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Early photoluminescence decay in a-Si:H
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Photoluminescence (PL) decay in a-Si:H has been measured in the time regime of 0.5—40 nsec,
and the dependence upon temperature, emission energy, and excitation energy has been systematical-

ly investigated. The subnanosecond time resolution was achieved by using a single-

photon —counting detection system in conjunction with synchrotron radiation as the light source.
We present an analysis method for quantitatively characterizing the PL decay in terms of a model
function, with which the experimental broadening is removed by deconvolution. Deconvoluted PL
decay measured at different emission energies is rearranged to yield the time-resolved PL emission

spectrum. The behavior of the PL emission spectrum, and the variations of the decay with tempera-

ture, emission energy, and excitation energy, provide much insight into the recombination kinetics of
photogenerated electron-hole pairs on the nanosecond time scale. The experimental results are inter-

preted in terms of specific physical processes.

I. INTRODUCTION

In the last decade there has been an extensive scientific
effort to study the electronic structure of the amorphous
semiconductor a-Si:H. This is largely due to the increas-
ing use of a-Si:H in cost-effective semiconductor products
such as photovoltaic devices. A salient feature of the elec-
tronic structure of a-Si:H is the existence of an intrinsic
distribution of localized electronic states, described as
band tails, which strongly influence the electronic trans-
port properties. A valuable source of information about
the band-tail states has been the study of photolumines-
cence (PL).

There have been many previous investigations of PL in
a-Si:H. We refer the reader to a comprehensive review of
the literature by Street. ' Time-resolved PL studies " in-
dicate that the decay processes in a-Si:H are quite compli-
cated, involving both the radiative and nonradiative
recombination of electrons and holes. At low excitation
densities ((10' cm ) the electrons and holes are ob-
served to interact as pairs. The origin and nature of the
electron-hole —pair states, however, is not yet fully under-
stood. There is some controversy as to whether the pairs
are geminate. ' ' It has also been suggested that some of
the pairs exist as bound excitons"' ' . In order to ad-
dress these issues, it is important to study the kinetics of
the electrons and holes at early times. To this purpose,
there has been a considerable effort to measure PL decay
in a-Si:H with the best possible time resolution. Most of
the previous studies have been limited to experimental
temporal resolutions of greater than —10 nsec. Recently,
however, there have been several reports of PL decay mea-
surements with subnanosecond time resolution. Wilson
et a/. "' have measured the decay of the integrated PL
emission spectrum with a time resolution of -250 psec.
There have also been some preliminary reports' ' of
energy-resolved PL decay measurements with sub-
nanosecond time resolution.

In this paper we present a study of PL decay in a-Si:H

during the first 40 nsec after excitation, with an experi-
mental temporal resolution of 500 psec. We have investi-
gated the dependence of the PL decay on emission energy,
excitation energy, and temperature. The purpose of this
experiment was to perform an energy-resolved study of
PL decay in order to investigate the evolution of the
electron-hole —pair population within the band-tail states
on a nanosecond time scale. All of the measurements in
this investigation have been made at low excitation inten-
sities, where the density of excitations never exceeded
10' cm . This is well within the monomolecular
recombination regime, which allows the results to be safe-

ly interpreted in terms of a population of noninteracting
electron-hole pairs. The low sensitivity of our detection
system in the infrared region has constrained this study of
PL decay to emission energies greater than 1.4 eV.

In Sec. II we describe the experimental method used to
make the PL decay measurements. The analysis pro-
cedure is explained in Sec. III, where we propose a new
method for quantitatively characterizing the early decay
data. The experimental results are presented in Sec. IV,
and the physical implications of these results are dis-
cussed in Sec. V. In Sec. VI we present our conclusions.

II. EXPERIMENTAL METHOD

Time-resolved PL decay has been measured in samples
of a-Si:H made at the Palo Alto Research Center (PARC)
of the Xerox Corporation. The samples are approximate-
ly 1-pm-thick films produced by the glow-discharge
decomposition of 100 vol%%uo silane (SiH4) gas. The depo-
sition of the films was at high substrate temperature and
low power, conditions that have been shown to produce
a-Si:H with the lowest density of states in the pseudo
band gap."' Three samples have been studied, which
were chosen for their high PL quantum efficiency. The
PL decay exhibited by the three samples is very similar.
For the sake of internal consistency and comparison, all
of the data presented in this report correspond to one of
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FIG. 1. Schematic diagram of the experimental configura-
tioIl.

these samples. This particular sample was deposited onto
a frosted Corning 7059 glass substrate at 230'C and 2 W
rf power. The front surface was subsequently roughened
in order to reduce reflection and thin-film interference ef-
fects. The optical band gap of this sample was measured
to be 1.65 eV. ' The spin density, which is generally asso-
ciated with the density of dangling-bond defects, has been
shown to be less than 10' cm in samples prepared
under identical deposition conditions. It is important to
emphasize that the type of a-Si:H made at PARC has
been exceedingly well characterized and studied. ' *

This makes it possible to directly connect our results with
previous investigations, such as the time-resolved PL mea-
surements of Tsang and Street.

The excitation light used in this experiment was syn-
chrotron radiation as provided by the Stanford Synchro-
tron Radiation Laboratory (SSRL). The synchrotron ra-
diation has an intrinsic temporal structure consisting of
pulses of -200 psec duration [full width at half max-
imum (FWHM)] at a repetition rate of 1.28 MHz. This
experiment was performed in the "Lifetimes Port" facility
at SSRL, where synchrotron radiation is available in a
continuously tunable energy range of 1—5 eV. In compar-
ison with standard laboratory lasers, the synchrotron is a
very weak light source. The peak power output into a
10% spectral bandwidth in the visible spectrum was —1

mW.
A schematic diagram of the experimental configuration

is shown in Fig. 1. The highly collimated synchrotron-
radiation beam was extracted through the floor of the
Lifetimes Port facility and was reflected into the plane of
the optical bench. A small portion of the beam was used
to monitor the light intensity, and the remaining beam
was reflected by a cold mirror [labeled (3)] into the sample
chamber. The light beam passed through a lens [labeled

(4)] (the cross section of the beam at this point was ap-
proximately 2&&3 cm), and was focused to a 1-mm spot
on the surface of the sample. Between the lens and the
sample was a broadband (40 nm FWHM) interference fil-
ter [labeled (5)] that was used to select the excitation ener-

gy. The sample was housed in a helium cryostat, where
the temperature could be varied between 11 and 300 K.
The PL was collected in reflection geometry with a pair of
lenses [labeled (6) and (7)], and a 720-nm cutoff filter [la-
beled (8)] was used to eliminate excitation light scattered
off the surface of the sample. The PL emission energy
was analyzed with a single-grating, 4-m optical mono-
chromator operating with an energy resolution of 8 nm
FTHM.

Subnanosecond time resolution was achieved by using
the technique of single-photon counting. The output of
the monochromator was focused onto a RCA 8852 pho-
tomultiplier tube, which is specifically designed for
photon-counting applications. The sensitivity of the
cesium-doped multialkali cathode decreases exponentially
below 1.4 eV, and this defined the low-energy limit of the
PL decay measurements. The photomultiplier tube was
thermoelectrically cooled in order to minimize the dark-
count signal. The pulse out of the photomultiplier tube
was sent through a constant-fraction discriminator, which
triggered a time-to-amplitude converter. The converter
measured the time interval between the arrival of the pho-
ton count and a reference pulse that was synchronous
with the excitation frequency of 1.28 MHz. A precise
reference was obtained from the signal induced by the cir-
culating electron bunch in a small wire coil that was lo-
cated inside the storage-ring beam pipe. The analog time
output from the time-to-amplitude converter was collect-
ed in a multichannel analyzer.

There are two conditions that must be satisfied in order
for the single-photon —counting technique to function
properly. First, it must be realized that for each excita-
tion of the sample, at most one photon can be counted,
and this is necessarily the first photon that is detected.
An unbiased data set is achieved only when there is a
negligible probability that two photons will arrive during
the same excitation period. Hence, in order to avoid the
phenomenon known as "pile up, " where the collection of
counts is biased toward earlier times, the counting rate
must be kept much smaller than the excitation frequency.
A standard criterion used in single-photon counting is
that approximately one photon should be detected for
every 100 excitations of the sample. This set an upper
limit for the counting rate of about 10 counts/sec. Cali-
brated neutral-density filters were used whenever it was
necessary to attenuate the PL signal.

The other potential problem with single-photon count-
ing is that the data represent a superposition of PL decay
at different times. In other words, some of the counts
that are collected correspond to the PL decay from previ-
ous excitation pulses and not necessarily the most recent
excitation pulse. Then, in order to obtain accurate data
with this technique, the PL decay associated with previ-
ous excitations must be either negligible or at least can-
stant over the time interval of interest. In the case of a-
Si:H, the PL intensity from the previous excitations
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( &78() nsec earlier) is weak (less than 10% of the imtial
intensity) and is virtually constant over the 40-nsec inter-
val measured in this experiment. This is ev'ident from PL
decay measured in the later time regime by- various
groups. Hence the PL contribution from previous ex-
citations of the sample was manifested as a flat back-
ground and could be easily removed.

There were two major sources of timing error in this ex-
periment. These were the "jitter" in the photomultiplier-
tube output pulse and the instability of the photon-
counting electronics. Phototube jitter corresponds to vari-
ations in the shape of the leading edge of the output pulse.
The jitter was observed to produce a timing error of -400
psec, and the instability of the electronics contributed an
additional timing error of —100 psec. Thus the total time
resolution of the single-photon —counting system, includ-
ing detection and time conversion, was approximately 500
psec.

A temporal profile of the excitation-light pulse was
measured at the beginning of each experimental run. This
was accomplished by removing the excitation filter and
detecting light that was scattered from the surface of the
sample. The excitation-light pulse was measured at room
temperature in order to e1iminate any PL signal. The
sample was subsequently cooled and PL decay data sets
were collected. It was necessary to monitor the
excitation-light intensity throughout the experimental run,
since the intensity was continuously decreasing as the
current in the storage ring decayed. The acquisition time
for a data set was adjusted so that each data set was nor-
malized to the same integrated light flux incident on the
sample. In this way the relative intensity of data sets
measured at different times could be accurately compared.

On several occasions in this experiment a continuous-
wave (cw) light source was used instead of synchrotron ra-
diation. The cw illumination was provided by a tungsten
lamp that simulated a known blackbody emission spec-
trum. In particular, the tungsten lamp was used to cali-
brate the energy response of the detection system. The
relative energy response of the detection system is re-
quired in order to reconstruct the time-resolved PL emis-
sion spectrum from PL decay measured at different emis-
sion energies. It was found to be very important to mea-
sure the detection-system response carefully, as small er-
rors can lead to anomalous structure in the PL emission
spectra.

A more detailed description of the experimental ap-
paratus and procedure is available elsewhere. "

III. DATA ANALYSIS

The major part of this investigation consisted of collect-
ing a series of PL decay data sets as either the excitation
energy, the emission energy, or the temperature was sys-
tematically varied. A representative PL decay data set,
measured at 20 K with an excitation energy of 2.07 eV
and at an emission energy of 1.53 eV, is presented in Fig.
2. The dashed line in this figure represents the experi-
mentally measured excitation-light pulse. The time inter-
val was adjusted so that there wire approximately 3 nsec
of data before excitation occurred, which could be used to
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FIG. 2. Representative PL decay data set in which the flat
background has been removed. The dashed line is the experi-
mentally measured excitation-light pulse.
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FIG. 3. PL decay data set and excitation-light pulse on an ex-
panded time scale.

establish the background level. The major sources of the
fiat background were photomultiplier-tube dark counts
and PL arising from previous excitation pulses (see Sec.
II). The background level was determined by averaging
the pre-excitation signal, and then was removed by sub-
tracting this constant from each channel. The back-
ground has been removed from the data set shown in Fig.
2.

The PL decay in Fig. 2 is presented on a logarithmic in-
tensity scale. The significant curvature indicates that the
decay is nonexponential in the first 40 nsec. The first few
nanoseconds of the same data set are shown in Fig. 3.
The PL decay still exhibits curvature on this expanded
time scale, and we conc1ude that the decay is nonexponen-
tial up to the earliest times resolvable in this experiment.
This nonexponential decay is in direct contrast to the de-
cay of the integrated PL emission spectrum, which has
been shown to be nearly exponential in the first 5 nsec
after excitation. "' The discrepancy demonstrates that
the two measurements provide different information. The
decay of the integrated emission spectrum relates to
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changes in the average configuration of the entire
electron-hole —pair population. The PL decay measured
in this experiment, however, is sensitive to changes in the
subpopulation of pairs that occupy states at a particular
emission energy. The decay that we measure can include
fast nonradiative components that correspond to transi-
tions within the manifold of excited states.

The first step in analyzing the PL decay is to identify
the type of recombination kinetics. It has been generally
observed that when the density of excitations is less than
10' cm the decay kinetics are monomolecular. ' The
manifestation of monomolecular decay is that the shape
of the PL decay is independent of excitation intensity. All
of the measurements in this experiment have been con-
ducted at low excitation intensity, where the excitation
density was less than 10' cm, in order to achieve the
monomolecular recombination regime. We felt that it was
important, however, to verify that the recombination ki-
netics were monomolecular at early times and under the
conditions of this experiment. PL decay was measured as
the excitation intensity was varied over 2 orders of magni-
tude by using calibrated neutral-density filters. The mea-
surements were made at a temperature of 20 K with an
excitation energy of 2.33 eV, and all of the detectable PL
was collected. (This comprised an emission-energy range
of —1.4—1.6 eV.) It was found that the intensity of the
PL decay was linearly proportional to the excitation inten-
sity at all times within the 40-nsec range of this experi-
ment, which establishes that the decay kinetics are indeed
mo'nomolecular at early times.

Being in the monomolecular regime is extremely impor-
tant as it indicates that the electrons and holes recombine
as noninteracting pairs. In fact, at the typical excitation
densities used in this experiment, the average distance be-
tween excitations is on the order of 1000 A. The concept
of electron-hole pairs that evolve independently in time
simplifies the analysis of the PL decay measurements in
the following important way. Since the recombination
processes do not involve interactions between electron-
hole pairs, the evolution of a pair is independent of the
time at which it was created. Then it is physically mean-
ingful to treat the PL decay as the superposition of decay
from a distribution of 5-function excitations. The excita-
tion pulse can be deconvoluted out of the PL decay, yield-
ing the decay response to a single 5-function excitation.
The deconvoluted PL decay exhibits the physical charac-
teristics of interest, while the experimental broadening due
to the shape of the excitation pulse and the response of
the detection system has been removed.

It has been shown that the PL decay at a particular
emission energy is nonexponential, even in the first few
nanoseconds after excitation. A natural explanation of
this nonexponential behavior is that there exists a distri-
bution of decay rates. This distribution arises because the
electron-hole pairs are expected to occupy many different
types of states in the disordered a-Si:H system. For the
purpose of comparing the PL decay data in a quantitative
way, it was desirable to establish a method of characteriz-
ing the distribution of decay rates.

An obvious possible technique for extracting a decay
time from the data is to approximate the earliest decay

with a single exponential. This approach has two distinct
disadvantages. First, there is inherent ambiguity, as the
decay time that is determined will depend upon the inter-
val of time that has been used in the approximation.
Second, the experimentally measured decay, particularly
in the first few nanoseconds, is not strictly the decay
response of the sample, but is instead the convolution of
the decay response with the shape of the excitation pulse
and the response of the detection system. The sharp
features of the intrinsic decay become broadened, so that
the decay time determined from the slope of the experi-
mental data is expected to be overestimated.

We now present an alternate method for quantitatively
analyzing the PL decay at early times. This method was
designed to explicitly remove the effects of experimental
broadening and thus characterize the intrinsic decay
response.

A. Model function

v= I /r, (2)

and v„ is the average radiative recombination rate for
electron-hole pairs that have a total decay rate of v. It is
important to point out that the distribution function I" (v)
is not strictly the distribution of decay rates. This is be-
cause the decay kinetics are actually very complicated.

When the PL decay in a-Si:H is treated as a superposi-
tion of many decay rates, it is found that the fastest decay
components, which dominate on the time scale of this ex-
periment, are actually relatively weak. This can be seen in
the decay time distribution derived by Tsang and Street
from PL decay in the time regime of 10 s—10 sec (see
Ref. 2, p. 3030). They found that the distribution actually
peaks at —10 sec, and is largely attenuated at 10 sec.
Thus we conclude that the decay rates that are important
in the time regime of this experiment (0.5—40 nsec) are in
the tail of the distribution of decay rates, well removed
from the peak of the distribution.

We now proceed to model the tail of the decay rate dis-
tribution and derive a simple analytical expression for PL
decay. The derivation relies upon an important property
of any function that is expressed as a superposition of ex-
ponential decays: The behavior of the function at a par-
ticular time to is determined by the decay components
that correspond to decay times close to to. The explana-
tion of this phenomenon is simple. Decay components
much earlier than to have died out, and components much
later than to contribute a constant background. Thus by
modeling the tail of the decay rate distribution, the early
decay can be reconstructed without any knowledge of the
distribution in a later time regime.

Let I(t) represent the PL decay at emission energy E,
that results from a 5-function excitation pulse. Then the
PL decay measured in this experiment would be the con-
volution of I(t) with the experimentally measured excita-
tion pulse. We express I (t) as a superposition of exponen-
tial decays,

I(t) =I v„E(v)exp( —vt)dv, (1)

where v is the decay rate related to the decay time v by
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(1) vt~ &&1;
(2) V,F(v) =a2exp( 10v) over the in—terval V & v & oo.

A reasonable value of 7 that would satisfy these criteria is
V-10 sec '. Now, in the time regime of the PL decay
measured in this work, we have

exp( vt)=1, 0 & v & v—.

Then the first integral in Eq. (4) can be simplified, and, in
the second integral, v„F(v) is replaced to obtain

I(t)= f V„F(v)dv+ f a2exp[ v(1+70)]dv—
V a2exp[ —v(t +co) ]
v„F(v)dv+

0 t+&o
(6)

It will be seen that ~p is at most a few nanoseconds, so
that the exponential in (6) is well approximated by unity.

There are three general types of channels through which
the electron-hole —pair population at energy E, can
change. Two of these, radiative recombination and nonra-
diative transitions into lower-energy states, represent de-

cay processes that deplete the population of pairs at E,
The third type of channel corresponds to the nonradiative
transition of pairs into states at energy E, from higher-
energy states. These channels feed into the electron-
hole —pair states at F, , which couples the population of
pairs at E, to the pair populations at all higher energies.
Thus it is not rigorously correct to treat the PL decay
problem in terms of an initial population of pairs that is
depleted by a distribution of decay rates, as is represented
in Eq. (1).

In our analysis of PL decay we will ignore the possibili-

ty that the pair population at F., is being fed by popula-
tions at higher energies, so that we can interpret F(v) as
the distribution of decay rates. This is justified to some

extent by the observation that the energy range studied in
this experiment corresponds to the high-energy portion of
the PL emission spectrum. At these emission energies,
the channels feeding into the pair population at F., are
less important, since there are relatively few electron-hole
pairs at energies greater than E,

Next we assume that the distribution of decay rates
F(v) falls off exponentially for large v. There is no par-
ticular physical motivation for modeling the tail of the de-
cay rate distribution as an exponential; this choice was the
result of trying several different possible functional repre-
sentations, where it was found empirically that the ex-
ponential representation best reproduced the measured PL
decay. Then,

v„F(v) =a2exp( —rov), v~ oo

where a2 is a constant and we have neglected any com-
paratively weak algebraic v dependence.

Our purpose is to model PL decay which extends over
the time regime 0&t &t, where t =40 nsec. Equation
(1) is rewritten as

I(t) =f v„F(v)e "'dv+ f v„F(v)e "dv, (4)

where v is chosen to satisfy the following two criteria:

a2I(r)=a, +
t+7p

(8)

Equation (8) is the model function that we have used in
analyzing experimentally measured PL decay. Et has been
derived solely on the premise that the tail in the decay
rate distribution for the range v) 10 sec ' can be ap-
proximated with an exponential.

At this point it is useful to consider the physical mean-
ing of the parameters that appear in the model function
(8). The initial PL intensity can be expressed as

I(0)=a ) +Q2/70 .

By referring to Eq. (6) it is apparent that the parameter a&

represents the contribution to the initial PL intensity from
the electron-hole pairs that decay at rates slower than V.
Hence the quantity a &ro/az has a physical significance as
the fractional contribution to the early PL decay from the
slow decay components (v& 7) in the decay rate distribu-
tion.

The other physically meaningful quantity is ro, which
we call the "decay time cutoff. " This parameter
represents how fast the decay rate distribution attenuates
at large v, and thus characterizes the strength of the fast
decay components. There is a simple analytical interpre-
tation of the decay time cutoff rc which is valid when the
quantity a, ~o/Qz is small, such that

&~&0/u2 && 1 ~ (10)

It will be shown in the following section that condition
(10) was always satisfied for the PL decay measured in
this experiment. Then for very early times, the model
function (8) can be approximated by

I(t)=, t=0.a2

t +7 p

Next we take the time derivative of thg logarithm of the
intensity I(t) and obtain

T

—1nI(t) = —1/ro .
dt

(12)

Thus the quantity —1/ro can be identified as the initial
slope of the deconvoluted PL decay, when it is plotted on
a semilogarithmic scale.

B. Deconvolution

The analysis of the PL decay consisted of deconvolut-
ing the data by assuming that the decay response to a 6-
function excitation was of the form of Eq. (8). The
deconvolution was accomplished by numerically convolut-
ing the model function (8) with the experimentally mea-
sured excitation-light pulse. The result was fit to a PL de-
cay data set by using a minimization routine that searches

The first term is a constant,

a) —=f v„F(v)dv.

Thus we arrive at the simple analytical expression for PL
decay at early times,
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FIG. 4. Best analytical fit to the PL decay data set shown in

Fig. 2, using the model function (8).

the parameter space of the model function. The values of
the parameters that best reproduced the experimental data
were then used to generate the deconvoluted PL decay ac-
cording to the model function. The deconvolution pro-
cedure is discussed in more detail in the Appendix.

The PL decay data set shown in Fig. 2 is presented
again in Fig. 4, along with the best fit generated using the
model function (8). The fit is excellent over the entire
data set, which indicates that the model function is a good
representation of the decay in this time regime. The cor-
responding deconvoluted PL decay is presented in Fig. 5.
The values of the decay time cutoff rp and al~p/a2 de-
rived from this data set are wp

——1.56 nsec and
a I ~p/a2 =0.55.

Several hundred PL decay data sets have been analyzed
using the procedure described in this section, and the
model function (8) has consistently generated excellent fits
to the data. The quantity a I7 p/a2 was always found to be
small, corresponding to at most a few percent of the ini-
tial PL intensity. Values of the decay tiine cutoff rp
ranged from -5 nsec to being immeasurably small. A
discussion of error analysis, including the estimation of

IV. EXPERIMENTAL RESULTS

A. Emission-energy dependence

The behavior of PL decay in a-Si:H was observed to
vary significantly with the emission energy. An example
of deconvoluted PL decay measured at different emission
energies is exhibited in Fig. 6. These data were taken at
20 K using an excitation energy of 2.07 eV. The decay
curves have been normalized to facilitate comparison. In
particular, it is evident that the average decay rate in-

creases as the emission energy increases. By analyzing the
decay in terms of the model function (8), we have ob-
tained values for the quantities 'Tp and ai'Tp/a2 as a func-
tion of emission energy. These values are listed in Table I.
The decay time cutoff ~p and the quantity a I Tp/a2 direct-

ly relate to the decay rate distribution characteristic of the
nonexponential PL decay. The trend towards smaller de-

cay time cutoffs and smaller values of al~pla2 with

higher emission energy is indicative of an increase in the
relative strength of the fast decay components.

PL decay data such as those shown in Fig. 6 have been
rearranged in order to construct the time-resolved PL
emission spectrum. A set of emission spectra, corre-
sponding to times ranging from 0.5 to 20 nsec, is present-
ed in Fig. 7. The emission spectrum in the first 40 nsec is
found to be a single broad peak. The solid lines in Fig. 7
are Gaussian fits to the data, demonstrating that the emis-

sion spectrum is well approximated by a Gaussian line
shape at early times. In particular, we find no evidence of
a second, higher-energy peak in the emission spectrum, as
was previously reported.

The time-resolved emission spectrum exhibits two im-
portant features. First, it is observed that there is a large
amount of attenuation on the nanosecond time scale. The
amplitude of the emission spectrum decreases by -70%
in the first 20 nsec. The second feature is a significant
translation of the emission spectrum to lower energy with
time. It is conventional to characterize this shift by

100
I I I I

)
I I I I

I
I I I I

I
1 1 I I

)
I 1 1QQ ~ I I I

[
I I I I

t
1 I I I

)
I 1 I

50

50

10

lZ

10

5 I I I I I I I I I. I I I I I I I I I 1 I I 1

0 10 20 30 40

Time (nsec)

FIG. 5. Deconvoluted PL decay derived from the data set
shown in Fig. 2.

1.57
1.63

I I I I I I I I I I I I I I I I I I I I l I

0 10 20 30 40

Time (nsec)

FIG. 6. Deconvoluted PL decay corresponding to different
emission energies. These curves have been normalized to 100.
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TABLE I. Values of the decay time cutoff ro and the quanti-

ty a~so/a2 at different emission energies, derived from PL de-

cay measured at a temperature of 20 K and with an excitation
energy of 2.07 eV.

1.46,

1.45

t l t I I

1.39
1.41
1.43
1.44
1.46
1.48
1.49
1.51
1.53
1.55
1.57
1.59
1.61
1.63
1.65

5.65+ 1.52
4.41+0.81
4.00+0.51
3.28+0.35
2.93+0.26
2.53+0.21
2.23+0.18
1.93+0.15
1.56+0.13
1.18+0.11
0.95+0.11
0.71+0.10
0.45+0. 10
0.26+0. 11
0.14+0.12

0.13 +0.09
0.14 +0.07
0.14 +0.04
0.12 +0.03
0.11 +0.02
0.091+0.017
0.080+0.014
0.066+0.012
0.055+0.010
0.040+0.008
0.029+0.006
0.020+0.005
0.011+0.004
0.004~0.003
0.000+0.001
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FIG. 8. Time-resolved shift of tllc peak of tlM PL cmiss1on

spectrum in the first fcw nanoseconds after excitation.

measuring the time dependence of the peak of the emis-
sion spectrum. The time-resolved shift of the peak posi-
tion in the first few nanoseconds after excitation (as deter-
mined from the Gaussian fits) is presented in Fig. 8. The
rate at which the peak shifts is found to be -0.04 eV per
decade of time. This behavior is consistent with an extra-
polation of the emission peak shift in the time regime of
10 —10 sec observed by Tsang and Street in similar
samples (see Ref. 2, p. 3031).

B. Temperature dependence

It is a well-established phenomenon that PL in a-Si:H
is quenched at temperatures greater than -50 K. It has
been previously observed that the temperature depen-
dence of the cw PL intensity I,„obeys the empirical rela-
tionship,

where the parameter To is universally found to be -23
K. We have measured the cw PL intensity as a function
of temperature at two emission energies, 1.43 and 1.53 eV.
The results corresponding to 1.43 CV are presented in Fig.
9. The solid line represents the best fit of Eq. (13) to the
data. We have found that the temperature dependence of
the cw PI. intensity is in excellent agreement with Eq.
(13), and the values of the parameter To were determined
to be (15.5+0.1) K at 1.43 eV and (16.6+0.2) K at 1.53
eV. We note, however, that the values of To derived in
this case are smaller than the "universal" value of 23 K.

The time-resolved PL decay also exhibited a pro-
nounced temperature dcpcndcncc. PI. decay was mea-
sured at emission energies of 1.43 and 1.53 eV and at tem-
peratures ranging from 11 to 140 K. The deconvoluted
decay measured at 1.43 eV and at several different tem-
perat""es is presented in Fig. 10. The salient feature of
the temperature dependence of the PL decay is the
thermal enhancement of the average decay rate. Analysis
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FIG. 7. Time-resolved PL emission spectrum in the first few
nanoseconds after excitation. The solid lines represent Gaussian
least-squares fits to the data points.
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FICT. 9. Temperature dependence of the cm PL intensity at an

cmlsslon cncI'gy of 1.43 cV. Thc sol1d linc Icpx'cscnts the best fit
to Eq. (13).
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energy of 1.43 eV and measured at different temperatures.
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FIG. 11. Temperature dependence of the decay time cutoff 'pp

at an emission energy of 1.43 eV. The solid line represents the
best fit to Eq. (14).

TABLE II. Values of the decay time cutoff vo and the quan-
tity aI~o/a2 at different temperatures {T ), derived from PL de-
cay measured at emission energies of 1.43 and 1.53 eV. The ex-
citation energy was 2.07 eV.

E, =1.43 eV 11
20
30
40
50
60
70
80
90
100
110
120
140

70
(nsec)

3.50+0.25
3.65+0.26
3.53+0.25
3.22+0.25
3.15+0.23
2.80+0.22
2.64+0.21
2.42+0.20
1.94+0. 18
1.60+0. 16
1.23+0. 16
0.96+0.15
0.47+0. 15

a ~ vo/a2

0.12 +0.02
0.11 +0.02
0.11 +0.02
0.090+0.018
0.076+0.017
0.059+0.015
0.050+0.014
0.029+0.012
0.017+0.009
0.011+0.008
0.005+0.006
0.000+0.003
0.000+0.003

of the PL decay has provided values of the decay time
cutoff ro and the quantity a

& ro/a2. These values are list-
ed in Table II. Note that both vp and a&ro/az decrease
significantly at higher temperature. This indicates that
the fast decay components of the decay rate distribution
become relatively stronger with increasing temperature.

The values of ~0 that were derived from PL decay at
1.43 eV are displayed graphically in Fig. 11. It is found

that the temperature dependence of ro is well described by
the relationship

1/ro v&+——voexp( T/To) . (14)

I

[
I I I I

)

I I I I
I

I I I I

4p—

3.0—

2.0—

The solid line in Fig. 11 represents the best fit of Eq. (14)
to the values of ro. The parameter To is found to be
(24.5+1.0) K at an emission energy of 1.43 eV and
(18.5+0.7) K at 1.53 eV. The close similarity between

Eqs. (14) and (13) indicates that the decay time cutoff vo

and the cw PL intensity have the same temperature
dependence. The linear relationship between ~0 and I,„is
exhibited explicitly in Fig. 12. This quantitative correla-
tion demonstrates that the decrease in the cw PL intensity
(i.e., the PL efficiency) at higher temperatures is associat-
ed with an enhancement of the fast decay components.
The thermally enhanced decay is evidently nonradiative in
nature.

The data in Fig. 10 depict the relative intensity of the
PL decay at different temperatures. An interesting

E, =1.53 eV 11
20
30
40
50
60
70
80
90
100
110

1.31+0.07
1.31+0.08
1.19+0.09
1.19+0.08
1.12+0.08
0.90+0.08
0.81+0.07
0.72+0.08
0.52+0.07
0.36+0.06
0.22+0.06

0.059+0.006
0.055+0.006
0.044+0.006
0.038+0.005
0.031+0.005
0.023+0.004
0.016+0.003
0.009+0.003
0.005+0.002
0.002+0.001
0.000+0.001

1.0—
. I I I I I I I I I I I i » I I I I I I I I I I l

0 20 40 60 . 80 100
cw PL Intensity (arb. units)

FIG. 12. Demonstration of the linear relationship between
the decay time cutoff ~o and the cw PL intensity I,„as the tem-
perature is varied. (The data points correspond to different tem-
peratures. )
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feature of the decay is that, within experimental resolu-
tion, the initial intensity is independent of temperature.
This behavior was observed at both emission energies in-
vestigated. The temperature independence of the initial
intensity provides an important insight into the early dis-
tribution of the electron-hole pairs among the band-tail
states in a-Si:H and will be discussed in detail in the next
section.

It is also informative to examine the temperature
dependence of the time-resolved PL emission spectra.
Emission spectra measured at 20, 50, and 80 K are
presented in Fig. 13. The spectra correspond to times
ranging from 0.5 to 20 nsec. It is apparent that, at any
particular time, the emission band occurs at lower energy
with increasing temperature. One possible explanation of
this temperature dependence is that the width of the pseu-
do band gap decreases at higher temperatures. Thermally
induced changes in the pseudo band gap have been ob-
served in a-Si:H. However, the shrinkage of the pseudo
band gap is too small to explain the significant difference

in the positions of the emission spectra shown in Fig. 13.
An alternate explanation is simply, that at higher tem-
peratures, the time-resolved shift of the emission spec-
trum to lower energy is faster. It is natural to associate
the accelerated shift of the emission spectrum with the ob-
served thermal enhancement of the nonradiative-decay
components. Specifically, the nonradiative-decay rate at a
particular emission energy increases with temperature be-
cause the electron-hole pairs are able to relax more rapidly
into band-tail states at lower energy.

C. Excitation-energy dependence

There were found to be small but systematic changes in
the PL decay as the energy of the excitation light was
varied A.typical example of the excitation-energy depen-
dence is presented in Fig. 14. The PL decay was mea-
sured at a temperature of 20 K and an emission energy of
1.48 eV, and the decay curves have been normalized to fa-
cilitate comparison. The PL decay corresponds to excita-
tion energies ranging from 1.77 to 2.48 eV. It is evident
in Fig. 14 that the effect of increasing the excitation ener-

gy is to decrease the decay rate. This trend was, in fact,
observed at all of the temperatures and emission energies
investigated.

The decrease in the average decay rate with increasing
excitation energy is in qualitative agreement with the
measurements of Shah et al. Fischer et a/. , however,
have observed the opposite behavior, namely that the ini-
tial decay is faster at higher excitation energy. They pro-
pose that the increase in the decay rate can be attributed
to nonradiative surface recombination, which is enhanced
as the absorption length decreases. In order to investigate
the possibility that the excitation-energy dependence is a
surface-related phenomenon, we have compared PL decay
measured using front illumination to decay measured
when the sample was illuminated from the backside
(through the glass substrate). It is unlikely that the sur-
face recombination at the front and back surfaces of the
a-Si:H film would be identical, owing to the physical
differences of the interfaces. Then, if the excitation-
energy dependence was associated with the density of
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FIG. 13. Time-resolved PL emission spectrum measured at
20, 50, and 80 K. The excitation energy was 2.07 eV. Each set
of spectra correspond to times of 0.5, 1.0, 2.0, S.O, and 20.0 nsec.
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FIG. 14. Deconvoluted PL decay corresponding to different
excitation energies. The curves have been normalized to 100.
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TABLE III. Values of the decay time cutoff ~0 and the quan-
tity a~%0/a2 at different excitation energies, derived from PL
decay measured at temperatures of 20, 60, and 100 K. The
emission energy was 1.48 eV.

20 K

(eV)

1.77
1.91
2.07
2.25
2.48

Ex —Eem

(eV)

0.29
0.48
0.59
0.77
1.00

70
{nsec)

1.55+0.24
1.89+0; 11
2.10+0.10
2.30+0.12
2.45 +0.20

a ~~0/a2

0.057+0.018
0.074+0.010
0.080+0.009
0.092+0.011
0.105+0.019

60 K 1.91
2.07
2.25
1.48

0.48
0.59
0.77
1.00

1.53+0.14
1.70+0. 12
2.04+0. 16
2.19+0.22

0.040+0.009
0.043+0.008
0.049+0.010
0.059+0.015

1.91
2.07
2.25
2.48

0.48
0.59
0.77
1.00

0.71+0.13
0.87+0. 11
1.01+0.13
1.08+0.17

0.006+0.005
0.005+0.004
0.007+0.005
0.006+0.007

V. INTERPRETATION

A. Nature of electron-hole pairs

In this section the measurements of PL decay in a-Si:H
are interpreted in terms of specific physical processes re-
lating to the kinetics of electron-hole-pairs. We begin by
discussing what is meant by an "electron-hole —pair" exci-
tation. It was found that, under the experimental condi-
tions of this investigation, the recombination kinetics as-
sociated with PL decay are monomolecular. Monomolec-
ular decay has generally been observed in a-Si:H at low
temperatures and low excitation densities, and is con-
sidered to be evidence that the photogenerated electrons
and holes recombine as noninteracting pairs.

It is useful to explain the difference between an
electron-hole pair and an exciton. Consider an eigenstate
of the disordered system corresponding to an electron and
a hole in the localized band-tail states. Suppose that the
electron and the hole can be identified with well-separated
regions of space. Then, to a first approximation, the elec-

electron-hole pairs created near the active surface, one
would expect the average decay rate to vary between front
and back illumination. There were no differences ob-
served between the PL decay measured using front and
back illumination. Hence, we conclude that the decrease
in the average decay rate with increasing excitation energy
is an intrinsic phenomenon of bulk a-Si:H.

The analysis of the PL decay has yielded values of the
decay time cutoff wp and the quantity a ~rpl02 which are
listed in Table III. It is seen that the decay time cutoff
systematically increases at all temperatures as the excita-
tion energy increases. This indicates that the decay rate
distribution contains fewer fast decay components at
higher excitation energies.

tron and hole can be treated as independent particles that
are weakly correlated through the Coulomb interaction.
This is an electron-hole pair. The electron and hole occu-
py localized states with amplitudes that decay exponen-
tially in space. As a result, the overlap of the particles is
small and decreases exponentially with the distance be-
tween the localized electron and hole.

The other possibility is that the electron and the hole do
not exist in well-separated regions of space. Then the po-
sitions of the particles are significantly correlated through
the coulomb interaction, and it is inappropriate to consid-
er the particles as occupying independent localized states.
In this case, the electron and hole form a bound state as a
localized exciton. The overlap of the electron and hole
wave functions can be large in an exciton.

Thus the distinction between an exciton and an
electron-hole pair depends upon whether the electron and
hole can be identified with well-separated regions of
space. There is clearly a continuous range of intermediate
possibilities where the excitation exhibits both electron-
hole —pair and excitonlike features. This should particu-
larly be true for pairs in which the electron and hole are
localized on nearby sites. It is likely that electron-hole
pairs, excitons, and their hybrids all exist to some extent
in a-Si:H. In the following discussion we will tend to
suppress the distinction between electron-hole pairs and
excitons. All of the photoexcitations will be generically
described as electron-hole pairs, except in a few cases
where the interpretation of the experimental results specif-
ically requires that a distinction be made.

Although it is evident that electron-hole pairs exist in
a-Si:H, there is some controversy as to the origin of the
pairs. Tsang and Street propose that the pairs are gern-
inate, that is, an electron and hole that are created when a
photon is absorbed remain correlated in space during
thermalization and eventually recombine. In contrast,
Dunstan" argues that the electrons and holes thermalize
independently and become distributed randomly in space.
In his "distant-pair recombination" model, the occurrence
of electron-hole pairs is attributed to arbitrary correlations
within the random distributions. The major difference be-
tween these models concerns the kinetics of thermaliza-
tion and, in particular, the diffusion length of the photo-
generated particles during thermalization. If the mobili-
ties of the electron and hole are sufficiently low to prevent
the particles from separating as they relax into strongly
localized states, then the electron-hole pairs will be gem-
inate. If, however, at least one of the particles diffuses
over a large distance during thermalization (compared to
the average separation between excitations), then the
electron-hole pairs will be nongeminate.

B. Average initial separation of an electron-hole pair

We now consider the excitation-energy dependence of
the early PL decay, as this relates directly to the issue of
geminate recombination. It has been observed that the PL
decay changes systematically as the energy of the excita-
tion radiation is varied. In particular, the decay rate cut-
off rp increases with excitation energy, which indicates
that the distribution of decay times is shifting to longer
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times. Shah et al. have reported similar behavior for the
excitation-energy dependence of the early decay in a-Si:H
We adopt their explanation in terms of the average initial
separation of the electron-hole pair.

The explanation is based upon a model for the thermal-
ization of photogenerated electron-hole pairs that was
first presented by Davis, and was further developed by
Knights and Davis. In this model, a photogenerated
pair relaxes into the band-tail states by emitting phonons
of energy hvo at an average time interval of 1/vo seconds.
Each emission process is considered to be one step in a
random walk. Thus the electrons and holes tend to dif-
fuse into space, so that their relative positions, upon
reaching the localized band-tail states, are described by. a
Gaussian distribution. The width ro of this distribution is
given by

ro=[(E —E )+(e /4nzro)](D/Avo) . (15)

Here, E„ is the excitation energy, E, is the PL emission
energy, D is a diffusion coefficient, and ~ is the dielectric
constant. The term in square brackets represents the total
energy lost by an electron-hole pair in the thermalization
process. This is clearly a simplified description of a very
complex process. The important feature of the model is
that it predicts that the initial distribution of electron-
hole —pair separations within the localized states is a
Gaussian, centered at the origin, with a variance related to
the excitation energy. It is not possible to quantitatively

apply this model to the observed change in the PL decay
rate because the relationship between the recombination
rate and the electron-hole separation is unknown. Quali-
tatively, however, we can assume that the average recom-
bination rate decreases as the width rp of the initial distri-
bution increases. Then, as the excitation energy increases,
the electron is more likely to be found in a site further
away from the hole site, and the decay rate distribution
tends to contain slower decay components.

A key feature of this explanation is the assumption that
the electron-hole pairs are geminate. Indeed, it is the
geminate nature of the pairs that allows the decay rates to
be related to the excitation energy. If the electron-hole
pairs arise from random spatial distributions, as is assert-
ed in the distant-pair model of recombination, then the
distribution of pair separations, and the corresponding
distribution of PL decay rates, is expected to be indepen
dent of excitation energy. Hence, the experimentally ob-
served variation of the early PL decay with excitation en-

ergy is evidence that the electron-hole pairs recombining
on the nanosecond time scale are geminate.

C. Thermalization of the pair population

The temperature dependence of the PL decay yields im-
portant information about the initial distribution of the
electron-hole —. pair population among the excited states.
It was found that the initial PL intensity at a particular
emission energy is independent of temperature. In order
to investigate this behavior, we write the initial PL inten-
sity I(0) as

I(0)=noir ~

where no is the initial population of electron-hole pairs
recombining at emission energy E, , and v, is the average
radiative recombination rate of these pairs. It seems im-
probable that the temperature dependences of no and v„
would exactly cancel each other. A more plausible ex-
planation of the temperature independence of the initial
intensity I(0) is that both V„and the initial population of
electron-hole pairs no at energy E, are independent of
temperature.

Let us consider how a population of electron-hole pairs
becomes thermally distributed among the spectrum of ex-
cited states. Since recombination to the ground state is a
slow process for most of the pairs, then on a picosecond
time scale the population will evolve towards a thermal-
equilibrium distribution within the manifold of excited
states. If the population of electron-hole pairs was able to
reach thermal equilibrium within the time resolution of
this experiment (-500 psec), the number of pairs at ener-

gy E, would be proportional to a Boltzmann factor
exp[ (E, —Eo)/kT—], where Eo is the energy of the
lowest excited, state. The exponential Boltzmann factor
would imply a very strong temperature dependence on the
number of electron-hole pairs recombining at energy E,
and, consequently, on the initial PL intensity. Since this
is not observed, we conclude that the electron-hole —pair
population does not become thermally distributed among
the manifold of excited states on a picosecond time scale.

It is evident, however, that photogenerated electron-
hole pairs couple strongly to their atomic environment.
Time-resolved induced absorption measurements indi-
cate that when electrons and holes are created at an ener-

gy exceeding the width of the pseudo band gap (excitation
energy of 2.0 eV), they relax into the band-taiI' states at a
rate of -0.1 eV/psec. This initial relaxation represents
the distribution of the electron-hole pairs, within a few pi-
coseconds, among the kinetically accessible localized
states. That is, the pairs rapidly thermalize into the local-
ized excited states near the positions in space where they
were created. This is consistent with the concept of gem-
inate pairs. The electron and hole remain spatially corre-
lated because their low mobility within the localized states
inhibits them from separating during the thermalization
process. We expect that on a nanosecond time scale the
population of electron-hole pairs continues to evolve to-
wards true equilibrium within the entire manifold of ex-
cited states, but at a severely reduced rate, due to the
small transition rates between the localized states.

D. Kinetics of electron-hole pairs at low temperature

The main purpose of this experiment is to understand
the evolution of electron-hole pairs within the band-tail
states at early times in a-Si:H. Much can be construed
from the behavior of the time-resolved PL emission spec-
trum (Fig. 7). In particular, it has been found that the
emission spectrum at 20 K shifts to lower energy and at-
tenuates by -70%%uo within the first 20 nsec.

The time-resolved shift of the PL emission spectrum
has a simple explanation originally due to Tsang and
Street. They propose that the shift represents the relaxa-
tion of the electron-hole pairs into lower-energy configu-
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rations in a continuation of thermalization. This interpre-
tation is consistent with our observation that the
electron-hole —pair population is not in thermal equilibri-
um within the manifold of excited states at early times.
The thermalization process can be thought of as a re-
adjustment of the distribution of the pair population
among the localized states, as the number of states that is
kinetically accessible to each pair increases. The relaxa-
tion of the pair population into a lower-energy configura-
tion has been observed explicitly by Wilson et al. ' They
found that the PL signal corresponding to emission at en-
ergies less than 1.25 eV actually increases during the first
nanosecond after excitation, as the population of
electron-hole pairs in the low-energy band-tail states
builds up.

Further insight into the thermalization process is pro-
vided by the PL decay measured at particular emission en-
ergies (Fig. 6). The decay at a particular emission energy
is sensitive to the depletion of the pair population at that
energy due to the thermalization of these pairs into
lower-energy states. We observed that the decay is signifi-
cantly faster at higher emission energies. One possible ex-
planation of this phenomenon is that the electron-hole
pairs that recombine at higher emission energy thermalize
more rapidly into lower-energy states. This is because the
pairs in higher-energy states tend to be less localized, '

and thus they overlap more states at lower energies into
which they can make a transition. An additional explana-

— tion is that, since the pairs at higher energy are less local-
ized, they will have more electron-hole overlap and conse-
quently faster recombination rates. Thus we believe that
the faster decay at higher emission energies is associated
with less localization of the electron-hole pair, which can
increase both the thermalization rate and the recombina-
tion rate.

The other important feature of the time-resolved PL
emission spectrum is the rapid attenuation of the spec-
trum within the first 20 nsec. Previous measurements of
the decay of the integrated emission spectrum have yield-
ed a decay time of -8 nsec."' We cannot directly in-
tegrate the emission spectrum due to the limited energy
range of our experiment. However, the attenuation that
we observe indicates a comparable decay time for the in-
tegrated spectrum.

In order to interpret the behavior of the PL emission
spectrum, it is useful to write a simplified expression for
the time-dependent intensity S(t) of the integrated emis-
sion spectrum,

(17)

Here, N (t) represents the total population of electron-hole
pairs at time t, and v„(t) is the average radiative recom-
bination rate of these pairs. Now, actually very few
electron-hole pairs recombine at early times. At low tern-
perature most of the recombination is radiative. By con-
sidering the extensive time range over which PL is emit-
ted in a-Si:H, Street estimates that less than 10 of all
the radiative recombination occurs during the first 100
nsec. Then we assert that the pair population N(t) in Eq.
(17) is not significantly depleted on the time scale of this
experiment. This leads to'the very important conclusion

32e to rp,
Vp= K 3' r,

(18)

Here, ~ is the static dielectric constant, e is the electronic
charge, c is the speed of light, co is the frequency of the
emitted radiation, r~ is the radius of the hole wave func-
tion, and r, is the radius of the electron wave function.
We choose arbitrary values of the parameters that are ap-
propriate for describing a small exciton in a-Si:H: K

=12, Ace=1.5 eV, rI, ——2 A, and r, =5 A. Inserting these
values into Eq. (18) yields a radiative decay rate of
v, =0.1 nsec '. Thus it appears that the radiative recom-

that the rapid attenuation of the integrated intensity S(t)
is associated with a decrease in the average radiative
recombination rate V„(t). In fact, the decay of S(t) does
not provide any information about the value of v„(t), but
depends only on the change in v, (t). As an example, if
v„(t) decreases by 70% in the first 20 nsec, then the in-
tegrated emission spectrum will decay by 70%%uo, indepen-
dent of the magnitude of v„(t). Thus it is not necessarily
true that the rapid attenuation of the PL emission spec-
trum is associated with fast recombination rates.

The time-resolved emission spectrum indicates that the
average radiative recombination rate decreases rapidly in
the first 20 nsec. We proceed to discuss two physical
mechanisms that can account for this decrease.

The first mechanism, mechanism (1), is based upon the
principle that the electron-hole —pair population has a
broad distribution of radiative decay times. In general,
the pairs with the shortest. decay times will be the first to
recombine. This leaves the remaining electron-hole —pair
population with a longer average decay time. Thus the
average recombination rate can decrease rapidly in a sta-
tistical sense, while actually very few pairs have recom-
bined.

In order for mechanism (1) to be feasible, there must be
a small number of electron-hole pairs that have decay
times of —10 nsec. Such fast decay requires that there be
a large amount of electron-hole overlap, which suggests
that the pairs are actually excitons. In general, it is not
necessary that these excitons have small radii, since the
crucial factor in 'determining the decay rate is the
electron-hole overlap, and not the spatial extent of the
wave function. For instance, bound excitons in cadmium
sulfide have radiative lifetimes of —1 nsec and yet are
known to extend over —10 lattice sites. In the case of
a-Si:H, however, there is evidence that the holes are
strongly localized. ' Under this condition the excitons
would have to be small in order to achieve the electron-
hole overlap required for fast decay. We proceed to inves-
tigate, with a few simple calculations, whether small
bound excitons in a-Si:H can have the short decay times
necessary to justify mechanism (1).

Within the context of mechanism (1) the excitons can
decay either radiatively or nonradiatively. We will first
consider the radiative case. Kivelson and Gelatt' have
worked out the theory of bound excitons in an amorphous
semiconductor. They derived a formula for the radiative
recombination rate v„which is valid if the hole is local-
ized on a single lattice site,
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bination of tightly bound excitons can account for the ra-
pid attenuation of the emission spectrum, as has been sug-
gested by Wilson et al. "'

It is important to also consider the possibility that a
small population of excitons could recombine nonradia-
tively on a nanosecond time scale. In this case the exci-
tons are not required to have nanosecond radiative life-
times. However, it is necessary that the excitons have the
fastest radiative decay rates among the electron-hole —pair
population, so that their removal produces the observed
decrease in the average radiative recombination rate.

. A possible nonradiative recombination channel is multi-
phonon emission. A simple expression for the nonradia-
tive recombination rate v of a bound exciton in a-Si:H
via multiphonon emission, which is valid when the hole is
localized on a single lattice site, is'

v„,=10' (2', lr, ) e

Here, n is the number of emitted phonons, given by

(19)

n )E/ficoo, (20)

where E is the energy of the exciton and coo is a maximum
phonon frequency. In a-Si:H the vibrations associated
with the stretching of the silicon-hydrogen bond have en-

ergies as large as Scop 0.25 eV. Then, by choosing the
reasonable values of rt, ——2 A, r, =10 A, and n =6, Eq.
(19) yields a nonradiative recombination rate of
v„,=0.15 nsec '. This demonstrates that the nonradia-
tive decay of excitons can also account for the observed
rapid attenuation of the emission spectrum.

A second possible nonradiative recombination channel
is the Auger recombination of an exciton at a defect site.
In particular, we envision that an exciton could recombine
while transferring its energy to an electron that occupied a
midgap state, such as a dangling bond. It is difficult to
estimate a typical Auger recombination rate, due to the
lack of theoretical understanding of this process in amor-
phous semiconductors. Thus we propose Auger recom-
bination as a possibility that requires further theoretical
investigation.

We now consider a fundamentally different mechanism
mechanism (2), that can account for the observed rapid
decrease in the average radiative recombination rate. This
is simply that the electron and hole wave functions tend
to separate on a nanosecond time scale. The average radi-
ative recombination rate decreases bemuse the radiative-
transitiou matrix element is sensitive to the overlap of the
electron and hole wave functions. The wave functions can
separate either because the electron-hole pairs diffuse
apart, or because the pairs relax into more strongly local-
ized states. Note that mechanism (2) can account for the
significant decay of the emission spectrum on the
nanosecond time scale without invoking the existence of
excitons with short lifetimes.

An attractive feature of mechanism (2) is that the
separation of the electron and hole wave functions can be
readily incorporated into the concept of thermalization
presented earlier. We believe that the electron-hole pairs
thermalize into lower-energy states on the nanosecond
time scale. In this process the pairs will tend to either dif-

fuse together or diffuse apart. Let us first consider the
possibility that the electron-hole pairs diffuse apart.

The electron and hole wave functions will certainly
separate if the electrons and holes tend to diffuse apart as
they thermalize into lower-energy states. The diffusion
process depends upon the strength of the Coulomb in-
teraction V, ~ between the electrons and holes. It is corn-
mon to introduce the concept of a critical electron-hole
separation r„defined as the distance at which the
Coulomb energy is equal to the thermal energy,

(21)

where k is Boltzmann's constant and T is the tempera-
ture. If the average separation of the electrons and holes
is less than r„ then the pairs will tend to diffuse together;
otherwise, the pairs will diffuse apart. Clearly, the issue
focuses upon the nature of the Coulomb interaction. In
a-Si:H it is likely that the Coulomb interaction between
an electron and hole is small on account of screening.
The dielectric constant x=12 indicates that there is con-
siderable electronic screening. There should also be addi-
tional screening associated with the deformation of atoms
around the strongly localized hole. Screening by the lat-
tice can actually produce an effective Coulomb interaction
between the electron and hole that is repulsive. Hence it
seems possible that, even at low temperature ( T=20 K),
the electron-hole pairs diffuse apart as they therma)ize on
the nanosecond time scale.

Two groups have previously suggested the opposite
behavior, that is, at low temperatures the electron and
hole tend to diffuse towards each other. Tsang and
Street originally proposed this concept in order to explain
the increase in the cw PL intensity they observed as the
temperature was increased from 2 to 50 K. More recent-
ly, however, Street has shown that the increase in the cw
PL intensity depends upon the excitation density and is
attributable to Auger recombination involving two
electron-hole pairs. In any case, we observe no increase in
the cw PL intensity with increasing temperature (see Fig.
9).

Collins and Paul' have suggested that the average
separation of the electron and hole decreases at times less
than -25 nsec and then increases at later times. They
have measured time-resolved PL emission spectra in sput-
tered a-Si:H, and they propose that the rapid shift of the
spectrum to lower energy in the first 25 nsec arises from
the increasing Coulomb interaction associated with closer
pairs. We have already presented an explanation of the
rapid shift of the emission spectrum in terms of the
thermalization of the pair population. Hence we feel that
there is no direct experimental evidence to suggest that
the electron-hole pairs diffuse together at low tempera-
ture. It is important to point out, however, that the
separation of the electron and hole wave functions, which
is the basis of mechanism (2), can still occur in the case
where the electron-hole pairs diffuse together as they
thermalize. This is because the states that are at lower en-
ergy tend to be more strongly localized. Then it is con-
ceivable that the average electron-hole overlap can de-
crease, even when the electrons and holes diffuse towards



30 EARLY PHOTOLUMINESCENCE DECAY EN a-Si:H 6013

each other, due to an increasing localization of the wave
functions.

%e have presented two mechanisms that are consistent
with the observation that the emission spectrum attenu-
ates rapidly in the nanosecond time regime:-

(1) There is a small population of excitons that have ei-
ther radiative or nonradiative lifetimes on the order of
—10 nsec.

(2) The electron and hole wave functions separate on
the nanosecond time scale. The separation could result
from either an actual diffusion apart of the electron-hole
pairs, or an increasing localization of the wave functions
as the electrons and holes thermalize into lower-energy
states.

Unfortunately, the results of this experiment cannot dis-
tinguish between these mechanisms, so that we are unable
to unambiguously determine the relevant kinetical pro-
cess. It is possible that both mechanisms are important.

E. Kinetics of electron-hole pairs at high temperature

The investigation of PL decay as a function of tempera-
ture showed that the decay rate significantly increases
with temperature. This is quantitatively characterized by
the decrease in the decay time cutoff 1p (see Fig. 11),
which represents a thermal enhancement of the fast decay
components. The temperature dependence of ~o is found
to be well described by

1 /7 p =vi +voexp( T/To ) (14)

The physical significance of this relationship is not clear.
It has been suggested that the nonradiative-decay rate can
have an exponential temperature dependence if the decay
mechanism involves tunrieling. between parabolic minima
of the internal potential. An alternative explanation of
the temperature dependence described by Eq. (14) has
been proposed by Collins and Paul. They show that an
exponential temperature dependence can arise if. there is a
broad distribution of activation energies associated with
the nonradiative-decay process.

The essential feature of Eq. (14) is that it describes the
same temperature dependence as is observed for the cw
PL intensity (Fig. 12). The linear relationship between ro
and I, as a function of temperature conclusively demon-
strates that the thermally enhanced decay rate is associat- .

ed with a nonradiative process. Tsang and Street pro-
posed that the nonradiative-decay mechanism is the dif-
fusion of the electron away from the hole, with subse-
quent nonradiative recombination at a dangling-bond de-
fect state. A mathematical formulation of this inodel has
been developed which seems able to satisfactorily repro-
duce the experimentally measured PL decay.

In the preceding section we suggested that at low tern-
perature (20 K) the electron-hole pairs make transitions
into lower-energy states on the nanosecond time scale.
We believe that at higher temperatures (T&50 K) the
mobility of the electrons and holes within the localized
states increases due to the onset of phonon-assisted transi-
tions. Specifically, an electron (or hole) can either tunnel

or hop between localized states more readily by absorbing
a phonon. The increased mobility has two important
consequences. First, since the transition probabilities be-
tween localized states are larger, the electron-hole —pair
population thermalizes more rapidly into lower-energy
configurations. This increase in the thermalization rate is
evident in the behavior of the time-resolved emission spec-
trum: The shift of the emission spectrum to lower energy
is accelerated at higher temperatures (Fig. 13). As dis-
cussed earlier, the PL decay measured at a particular
emission energy is sensitive to the depletion of the
electron-hole —pair population at that energy via thermali-
zation of the pairs into lower-energy states. Hence the
thermally enhanced nonradiative decay that is observed on
the nanosecond time scale can be attributed to an increase
in the thermalization rate of the pair population.

The other effect of the increased mobility at higher
temperature is that the spatial diffusion of the electrons
and holes is enhanced. In particular, we adopt the inter-
pretation that the electron diffuses away from the more
strongly localized hole. Then the electron is more likely
to be captured at a midgap state (for example, a dangling
bond) before radiative recombination can occur. These
states are known to act as nonradiative recombination
centers, ' and this accounts for the quenching of photo-
luminescence that is observed as the temperature increases
above -50 K.

Thus we propose that at temperatures greater than -50
K the mobility of the electrons and holes increases due to
the activation of phonon-assisted transitions between the
localized states. The increased mobility accelerates the
thermalization of the electron-hole pairs into lower-energy
states, and also promotes the separation of the electrons
and holes by diffusion.

VI. CONCLUSION

Photoluminescence decay in a-Si:H has been measured
in the time regime of 0.5—40 nsec as a function of tem-
perature, excitation energy, and emission energy. These
measurements represent the first comprehensive energy-
resolved study of PL decay in a-Si:H at such early times.
The results of this investigation, along with the previous
studies of PL decay, provide a substantial basis for under-
standing the recombination kinetics of electron-hole pairs
in a-Si:H. We incorporate these ideas into the following
qualitative description of the kinetics of electron-hole
pairs on the nanosecond time scale.

When electron-hole pairs are photogenerated, they
thermalize within a few picoseconds into the localized
band-tail states. The thermalization process is considered
to be a type of random walk in which the electrons and
holes tend to diffuse apart. However, due to the low mo-
bility of the particles, the electrons and holes are con-
strained to occupy localized states close to the point in
space where they were created, and hence they exist as
geminate pairs. The initial separation of the pairs is
described by a probability distribution that depends on the
excitation energy. At higher excitation energy the width
of the distribution increases, so that an electron and hole
are less likely to be localized on nearby sites. After the in-
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itial thermalization into the band-tail states, we assume
that the hole occupies a strongly localized state, and is
possibly self-trapped through a lattice deformation. The
electron is generally less localized. There could be, how-
ever, a few tightly bound excitons that have lifetimes as
short as —10 nsec.

The electron-hole pairs continue to thermalize into
lower-energy states on the nanosecond time scale. At low
temperature the electrons and hales must tunnel between
localized states and thermalize by spontaneously emitting
phonons. The Coulomb interaction between the electron
and hole is expected to be small on account of screening.
Then it is possible that, even at low temperature (T=20
K), the electron-hole pairs diffuse apart as they thermal-
ize. At temperatures greater than 50 K the mobility of
the electrons and holes is significantly enhanced due to
the activation of phonon-assisted transitions between the
localized states. The enhanced mobility both increases the
rate at which the electron-hole pairs thermalize into ihe
localized states at lower energy and promotes the separa-
tion of the electrons and holes by diffusion.
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APPENDIX: ERROR ANALYSIS

The experimentally measured PL decay was assumed to
represent a statistical sampling of some parent distribu-
tion. It is well known that the most probable parent dis-
tribution can be inferred from the data by the least-
squares method. That is, the function that minimizes the
sum of the distances between itself and the data points is
the most probable representation of the parent distribu-
tion. In this case, we assumed that the parent distribution
could be described by the function

Q2I(r)=a, +
t+7p

(8)

This function, however, did not represent experimentally
measured PL decay because there was also error associat-
ed with the time coordinate. The error came from two
sources. There was uncertainty in the origin of time t =0
due to the finite width of the excitation pulse g (r). There
was also statistical error in the time coordinate arising
from the resolution function I (t) of the detection system.
The most probable distribution describing the experimen-
tal PL decay was determined by using the least-squares
criteria with the function

I'(r) =I(r) +g(r)+ F(r), (A1)
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FIG. 15. Dependence of the decay time ~0 and the quantity
9 ISO/Qg on the time interval used in the analysis routine.

where the asterisk denotes convolution. The quantity
g (r) e I {r)corresponds to the experimentally measured ex-
citation pulse. Thus the analytical procedure was to con-
volute the experimentally measured excitation pulse with
the analytic expression (8) and fit the result, in a least-
squares sense, to the experimental PL decay. A minimi-
zation routine was used to vary the parameters a &, a z,
and ~0 until the best fit was obtained. This analysis pro-
vided a method for deconvoluting the PL decay and ex-
tracting I(t), the PL decay response to a 5-function exci-
tation. It also yielded values for the decay rate cutoff ro
and the quantity a, ~o/az, which characterize the
strengths of the fast and slow decay components, respec-
tively.

The model function (8) was derived in Sec. III A by as-
suming that the tail of the decay rate distribution could be
approximated by an exponential term exp{—wov). An in-
formative test of the analytical procedure, and, in particu-
lar, the integrity of the model function, was made by
varying the time interval over which the PL decay was fit-
ted. The values of ro and ai'o/az obtained by fitting the
data set shown in Fig. 2 over different intervals of time
after excitation are presented in Fig. 15. It is seen that ro
has a constant value of —1.5 nsec until the fitting interval
is reduced to less than 10 nsec, at which point the values
of vo decrease. This behavior relates to how well the de-
cay rate distribution is approximated by an exponential.
If the tail of the distribution was actually an exponential,
then ~0 would be independent of the fitting interval. The
fact that ro is relatively constant indicates that the ex-
ponential description is reasonable. However the decrease
in ~0 in the earliest time intervals suggests that the tail of
the decay rate distribution actually falls off less severely
than an exponential.

Since the experimental data exhibit statistical error, it
was important to ascertain the error associated with the
determination of the quantities ~0 and ai~o/az. The error
was estimated in the following way. A computer routine
first determined the statistical error in a data set at five
points, corresponding to times of 1, 8, 15, 22, and 29 nsec.
The parameters a &, a2, and ~p were then systematically
varied away from their optimum values, and the function
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I'(r) was calculated at the five times. In this way the pa-

rameter space of at, az, and ~o was searched, and a
minimum and maximum value of each parameter was

found, such that the corresponding I'(t) fell within the
statistical-error limits of all five data points. These values

of a„a2, and ~o were taken to be the error limits in the

sense that, for any values of the parameters outside of this

range, it would be impossible to find an I'(t) that could

reproduce the data within its statistical-error limits.
The same procedure was used to estimate the error in

the parameter To, which is found in Eq. (14) describing
the temperature dependence of ~0,

ll'Tp=v]+voexp(T/To) . (14)

The error in the values of ~o was presumably known.
Then the parameters vi, vo, and To were varied about
their optimum values, and a minimum and maximum
value of To was determined such that the function (14)
reproduced the ~o values within the error limits.
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