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Time-resolved measurements of the quenching of the long decay components of the 1.4-eV

luminescence of a-Si:H show that the mechanisms of thermally induced lifetime redistribution

and thermal quenching are distinct. We identify the mechanisms as, respectively, electron and

hole diffusion. This model implies distant-pair kinetics for the photoluminescence. Comparison

of the activation energies found from the photoluminescence with those of the mobility suggest

that the mobility is due, not to thermal excitation to a mobility edge, but to percolation in po-

tential tluctuations of a length of some 100 k

The 1.4-eV photoluminescence (PL) of a-Si:H is

quenched thermally above about 100 K with an ac-
tivation energy in the range 120—250 meV. '~
Although at sufficiently high temperature the
quenching curve can be described by an expression of
the form

—1

I(T) =

with the nonradiative recombination rate 7„, given by

7„„'=u[exp(E,/kT) —1] ' .

For values of I/Io —1 the curve deviates significantly
from Eq. (1); the elbow of the experimental curve

being much smoother (see Fig. 1 curves a). Also, at
low temperature, the intensity is often observed to
fall from its maximum value in the region of 50—70

The behavior of the PL in the region of the elbo~
has been studied using plots of logta(Io/I —1) against
T ' or against T2. These plots are sensitive to the
choice of Io, if suitably chosen, the plot against T '

shows evidence of two activation energies of quench-

&ng: E, -70 meV in the region 70 & T & 100 K and

E, -200 meV above about 120 K.2 On the other
hand, the plot against T can give a straight line'

which Street has discussed in terms of the model of
Higashi and Kastner~ of a distribution of values of
the activation energy. Ho~ever, the PL has a very
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FIG. 1. For two samples of sp a-Si:H we show the
thermal quenching curves of (a) the total PL intensity and

of (b) the long-lived components, measured according to
the timing diagram inset. The solid curves (a) are fits using

Eq. (1); the chain-dotted curves (a) are for a distribution of
7„Eq. (3). The broken curves are the expected fits to the

data for the long-lived components, using parameter values

obtained from the total PL; the solid curves (b) are fits

using Eq. (1) with different parameter values. All

parameters used are listed in Table I.



25 RAPID COMMUNICATIONS 7861

E, (meV) u (s ') r„(s) Ia (a.u.)

Sample 1

Solid curve a
Chain-dotted

curve a
Solid curve b
Broken curve b

180
200

60
180

10s.2

1010

104 1100
104 ~ i 1100

1p2.5

102.s
130
130

TABLE I. Parameters used in Eqs. (1) and (3) to gen-

erate the curves of Fig. 1.
problems that can arise in conventional time-resolved
spectroscopy when the repetition rate of the excita-
tion pulses is faster than the longest lifetimes in the
emission. Sputtered a-Si:H samples with a dark EPR
spin density —5 & 10"cm and which showed effi-
cient PL were used, and the PL spectra were correct-
ed for the response of the detection system. Spectra
were recorded at different temperatures, using the
two gates of the boxcar set at 3 and 5 ms after the
cutoff of the 70-Hz square-wave excitation; the
difference between the two channels gives approxi-
mately the components of the PL with v -4 ms.

Sample 2
Solid curve a
Chain-dotted

curve a
Solid curve b
Broken curve b

280
300

95
280

1012.5

10&3.8

106'
1012 5

104
104+'

1p2.5

102.s

2.5
2.5

0.1
0.1

The total PL was measured using a single gate set
near the end of the excitation. A timing. diagram is
inset in Fig. 1. We also checked the effect of dark
EPR spin density on the quenching curve in a single
sample, by driving off some of the hydrogen in an-
neals at various temperatures. In agreement with the

wide distribution of radiative lifetimes P(r, ), extend-
ing from 10 ns to at least 10 ms, ,

4 and we have point-
ed out elsewhere' that this will have a significant ef-
fect on the form of the quenching curve. With a
P(r, ), Eq. (1) becomes

r oo -1
I(T) =Ip P(r,), ', dr, .'

r, '+r„,' T

From the experimental data, " 9 P(r, ) may be
represented approximately by a Gaussian in log(r, )
of one decade half-width at half height. The peak
position varies with the temperature and excitation
power, but may be taken here as 0.3 ms. Using this
distribution, we have integrated Eq. (3) numerically
and, with the parameters given in Table I we obtain
the chain-dotted curves (a) of Fig. 1, which are a
much closer fit to the experimental data than are the
solid curves (a) from Eq. (1). It may be, then, that
the lifetime distribution accounts for much of the de-
viation of the data from Eq. (1).

In order to study the remainder of the discrepancy,
we have made time-resolved measurements of the
quenching curve. By selecting only a small part of
the lifetime distribution, we expect to obtain a
quenching curve closer to Eq. (1) and whose differ-
ence from Eq. (1) may properly be discussed in terms
of, for example, a distribution of activation energies.

The lifetime distribution is itself temperature
dependent; this is supposed to be due to the same
mechanism as the quenching. 6 Since P(r, ) shifts to
shorter times at high temperature, we have mea-
sured the longer components of the decay (r -4 ms)
in order to avoid the complications that mould ensue
at short v as the shift in the distribution brought dif-
ferent components past the detection gate.

The experiment was carried out using a dual chan-
nel boxcar in subtraction mode, in order to avoid the
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FIG. 2. Quenching curves for a single sample of sp u.Si:H
for the values of the EPR spin density (marked). Note the
effect of spin densities as low as 10' cm

results of Street, the activation energy was decreased
by spin densities of 10"cm ' upwards (Fig. 2). The
quenching curves for low spin density are shown in
Fig. 1. The total PL data are the points marked a;
the results for the long-lived components of the PL
are the points marked b. The elbow of the quench-
ing curve has become even more rounded than that
of the total PL.

This result is quite unexpected. While in eliminat-
ing the smoothing effect of the lifetime distribution
we expect to obtain something like the broken curves
(b), calculated from Eq. (1) with the parameters u

and E, of the total PL and r„=4 ms (Table I), in
fact the results are much better described by Eq. (1)
(up to -200 K) with entirely different parameters
(Table I). In particular, the activation energy is less
than half the value for the total PL,

It is clear that the quenching of the long-lived com-
ponents corresponds partly to the redistribution of
lifetimes, rather than to nonradiative recombination.
Nevertheless, according to the geminate model of the
PL mechanism (reviewed by Street ) the redistribu-
tion of lifetimes is due to carrier diffusion just as is
thermal quenching. The only difference is that at low



7862 RAPID COMMUNICATIONS 25

temperature the Onsager radius is greater than the
pair separations awhile at high temperature it is less.
In either case diffusion leads to a loss of long-lived
components, and the two phenomena are expected to
have the same activation energy —that for diffusion
of the shallower carrier. Since we find widely dif-
ferent values of the activation energies of the two
processes, we have clear evidence that there are two
separate mechanisms. Comparing the values of the
activation energies with the activation energies of
mobility of the carriers (Tiedje er al. ' and references
therein), about 100 meV for the electron and 300
meV for the hole, we suggest that the mechanism of
the lifetime redistribution is diffusion of the elec-
trons, and that the quenching is due to diffusion of
the holes. In this model, nonradiative recombination
can only occur when both carriers can diffuse, at
temperatures & 100 K (apart, of course, from the
temperature-independent nonradiative recombination
attributed to tunneling to the defects'); at tempera-
tures where only the electrons can diffuse (SO ( T
& 100 K) the carrier spatial distribution is random-
ized but nonradiative recombination does not occur.
At low temperatures & 50 K both carriers remain
trapped —either at random spatially, if the distance
between pairs is less than the average separation of a
pair (the distant pair model), or according to the
geminate model at sufficiently low pair density.

According to the model presented here, above
about 50 K, the kinetics of the recombination should
be distant pair at all excitation powers, since the dif-
fusion of the electrons randomizes the pairs, This
prediction is in contradiction with the results of Street
and co-workers, who deduce geminate recombination
below a pair density —10' cm, but it is in agree-
ment with the recent direct measurements of the life-
time distribution made by observing the frequency
response of the emission, 9 which show distant-pair
kinetics even at 2 K to the lowest measurable excita-
tion powers (-2.10"cm 's '), and is also in agree-
ment with the kinetics of the LESR signal. "

It is significant that although we identify the activa-
tion energies E~& with E,"and E, with E,, the mobili-
ty activation energies are in fact greater than the
values of E and ED reported here. We attribute this
difference to a difference between the mobility over
macroscopic distances and over distances of the order
of 100 A. Only the latter are relevant to the PL. In
support of this suggestion, we note that the activation
energy of quenching depends on the density of non-
radiative centers (as measured by the dark EPR sig-
nal). According to the data of Street6 and our own
measurements (Fig. 2), the value of Eg is consider-
ably reduced by spin densities above about 10"cm ',
corresponding to diffusion distances 100 A. This
cannot be understood in terms of diffusion by ther-
mal activation to a mobility edge, when only the pre-
factor u should vary with the distance, but is readily
explained by a percolation model of transport. Mac-
roscopic transport is dominated by the highest poten-
tial barriers along the percolation path; over short
distances a carrier is unlikely to encounter the highest
potentials and so can diffuse with a lower activation
energy. Since this reduction of E& is already signifi-
cant for distances of about 100 A, we deduce that the
transport is controlled by potential fluctuations of
about this order of length.

In summary, we find that the thermal quenching of
the long-lived components of the 1.4-eV PL in a-Si:H
is quite different from that of this band as a whole.
We deduce that the mechanisms of lifetime redistri-
bution and of thermal quenching are different, and
we identify them with the diffusion of, respectively,
electrons and holes. This interpretation is consistent
with a distant-pair model of the PL kinetics. The ac-
tivation energies found in these processes are, how-
ever, less than those observed in macroscopic trans-
port measurements. Because, also, the activation en-

ergy of quenching decreases further with defect den-
sities 10"cm, we conclude that carrier mobility is
determined by percolation in potential fluctuations
with a characteristic length of about 100 A.
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