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Recombination and photoluminescence in amorphous silicon are studied using a computer simulation.
It is shown that, in typical experimental situations, geminate recombination plays a minor role and most
of the recombination events are distant-pair ones. The shapes and the positions of the luminescence
peaks of time-resolved spectroscopy (TRS) and frequency-resolved spectroscopy (FRS) are studied and
an approximate analytic theory to calculate them is derived. The width of the peaks obtained in our
simulation is approximately two decades in time in the whole range of generation rates. These results
are in good agreement with the experimental data as well as with our analytic theory. The possibility to
observe a second, geminate, TRS and FRS peak in amorphous materials with strong polaron effects is

discussed.

1. INTRODUCTION

The observation of unexpectedly high photoconductivi-
ty (PC) in hydrogenated amorphous silicon (a-Si:H) near
liquid-helium temperatures"? and of the lifetime distribu-
tions of the photoluminescence (PL) (Refs. 3 and 4) have
stimulated renewed interest in the motion and fate of car-
riers in the tail states. PL studies have already estab-
lished that PL is the dominant recombination mechanism
at low temperatures and that nonradiative processes can
be neglected. There is, however, no commonly accepted
point of view about the relative roles of geminate and
distant-pair (nongeminate) radiative recombinations in
undoped a-Si:H. Street® suggested that geminate recom-
bination dominates, but Dunstan and Boulitrop® and re-
cently Searle’ gave convincing arguments for distant-pair
recombination. It is well known that only non-
geminately recombining carriers contribute to PC,! there-
fore the competition between the two types of recombina-
tion plays a most important role for PC. It is also impor-
tant for the calculation of the steady-state concentration
of carriers, the distribution of PL times, and for PL spec-
tra.

To discuss this competition let us consider a typical
electron-hole pair created by light absorption.® If the
carriers are created with energies close to the mobility
edges, they become trapped in the band tails and separate
by diffusion due to downward hopping. In the course of
separation the radiative recombination with the geminate
carrier competes with diffusion that tears the pair apart.
If the diffusion is fast enough that a typical pair can sur-
vive geminate recombination, its carriers can easily meet
carriers from other pairs and distant-pair recombination
will dominate. On the other hand, if the diffusion is slow
or the interpair distance is large, the pair will likely
recombine geminately. Shklovskii, Fritzsche, and
Baranovskii® analyzed the fate of an isolated electron-
hole pair created on neighboring localized states and in-
troduced the function P(R), which gives the probability
density of geminate recombination at a separation R.
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This function has a maximum at some distance R, and a
long tail at R > R, (see Fig. 1). Using this function the
steady-state concentration of electrons n and the photo-
conductivity opc were estimated.*®  Shklovskii,
Fritzsche, and Baranovskii® suggested that due to the ex-
ponential dependence of the recombination time on the
distance R, the function P(R) can give the probability
density of the lifetime distribution observed by time-
resolved spectroscopy (TRS) (Ref. 5) or frequency-
resolved spectroscopy (FRS).!° In this paper we use the
term TRS for the so-called biased TRS technique, which
obtains the distribution of the logarithms of lifetimes
from the decay of the light intensity after a small pulse
excitation on the background of steady illumination.!” In
the FRS technique similar information is extracted from
the measurement of luminescence under harmonically
modulated illumination. Strictly speaking, there is a
minor difference between the results of these two
methods and we discuss this difference in Appendix A.
The suggestion by Shklovskii, Fritzsche, and
Baranovskii® is of course valid only in the limit of very
small concentrations »n (or small generation rates G) when
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FIG. 1. The dimensionless geminate distribution densities
f,(R/R)=R.P,(R) for several values of the parameter
Yy=a/a,.
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the distance at which nongeminate recombination takes
place 1n 7!/ is much larger than R,. In a-Si:H we ob-
tain that R, S1n "'} <$2R, in the experimentally studied
range of generation rates 10'7<G < 1022 cm3s7 L.
Searle’ and Levin et al.!! presented arguments, based on
the shape of P(R), that in this range distant-pair recom-
bination dominates and determines the shape of the FRS
peak.

In this paper we present a direct Monte Carlo simula-
tion of low-temperature recombination and PL in amor-
phous semiconductors under a constant illumination as
well as an approximate analytical theory of the TRS and
FRS peaks.

In the simulation we study a cube with 5X 10° random-
ly spaced localized states with energies randomly distri-
buted according to the exponential density of states in the
tails of the conduction and valence bands. We create
electrons and holes randomly on close pairs of states with
a given generation rate G and let them relax by down-
ward hopping and recombine with each other. We obtain
the concentration of carriers n and TRS and FRS spectra
as functions of G. We find that in the experimental range
of generation rates only a small fraction of the carriers
(less than 20%) recombine geminately, in agreement with
Dunstan and Boulitrop.® The widths of the spectra are
much smaller than those obtained from the geminate
theory and the function P(R). These widths do not de-
pend on G and are about a factor 100 in lifetime. This re-
sult agrees both with our analytical theory and with the
experimental data. The maximum of the peak coincides
with the average lifetime and varies as G ~°, where
s=0.84.

Thus we conclude that in typical experimental condi-
tions in a-Si:H downward hopping easily separates
electron-hole pairs. To verify this conclusion we repeated
the simulation creating electrons and holes in random
states rather than in close ones. We found very small
differences in the TRS and FRS spectra and concentra-
tions. If one assumes that when the carriers are created
in the extended states they thermalize fast enough and
reach the localized states, it becomes clear why the PL
and PC of a-Si:H do not change significantly when the
frequency of illumination changes from hv<E, to
hv>E,, 12 where E, is the mobility gap.

The results discussed above were obtained for parame-
ters of a-Si:H, where the characteristic frequency of the
phonon-assisted hopping is much larger than that of the
radiative recombination. In some softer materials with a
strong polaron effect diffusion can be much less effective
and geminate recombination will play a more important
role. In these materials we expect different FRS struc-
tures depending on the relation between hv and E,. For
hv<E, two peaks should be observed, one related with
P(R) and the other related with distant-pair recombina-
tion, while for Av> E, one should see only the distant-
pair peak.

The paper is organized as follows. In Sec. II we sum-
marize the theory of geminate recombination and derive
an approximate analytic theory for distant-pair recom-
bination. In Sec. III we describe our computer simula-
tion and the information that can be obtained from it.
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Section IV is devoted to a detailed description of the
simulation results and to a comparison of these results
with experiment. Finally, we give a brief summary and
conclusions in Sec. V.

II. BASIC THEORETICAL CONCEPTS

In this section we summarize some theoretical re-
sults>!3 and present additional ones along the same line.
Let us consider an electron-hole pair generated at or just
below the mobility edge of an amorphous semiconductor.
The pair is generated quite close together because of the
exponential decay of the overlap integral with the dis-
tance. First we discuss the fate of one electron-hole pair
assuming for simplicity that the hole is fixed in space.
The electron can take part in two competing processes.
First it can hop downward in energy (upward hops are
not possible at 7=0) to a nearest localized state of the
tail at a distance r with the rate

va(r)=wveexp s (1)

e

where a, is the localization radius of the electron. It was
shown®® that, since the electron chooses the nearest ac-
cessible state, the concentration of accessible states de-
creases in a geometrical progression with the number of
hops and, therefore, the length r increases geometrically
starting from ry~a,. The second process is recombina-
tion with the hole at a rate

2R

a

v,(R)=1; 'exp , )

e

where R is the electron-hole separation. We assume for a
while that the localization radius of the hole a, <<a, and
we can neglect the motion of the hole.

One should note the different prefactors of Egs. (1) and
(2). The prefactor vo=~10'2 s~!, whereas 7, '~108s7 ! is
given by the typical dipole radiation lifetime 7,. These
prefactors define a characteristic length scale

R.=(a,/2)In(vyry) . 3)

It is clear from Egs. (1) and (2) that due to the strong in-
equality vy7,=10%>>1 diffusion dominates for the first
steps and a real competition between recombination and
hopping starts only when R reaches a value of about R,.
A pair survival probability 7(R) to a distance R and a
geminate recombination probability density P(R)
= —dn/dR were introduced in Refs. 8 and 9 and it was
found that

P(R>=Rifo<R /R.) . @)

c

The function P(R) is shown in Fig. 1 and has the shape
described in the Introduction. Its magnitude is small
when R <R, because diffusion dominates at these dis-
tances, it reaches a maximum near R, and then drops be-
cause most of the pairs have already recombined at small-
er distances. For R >30R, a power-law dependence was
obtained,



5908
B
(R)~ A4 R° , (5)
B+1
R
P(R)z;—ﬂ = , ©)
c

with 8=1.16£0.01 and 4 =3.0%0.1.

Recently Baranovskii and Levin'* have computed
P(R) for the case when both the electron and the hole
are mobile. In this case P(R) depends on an additional
parameter y=a,/a,. Several curves f (R/R,)
=R_P,(R) for different values of y are shown in Fig. 1,
and we see that they become significantly broader and de-
cay slower as y increases. In the asymptotic expression

v

the index 3, tends to 0.6 and 4, tendsto 2 as y —1. The
reason for such a change of the behavior is obvious: the
motion of both carriers causes a larger separation of the
pair and the diffusion competes better with the recom-
bination. We note that the decay of the functions f, in
Fig. 1 is very slow and that a significant contribution to
their normalization comes from the unshown region
R >5R..

Shklovskii, Fritzsche, and Baranovskii® suggested that
in the limit of small generation rates most of the carriers
recombine geminately and one can use P(R) to describe
the distribution of the logarithms of the recombination
times F(Inz) which can be measured by TRS and FRS.
This idea is based on Eq. (2), which relates the average
recombination time v, ! for a given configuration of
states with the distance of the recombination R. Taking
into account that P(R) changes slowly on the length
scale of @ one obtains that the distribution of Int should
be the same as the distribution of Inv_ !, i.e.,

p(R(1))=P(R(1)), (8)
where p(R(2))=(2/a,)F(Int) and

R(1)=1a,n 9)

t
TU

For convenience, we will use the distribution p(R (?)) in-
stead of F(Int) in what follows. Equation (8) is valid only
for G —0 when all the pairs recombine geminately. Ac-
tually at any finite G some carriers that survive the gem-
inate recombination recombine with nongeminate car-
riers. These distant-pair recombination processes are
much slower than the geminate ones and the average life-
time 7 is determined by them.

Now we would like to discuss the effect of distant-pair
recombination on the function p(R(¢)). To this end we
first discuss the case where all the electrons and holes are
created at random uncorrelated positions. This is the sit-
uation when the photon energies are larger than the mo-
bility gap and the geminate carriers are well separated
from each other after cooling down in the conduction
and valence bands. Let us assume for simplicity that the
carriers trapped in the tails are immobile and can only
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recombine with each other. The same model was con-
sidered by Dunstan,'® but our results differ from his be-
cause he averaged the coefficients in his equations [see,
e.g., Egs. (4) and (5) in Ref. 15] rather than averaging the
solution.

Suppose that at a given generation rate G the steady-
state concentration of electrons and holes is n. The aver-
age lifetime of carriers is therefore

n
G-
There are two possibilities for any new electron arriving
to the system. It can either recombine with an existing
hole or, if the distance to the nearest existing hole is large
such that v, !>>7, it will wait until a new hole arrives
and will recombine with it. The survival probability of
an electron at time ¢ (i.e., the probability that it has not
recombined during the time ¢) is a product of the proba-
bilities that it did not recombine in either of these ways

T=

(10)

w(H)=w,(Hw,(t) . (11

If t >, [i.e., R(¢)>>a,], then any hole which is closer
than R (¢) to the electron will recombine with it by the
time ¢ and therefore

~ 2R

w,(t)=exp (12)

is the probability that there are no holes, which already
existed when the electron arrived, in a sphere with a ra-
dius R (t) around the electron and

AT R ()G

13
3 (13)

w,(t)=exp

is the probability that no new hole arrives into this
sphere.
The mean lifetime 7 is determined by w (?):

r=["t
0

which after integrating by parts is

dt , (14)

_dw
dt

AT R(OP(n+Gr) |dr .

T= foww(t)dt—_—fowexp 3

(15)

R (1) is a slow logarithmic function and therefore we can
substitute R (7) for R(¢) in Eq. (15) to obtain

T=exp —i;L dn ;HT;W’ (16)
where

ROER(T)zfziln Tio 17
Solving (10) and (16) we obtain

Ry=an"'7 (18)
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with a=3V'3z /47 ~0.513, where z~0.567 is the root of
the equation exp(—z)=z. To find n for a given G we
eliminate R from Eqgs. (18) and (17), which gives

-1/3
T=TeeXp 2_an___] , (19)
ae
_ -1/3
G=—n—exp ﬂ——] , (20)
To a,
and
|
pa(R(2))=—dw/dR(t)=47R*n |1+ 1+32R
ae

where R, and n are related by Eq. (18). We plot this dis-
tribution density in Fig. 2. For R <R, p,(R) coincides
with the nearest-neighbor distribution and grows as R>
while at R R R, it decreases extremely rapidly with a de-
cay length a,. Therefore p;(R) has a sharp maximum at
R ~R,. We also show in Fig. 2 the FRS distribution
density S(R) obtained from the TRS one as described in
Appendix A.

We view the theory given above as a first approxima-
tion to the problem. We assumed that the holes are ran-
domly distributed and that they do not recombine with
any other electron in the time interval (0,¢). In spite of
these approximations we will see that the computer-
simulation results are in fair agreement with this theory.

Let us return now to the case where the electron and

-8.0 -6.0
0.6 .

exp[2(R —R)/a,]

IOg_‘%g [t® ]
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3
| 2a
n ol | 21
where L is the solution of the equation
L=—1n|Gr, | 2E 3 (2)
n |G| —

For a typical experimental value G=10%° cm 35!

and for a,=1 nm,7,=10"%s, Eq. (22) gives L ~13. The
distribution density of R (¢) is

AT R3n{1+exp[2(R —Ry)/a,]} |,

exp | —

(23)

tTe hole are created in nearby states and spread out by
downward hopping. Obviously most of the pairs that
have reached a distance larger than R, will not recom-
bine geminately and can be considered as created in-
dependently. Thus all the carriers can be divided in two
parts: a fraction 1—n(R,) which recombines geminately
and a fraction 7(R,) which participates in distant-pair
recombination. Therefore the function p(R) is, roughly
speaking, a superposition of P(R) truncated at R =R,
and py(R) for distant-pair recombination with an
effective generation rate Gn(R,). One can say that all
the tail of P(R) for R >R, is converted to the distant-
pair py(R) with the normalization being conserved.'’
This modification of p(R) is shown schematically in Fig.
3(a) for the case of very small G when R is significantly
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FIG. 2. The distributions of logarithms of lifetimes for the distant pair recombination obtained by the analytical theory described
in Sec. II. The functions p,(R) and S(R) are shown by a full line and dashed line, respectively.
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larger than R,. In Fig. 3(b) we show the case where R,
and R, are closer, distant-pair recombination dominates,
and there is only one peak of p,;(R).

To see how strongly the distant-pair recombination can
affect p(R) in a-Si:-H let us estimate R,. We will see
below that n(R,) is close to unity and therefore we can
use Egs. (22), (21), and (18) to find L and R,. For a,=1
nm, 7,=10"% s, and for a typical range of generation
rates 107 <G <1022 cm 3s™! the quantity L changes
from 189 to 9.5. This gives R, in the range
0.9R,. <R, <2R,.. Now we can use P(R) to estimate the
fraction of carriers which recombines geminately. For a
reasonable choice y=a,/a,=0.7 one gets values be-
tween 8% and 20% for the geminate fraction. Such a
small fraction even at Ry;=2R_ is a consequence of the
peculiar shape of P(R), which has a very long and slowly
decaying tail. Thus most of the carriers recombine non-
geminately and the typical situation in a-Si:H should be
described by Fig. 3(b). The computer simulation present-
ed in the next section confirms these qualitative argu-
ments.

III. THE COMPUTER SIMULATION

To study recombination and transport phenomena in
amorphous semiconductors quantitatively we performed
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1 [ \\\
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i
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(b)

P(R),P(R)

FIG. 3. The modification of p(R) (full line) due to distant
pair recombination (a) for small values of G and (b) for large
values of G. The geminate recombination function P(R) is
shown by a dashed line and the distant pair on p,(R) by a dot-
ted line. At R > R, [defined by Eq. (17)], P(R) is truncated and
the shaded tail is converted to the distant-pair recombination
function.
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a computer simulation, which we now describe. The idea
was to generate localized electron and hole states with
random coordinates and energies and to monitor the
motion of carriers hopping between them. Three
different processes are taken into account: (i) generation
of new electron-hole pairs by a Poisson process with a
constant rate G, (ii) hops of carriers from an occupied lo-
calized state to an empty one, and (iii) recombination be-
tween carriers of opposite types.

We use a cube with a side B >>a,,a, and randomly
generate in it electron and hole states with concentrations
N. The energies of these states are randomly distributed
according to the density of states

£

€9

gle)= Eexp (24)

€

with different characteristic tail widths (g, or g, ) for
the different types of carriers. Carrier energies are mea-
sured from the mobility edges into the mobility gap
(downward for electrons and upward for holes). In a-
Si:H the states in the mobility gap are neutral when emp-
ty and charged when occupied. The Coulomb interaction
between carriers is neglected in our simulation.

The hopping rates from each site to sites situated
deeper in energy are given by Eq. (1) for electrons and a
similar expression for holes and decrease exponentially
with the distance. Therefore we calculate the hopping
rates only to the Q nearest neighbors of every site (assum-
ing periodic boundary conditions) and neglect hopping to
farther sites. The value of Q was varied in the range from
3 to 10 and we have checked that our results are indepen-
dent of it.

Let us consider now the rates of the possible events in
the system. For each carrier i currently situated on site /
the hopping rate is

)/,-_—‘Evd(rlk)(l—nk) N (25)
k

where k runs over the Q neighbors of site /, r; are their
distances from this site, and n, is the occupation number
of site k: n; =1 if the site is occupied and O if it is empty.
The recombination rates for each pair are given by Eq. (2)
and the total generation rate in the cube is GB3. When a
new pair is generated we place one of its carriers on a
random site and the other on the nearest site of the oppo-
site type (if we investigate illumination with a photon en-
ergy close to the mobility gap) or on a random site of the
opposite type (if we investigate illumination with a pho-
ton energy significantly larger than the mobility gap).
These rates completely determine the behavior of the sys-
tem and we use standard Monte Carlo techniques to
monitor it.

We start from an empty system where only generation
events are possible and let it evolve until the frequency of
recombination events reaches that of generation ones.
From here on the concentration of carriers fluctuates
around a constant value and we assume this to be the
steady state of the system. In the steady state we accu-
mulate information about every recombination event: the
lifetimes of the recombining carriers, their energies, and
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the sum of these energies, which is the redshift of the em-
itted photon with respect to the gap. All these data are
collected separately for geminate and nongeminate
recombination events.

After the simulation is finished we use these data to
calculate the mean lifetime 7, the mean concentration
G, and the fraction of geminate recombinations. We
also obtain the probability densities p,(R(z)) and
pa(R(2)) for geminate and distant-pair recombinations,
respectively, the total probability density

p(R(2))=pg(R(1))+py(R(1)), (26)
and the spectrum of the emitted light. In order to obtain
the FRS spectrum S(R(z)) we convolute p(R(¢)) with
the kernel described in Appendix A.

For the simulation we use a cube with 2NB3=5X10°
localized states. The number of states has to be so large
because we want the number of steady-state electrons to
be significantly larger than unity even at the lowest gen-
eration rates. The number of steady-state pairs varied
from 40 to 400 in the range of generation rates presented
in Fig. 4.

One simulation took 15 CPU minutes on a Cray-2
supercomputer. During this time there were approxi-
mately 10° generation and recombination events. Thus
the time of the simulation was of the order of 103 life-
times. This time was long enough to make the uncertain-
ty in the average number of carriers less than 1. We have
checked that for arrays of the size that we used the devia-
tions between different realizations of the system were
small. We therefore present below results for a single
realization and do not use any averaging over different
realizations.
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IV. PHOTOLUMINESCENCE: SIMULATION
RESULTS AND COMPARISON WITH EXPERIMENT

The complete set of dimensionless parameters in our
problem is a, /a,, Ga2/vy, voTo, €on /€ce> and Nal. Most
of our simulations were done using the following values:
a,/a,=0.7, vyr,=10% e, /€, =1.67, and Na}=0.03.
Wherever it is possible we present our results both in di-
mensionless and in physical units. To compare our re-
sults with experiments on a-Si:H we use the following
values of the parameters: N=3X 10" cm ™3, a,=1 nm,
a, =0.7 nm, vy=102 s~ !, 7,=10"% s, o, =24 meV, and
€0, =40 meV. The exact values of these parameters are
not known yet and one can consider the numbers given
above as an illustration. Most of the results described
below were obtained for the case when the carriers were
generated on nearby sites.

The variations of the concentration of carriers n =G
and the mean lifetime 7 with G are shown in Fig. 4. We
also show in the same plot the theoretical curves obtained
using Eq. (20) with @=0.513, derived in Sec. II, and the
experimental light-induced electron-spin-resonance data
obtained by Boulitrop and Dunstan,'® and one can see
that the results of our theory are in good agreement with
the simulation results and with the experiment. The
dependencies n(G) and 7(G) can be fitted by a power law
and we obtain n <G%!® and 7« G %317 The good
agreement with the expressions derived for distant-pair
recombination already shows that the distant-pair recom-
bination dominates for these values of G. Indeed, the
fraction of geminate recombinations is lower than 20%
for all the values of G we have studied.

The good agreement of the theory for distant-pair
recombination presented in Sec. II with the simulation re-

3
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sults and with the experiment deserves some further dis-
cussion. In our derivation we made two assumptions: (i)
We assumed that carriers are trapped in localized states
after they are generated and can participate only in
recombination processes, and (i) we assumed a uniform
distribution of carriers in space. It was shown by
Baranovskii, Ivchenko, and Shklovskii'® that the first as-
sumption actually leads to some clustering of carriers of
the same type resulting in a larger value of a (¢=0.63 in
their simulation). We believe that the good agreement
that we obtained using a=0.513 is due to the fact that
the hopping of carriers, which is taken into account in
the simulation, reduces the effect of clustering and thus
decreases the value of . We verified this point by repeat-
ing our simulation for a case of static carriers (by turning
off the hopping) and we indeed obtained a=0.625 in this
case. A theoretical treatment of PL taking into account
the diffusion of carriers was recently published by the
Leningrad group.'®

We can get more information about the competition
between geminate and distant-pair recombination from
the distribution p(R(¢)) for the logarithms of lifetimes.
In Fig. 5 we show TRS functions p(R(t)) for three
different values of the parameter GaJ/vy: 10719, 10715,
and 10716, (For a-Si:H these values correspond to
G=10%, 10%, and 10" cm3s7l) We see that each
curve has quite a narrow peak, which moves to shorter
lifetimes with increasing G. The position of the peak ¢,
as a function of G is shown in Fig. 4 and one can see that
it coincides exactly with the mean lifetime of carriers in
the system (¢, is the time corresponding to the maximum
of the density of the logarithm lifetime distribution). As
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we have seen in Sec. II this is an important signature of
the distant-pair recombination. The monotonic shift of
the peak position according to ¢,, <G ~* with s =0.84 is
in qualitative agreement with the experimental data for
the values G > 10 cm ™ 3s 1% For G<10® cm *s ' a
slowing down or saturation of the motion of the peak po-
sition was reported.>?® We do not see any change in the
behavior of the peak position in our simulation. This
probably means that some other physics should be taken
into account to describe the observed phenomenon. To
see whether nonradiative recombination, which we have
neglected in our simulation, is involved, the dependence
of the quantum efficiency on G should be studied experi-
mentally. As for the width of the TRS peak at half
height, we see in Fig. 5 that it is about two decades in
lifetime and does not depend on G. This result agrees
with the theory given in Sec. II and with the experimen-
tal data.*

More detailed information about p(R(?)) is presented
in Fig. 6 for the value Ga’/v,=10""3. In this case the
fraction of carriers recombining geminately is 13%. In
addition to the total distribution p(R(t)) we plot here
pg(R (1)) [see (26)] and also P(R) for ¥ =0.7. One can
see that p, follows P(R) up to values R(t)=~4qa,. Since
most of the latest measurements use the FRS technique
we also show the FRS spectrum S(R(¢)) obtained from
our simulation using Eq. (A6). The FRS spectrum has a
peak at the same position and with approximately the
same width but decays more slowly for large times and
has a more symmetric shape.

The fraction of carriers recombining geminately varies

almost linearly with log,,G from 8% for G=10"%ya, 3
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FIG. 5. The time-resolved spectroscopy functions p(R(¢)) for three different values of the parameter Gal/vy () 10710, (b) 10713,

and (c) 10716,
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FIG. 6. p(R(?)) (full line), p, (R (2)) (dotted line), and S(R(?)) (dashed-dotted line) as obtained by the computer simulation for the

value Gal/v,=10""3. We also plot here the function P(R) for y=0.7 (dashed line), and one can see that p, follows P(R) up to
values R (t)~4a,.

to 19% for G =10""%vya, 3. Thus we see that for typical  of geminate recombination and we can get a spectrum
generation rates in a¢-Si:H the geminate recombination  like the one shown in Fig. 3(a). Moreover, at extremely
plays a minor role. We have verified that decreasing G small G=10"%~® we obtain p(R)=P(R) for all
far below 10 ®ya,73 (107 cm™3s™!) increases the part R < B and there are no distant-pair recombinations at all.
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FIG. 7. p(R(t)) (full line), p,(R(?)) (dotted line), and S(R(z)) (dashed-dotted line) obtained by the simulation for y =a, /a, =0
and G=10"Byya, 3.
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Another way to increase the role of the geminate
recombination is to consider a smaller value of y =a, /a,,
since in Fig. 1 we see that geminate recombination at
small distances grows with decreasing y. In Fig. 7 we
show p(R(T)) obtained for y=0 and G=10"Pyya, 3.
We see that the left shoulder of p(R) grows, in compar-
ison with the one in Fig. 6, but the position and the width
of the peak remain unchanged. The fraction of geminate

-8.0 -6.0 -4.
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recombinations increases from 13% for ¥y =0.7 to 17.5%
for y =0 as could be expected from Fig. 1.

More interesting changes in the TRS and FRS spectra
take place when the parameter vyr, decreases. As men-
tioned by Baranovskii et al.,’ the frequency of down-
ward hopping can be significantly diminished by a pola-
ron effect, while 7 stays unaffected. In Fig. 8 we present

the results of our simulation for v,=10° s~! and
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FIG. 8. (a) The distribution densities p(R (¢)) (full line), p,(R(#)) (dotted line), and S(R(?)) (chain-dotted line) for a diffusion rate
vo=10° s~!, a recombination rate 7,=10"% s, and for a generation rates G=10? cm ~3s~!. (b) The same as (a) but with carriers gen-

erated at random sites.
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70=10"% s. According to Eq. (3), R, decreases with v,
and the geminate peak which is situated at R, should
move to smaller R and split from the nongeminate one.
In order to keep the intensity of light at a typical experi-
mental value, we choose first G =102 cm ™ >s™! (the same
as that in Fig. 6). Indeed we see in Fig. 8(a) a two-peak
structure similar to the schematic plot in Fig. 3(a). At
smaller values of G this two-hump structure is even more
pronounced. On the other hand, when the pairs are gen-
erated at random points (i.e., when the photon energies
are above the mobility gap), for the same values of the pa-
rameters, the left peak of p(R) disappears [see Fig. 8(b)].
At the same time when v,=10'? s~ ! random generation
of carriers leads only to minor changes of the spectra at
small values of R (compare Fig. 9 and Fig. 6). This
demonstrates again that geminate recombination plays
only a minor role in a-Si:H.

In experiments with materials that have small hopping
rates v, one can expect a crossover from a one-peak
structure to a two-peak one when the wavelength of the
illumination increases. At hv>E, the pairs separate
during the cooling down in the delocalized states and
only the distant-pair recombination peak can be ob-
served, while at hv<Eg both peaks should be seen. Such
a crossover has been observed in the As,S; glass,?! which
can be a good candidate for a strong polaron effect, but
the original interpretation was done totally in terms of
the geminate picture. Our attempts to interpret the data
in light of the present work failed because our estimates
of the carrier concentration based on the data given in?!
result in too small values to expect any distant-pair
recombination.

log,o [t ®)]
40 20
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Let us now compare the results of our simulation for
random generation of carriers with the theoretical deriva-
tion of the distant-pair recombination probability density
pa(R) presented in Sec. II. The results are shown in Figs.
2 and 9 and one can see that they are quite close and
differ mostly in the right tail, which is less steep for the
results of the simulation. The reason for this difference is
that in the process of downward hopping the flux of addi-
tional carriers to sites from which they recombine varies
due to random fluctuations in spatial configurations.
These fluctuations, which are taken into account in the
simulation, smear out the steep tail of p(R). On the other
hand, in the theoretical derivation there was no down-
ward hopping of carriers and we assumed that the flux to
each site is constant and is determined only by the gen-
eration rate G.

To end the part dealing with TRS and FRS spectra we
now briefly discuss the role of the Coulomb interaction in
a-Si:H. It was argued,® for the geminate recombination
function P(R), that the Coulomb interaction cannot com-
pete with the characteristic energy of “disorder” g, at
distances R >R, and will not change the shape of P(R)
at these distances (see also Ref. 6). Our recent estimates
show that at R <R_ the Coulomb interaction should be
important and can result in a significant increase of P(R).
This “excitonic” effect will show up at small R values in
TRS and FRS spectra but will not affect other parts of
the spectra. The Coulomb effects will be discussed in a
separate publication.

Let us return to a-Si:H and discuss our results for the
energy spectrum of luminescence shown in Fig. 10. The
luminescence intensity is presented as a function of
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FIG. 9. p(R(t)) (full line) and S(R(?)) (dashed-dotted line) for the same parameters as in Fig. 6 but with carriers generated at ran-
dom sites. We see that while the geminate recombination is completely suppressed, there are only small changes in p and S.
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FIG. 10. The spectra I(¢) for three different values of the parameter Ga_’/v,: (a) 1071, (b) 10713, and (c) 1076,

E,—hv in units of gy, for different values of G. We see
that a typical shift of the Iluminescence peak
E, —hvp,~=13g,~0.32 eV, which is less than the 0.4-
eV shift observed in the experiment. We have to men-
tion, however, that this shift is the only quantity which
depends on N and, generally speaking, on the behavior of
the density of states near the mobility edges. If N in-
creases from 3X10Y cm™3 to 10° cm™3 one gets
E, —hvp,,~16gy,, ~0.4 eV in agreement with the experi-
ment. On the other hand, the width of the peak does not
depend on N and G and equals 6gy,. This result is in
agreement with the theory of Dunstan and Boulitrop® but
is almost a factor 2 less than the experimental value.’
This probably means that there are fluctuations of the
mobility gap which can result from fluctuations in the hy-
drogen content. As for the position of the peak of the
spectrum, we find that it has a blueshift with increasing
generation rate G and that it is approximately equal to
0.85¢,, per decade of G. This shift is about twice as large
as the experimental value reported by Tsang and Street.?

V. CONCLUSIONS

We have studied the transition between geminate and
distant-pair recombination with increasing generation
rate in amorphous semiconductors. We found that in a-
Si:H, where the prefactor of the hopping rate is believed
to be four orders larger than that of the combination rate,
the geminate recombinations contribute less than 20% to
the total photoluminescence for typical experimental gen-
eration rates that are larger than 10" cm 3s™!. We ob-
tained the shape and position of the photoluminescence
peaks of TRS with a bias and FRS as a function of the
generation rate. The width of the peaks is approximately

two decades in time or frequency in the whole range of
generation rates, in good agreement with experimental
results. We have shown that geminate recombination can
become more important for materials with smaller hop-
ping rates. In this case one can observe two separate
peaks of TRS or FRS spectra, one due to geminate
recombination and the other due to distant-pair recom-
bination.

The photoluminescence results presented in this paper
were obtained for a situation where the system undergoes
small perturbations on the background of a steady-state
concentration of photoexcited carriers. These conditions
are obtained experimentally for TRS with a bias or for
FRS. We now briefly discuss the case of TRS without a
bias when a system in equilibrium is excited by a short
single pulse of duration 8¢. The shape of the lifetime dis-
tribution of distant-pair recombinations for this case was
derived by Dunstan®® and is given by
-2

(27

p(R)=47R >G5t 1+4T7TR3GSt

This distribution has a peak at R=R,/ 3v/2, where
(47/3)R3G8=1, and a width 1.1R,. This width is
significantly larger than the width obtained in Sec. II for
steady-state conditions (see also Fig. 2) and than any
width obtained experimentally. This probably means
that in realistic experimental conditions when the sample
is excited by a sequence of pulses it is difficult to avoid ac-
cumulation of photocarriers. Due to these difficulties we
did not study TRS without a bias in our computer simula-
tion.*

The computer simulation that we developed for the
description of steady-state properties such as carrier con-
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centration and photoluminescence at zero temperature
can be applied to many other phenomena in amorphous
semiconductors. We are currently planning to include an
electric field in the simulation and to study both the
linear and the non-Ohmic photoconductivity. These can
be used to check existing theoretical predictions'> and
can also be directly compared with experiment. The next
step will be to study the effects of doping and finite tem-
perature on transport phenomena in amorphous semicon-
ductors and in particular to test theoretical predictions
about the correspondence between the temperature and
electric-field dependence of the conductivity.!'
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APPENDIX A: THE RELATION
BETWEEN TRS AND FRS

Throughout the paper we have discussed the photo-
luminescence of amorphous semiconductors in terms of
both TRS (time-resolved spectroscopy) and FRS
(frequency-resolved spectroscopy). In a TRS experiment
the sample is excited by a &-function light pulse and the
distribution p(z) of lifetimes of photocarriers is obtained
from the luminescence detected at some time ¢, after the
pulse. An alternative experimental technique is the FRS
in which the sample is excited by a continuous modula-
tion with a frequency w, sinwt, and the detector is set at a
phase shift of —#/2 (i.e., —coswt) to the excitation
wave. In this appendix we derive the relation between
the distribution p(R (¢)) of logarithms of lifetimes
t

To

ae
R(t)=—In

) ) (A1)

which is obtained by TRS, and the signal intensity
S(R'(w))

1

Ty

a
R'(w)= Teln (A2)
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which is obtained in a FRS experiment.
The output signal from the detector is
sto)=—-2 [*I(t)cos(wt)dt , (A3)
27 Yo

where I(¢) is the luminescence excited by the continuous
modulation. If the distribution density of lifetimes of the
photoexcited carriers is p(¢), then I(¢) is given by

1= [" plt—t"sin(wt)dt" . (Ad)
Substituting Eq. (A4) in Eq. (A3) we obtain
s(co)=§f0wp(t)sin(wt ydt . (AS)

To obtain the relation between p(R (¢)) and S(R'(w)) we
substitute Egs. (A1) and (A2) in Eq. (AS) using the identi-
ty p(R)dR =p(t)dt. We also set the normalization of the
transformation by the condition that it should transform
a constant into itself. The final expression is given by

4 o 2(R—R")
T

e - e

S(R')=

exp p(R)dR .

(A6)

The kernel (4 /ma, )sin[exp(x /a,)] of the transformation
tends to a § function in the limit a,—0 thus giving
S(R)=p(R) in this limit. For finite values of a, the ker-
nel strongly oscillates for positive values of x and decays
exponentially for negative ones. Therefore the main con-
tribution to the integral in Eq. (A6) comes from R ~R’
and, as we see in Figs. 2 and 5, the general shape of p(R)
is reproduced by S(R). For R > R the distribution p(R)
has a sharp decrease (see Sec. II) and the tail of S(R) is
broader than that of p(R).

We note that Eq. AS differs from the one which relates
the distribution of relaxation times p(7) to s(w):

=1 %51 —2_4
s =4[ (T gdr. (A7)
The distribution of lifetimes p(¢) is given by
p(y= [ " LD 51y, (A8)

Substituting Eq. (A8) in Eq. (A5) one can easily get Eq.
(A7).
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