of the P(f) depen-
dence.

Since the mobilities of electrons and holes in CdS 11
and AgBr 12 are different, it is reasonable to attribute the
photoresponse to photogenerated electrons:

) W(1)
Semiconductor — e~ +p*, (1)

where W(t) is the generation rate of current carriers (re-
flects the shape of a light pulse); e~ and p* are electrons

* The samples were kindly presented by N. V. Lichkova (Insti-
tute of Microelectronic Technology and Ultra-High-Purity Ma-
terials, Russian Academy of Sciences).

and holes, respectively. This assumption agrees with the
results of studying the UHF photoconductivity in CdS 48
and silver halides (see discussion and Refs 2, 3 and 13):
the changes in the UHF absorption under the used condi-
tions of weak disturbance (AP/Py << 1, where P, is the
incident radiation power) are caused by electrons born by
the light rather than positive holes, namely, AP(f) ~n (n is
the concentration of electrons).

The kinetics of photoresponse decay was approximately
of the same type on all types of the samples studied. The
photoresponse decays consisted, as a rule, of two compo-
nents: fast (in the time interval T, <£<0.5 ps) and slow (in
the time interval 100 ns <7< 5 us). However, the ratio of
amplitudes and the time characteristics depended on the
dose of photoirradiation per pulse /; (light "intensity")
and the type of the sample.

The photoresponse amplitude in the CdgsZng S
films (band gap in Cd,sZn,sS is'# 2.85 eV) even at
I,>2+10"3 photon cm~2 pulse~! is nonlinear (see inset in
Fig. 1, a). Two components are observed in the decays
(see Fig. 1, a), and the decay rate of the fast component
increases with an increase in the light intensity (see
Fig. 1, b): at I, = 10'3 photon cm~2 pulse~! the time of
half-decay of the fast component is t;,, = 200 ns (see
Fig. 1, b, curve 4) and at [, = 10'* photon cm~2 pulse~!
Ty = 30 ns (see Fig. 1, b, curve I). On the contrary, the
rate of the slow component is virtually independent of the
light intensity (see Fig. 1, a).

This difference in the behavior of the response com-
ponents is caused by different contributions to the photo-
response from the decays of current carriers of the first
and second orders at different time moments. At rather
low light intensities the first-order processes predomi-
nate, and the processes of the second order are prevailing
at high intensities. In the framework of this explanation,
the observed increase in the fast component decay with
an increase in [, (see Fig. 1, b) can reasonably be attrib-
uted to the increasing competition between the processes
of electron decay of the second (2) and first (3) kinetic
orders:

kr
e +pt —» ..

. 2
kl
e +N — N_, (3)

where k, is the recombination rate constant of electrons
and holes, N are the electron traps, N_ are the negatively
charged electron traps, and k is the rate constant of elec-
tron trapping.

Therefore, the nonlinear dependence of the photo-
response amplitude on / becomes clear (inset in Fig. 1, a).
Such a dependence is caused by the noticeably decay of
electrons during the light pulse via the second-order re-
action.
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Fig. 1. Photoresponse (AP) of the CdysZn,sS film obtained at 500 °C and I, = 4.4-10'* (1), 4.4-1013 (2), 1.7-1013 (3), and
8-10'2 photon cm~2 pulse~! (4) (points); straight lines show the approximation of the slow components of the decays (a) and solid
lines show calculation (). The dependence of the photoresponse amplitude on /; is shown in inset.

The following processes in the matter involving photo-
generated current carriers can be presented:

ky
p-+P — P, 4)
ky
e +P, —» P, (5
ks
pT+N_—= N, (6)
kg
N_. —> N+e, 7
kq
P, — P+p", (8)
kg
N_+iont — at, 9
ki

at —» e~ +ion* +N, (10)

where P are the hole traps, P, are the charged hole traps,
ion* are the interstitial ions, at are the metal atoms,
ky—kqg are the rate constants of the processes. The initial
concentration of free electrons is determined by the prod-
uct of the generation rate by the laser pulse duration and
photoionization quantum yield. However, direct com-
parison of the results of calculation of the charge decay
kinetics in reactions (3)—(10) with the experimental
photoresponse decays is inefficient, because the problem
includes, as a whole, too many parameters: nine rate con-
stants and three concentrations. Therefore, one should
either choose experimental conditions in such a way that
so many processes would not be needed to describe the
photoresponse decays, or some rate constants (or the range
of their acceptable changes) should preliminarily be de-
termined by an independent method. This simplification

of the problem becomes possible in the case when the
changes in the shape of the photoresponse decrease is
observed with a change in the light intensity by several
orders of magnitude due to the kinetic features of pro-
cesses of the first and second orders. This is accomplished
in experiment (see Fig. 1). It can be seen that the theo-
retical curves (solid curves in Fig. 1, b) agree satisfactorily
with experiment. Since the experiment was carried out
under conditions of nonuniform light absorption, the sys-
tem of equations corresponding to processes (2)—(10)
was numerically solved for two cases: "complete mixing of
the whole reaction volume" and "mixing within thin lay-
ers." The thickness of the layers perpendicular to light
incidence was chosen in the calculation as Ax = K1,
(K, is the light absorption coefficient with the wave-
length A). The best agreement with experiment at the
recombination rate constant of free electrons and holes
k= (6—8)+10712cm3 s~ 1.

As in microdispersed powders, the photoresponse de-
cays consisting of two components were observed in the
AgBr single crystals. A linear dependence of the photo-
response amplitude on the light intensity is observed at
I, < 10' photon cm~2 pulse~!, and the characteristic de-
cay time is independent of /. The dependence becomes
nonlinear with an increase in /;, and the decay time de-
creases, indicating an increasing role of decay processes
of the second order.

The decays of the UHF photoresponses of the AgBr
single crystal at different light intensities are presented in
the semilogarithmic scale in Fig. 2. At rather long times
the photoresponse decays are described by exponential
dependences with the characteristic times independent of
the light intensity. When the light intensity increases to
Iy=1.4+10" photon cm~2 pulse~! (curve 1), a "new" faster
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Fig. 2. Photoresponse of the AgBr single crystal at [, =
1.4-10'5 (7) and 2.8-10!3 photon cm=2 pulse~! (2), solid lines
show calculation.

component appears at short times, and its decay rate in-
creases with an increase in /,. This component is not
observed at lower I, (curve 2), i.e., the recombination of
free electrons and holes at these light intensities does not
compete with the decay processes of the first order.

The results of numerical calculations are shown by
solid lines in Fig. 2. Analysis of the experimental condi-
tions showed that the theoretical yield of holes from traps
and recombination of a localized hole with a free electron
make an insignificant contribution to the photoresponse
decay. The calculated recombination rate constant of free
electrons and holes in the AgBr single crystal is k, =
(1.5£0.5)- 10! ¢cm3 s~!. The obtained k, value agrees
with that for the AgBr powders.2 This indicates that the
obtained rate constant does characterize an elementary
process in the volume with the cross section independent
of the type of the sample.

The verification of the results of determination of the
electron-hole recombination rate constant in CdS films
based on measurements of the UHF photoconductivity
showed that the earlier® published values of the rate con-
stant* is unfortunately mistaken. Although new mea-
surements of the decay kinetics at different incident
light intensities confirmed that the nonlinear dependence
of AP on the light intensity was observed in the CDS
films at high light intensities, as in the CdjsZngsS
films, and this boundary turned out to be at
I, > 1013 photon cm~—2 pulse~!. At the low light intensity
I, < 102 photon cm~2 pulse~! the dependence was linear
(region of processes of the first order), although the

* The authors apologize for the mistake in the previous work®
caused by disrepair of the light intensity meter.

10—11
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Fig. 3. Recombination rate constant (k,) of free electrons and
holes vs. band gap (£,) of the semiconductor.

photoresponse decays also consisted of two components
with half-decay times of 70 ns and 1.13 us. The calcula-
tions of the kinetics of the UHF photoconductivity de-
cays at different light intensities in the interval 6- 10!
photon cm=2 pulse~! < [, < 4-10'* photon cm~—2 pulse~!
gave the recombination constant of free electrons and
holes equal to 2(£1)- 10~ cm3s~1.

The results of determination of the rate constants of
recombination of free electrons and holes obtained in the
present work and published earlier are given in Fig. 3. It
can be seen that the rate constant increases from 2+ 10~12
to 310! ¢m3 s~! with a change in the band gap of the
semiconductor from 3.2 eV for AgCl to 1.5 eV for CdTe.
The dependence presented in the semilogarithmic coor-
dinates is linear within the experimental error. Therefore,
the empirical dependence of k. on E, can formally be
written as the exponential function

k.= kroexp{focrEg}, (11)

where o, = 1.5 eV~

It seems of interest to extrapolate dependence (11) to
the regions of low and high energies of the band gap. For
the extrapolation to E, = 0.4 eV we have k, = (2—3) - 1010
cm? s—!, which is close to the preliminary results of study-
ing PbS.* The extrapolation to the energies of radiative
transitions in Si and Ge** also gives the value that does
not contradict to the estimates.!

Undoubtedly, the obtained dependence (11) needs
special detailed discussion. It can be assumed that it re-
flects a decrease in the probability of electron and hole
recombination with an increase in the band gap in the
semiconductor, because it is necessary to distribute an
increasing portion of the energy evolved upon recombi-
nation (phonons).

* Private report by N. L. Sermakasheva.
** http://www.ioffe.ru/SVA/NSM /rintroduction.html
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