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Time-resolved photoluminescence in a-Si:H: Sub-band-gap excitation
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We present a comprehensive investigation of the evolution of the photoluminescence
band at -1.3 eV in plasma-deposited a-Si:H as a function of excitation frequency v,„,
where v,„has been extended well into the band-tail region. When vex is lowered below the
optical-absorption gap, the early time shift is diminished and eventually lost. No corre-
sponding change is observed in the time decay. The most frequently cited models for the
photoluminescence behavior are reexamined in the light of these new results. Models of
the early time spectral shift based on a correlation between recombination energy and life-

time are ruled out, and we attribute the shift to slow-electron thermalization within the
conduction-band tail. The results are consistent with recombination by radiative tunnel-

ing, providing that either the electron or the hole is trapped at a charged site. A value of
0.39 eV is obtained for the sum of the Stokes shift and hole-trap binding energy.

I. INTRODUCTION

Photoluminescence (PL) studies of a-Si:H (Refs.
1 —8) have typically used optical excitation fre-
quencies v,„in the visible region —well above the
optical gap. This practice has the advantage of
producing spectra that are essentially independent
of v,„,but it may also create excited states that are
highly mobile and likely to sample many different
sites in the material. As a result, the PL band at
—1.3 eV may be a superposition of the spectra
from the individual sites and it has been difficult
to resolve questions of homogeneous versus inho-
mogeneous contributions to the width of the cw
spectrum. The use of pulsed excitation and time-
resolved detection has provided substantially more
detailed information and has aided in clarifying the
situation to some extent. At "zero delay" the PL
spectrum peaks some 0.3—0.5 eV below the ab-
sorption gap and subsequently shifts to lower ener-

gy at longer delays. (In general "zero delay" corre-
sponds to 5—20 ns resolution, an important point
frequently overlooked. ) This shift occurs in two
stages, exhibiting rather different time scales. The
first phase tails off by about I-p, s delay after a
shift on the order of 0.05 eV from the zero-delay
position. The second starts at about 10 ps and
continues beyond the 10-ms range of available
data. Time-resolved detection has also revealed a
highly nonexponential decay characterized by a
distribution of lifetimes spanning many decades.
Chalcogenide glasses exhibit very similar be-

havior. ' Not only is there a shift of the spec-
trum following pulsed excitation but the shift oc-
curs in two segments and on identical time scales.

As there is no direct counterpart to this behavior
among crystalline systems it has been natural to
consider models that depend directly on the amor-

phous (or glassy) nature of the material. Such
ideas include the presence of long tails in the den-

sity of states extending far into the gap, strong
electron coupling to the softer amorphous lattice
resulting in "negative U" centers' or self-trap-

ping,
' specific types of bonding or coordination

defects, ' ' and topological models of internal mi-

crovoid structures.
Regardless of the specific nature of the centers,

there is a general consensus that the carriers are
trapped in localized states and that recombination
in these materials is by radiative tunneling. The
radiative tunneling rate

—2R /Rov- voe

depends exponentially on the electron-hole separa-
tion, and can easily account for the broad distribu-
tion of lifetimes with physically reasonable values
of R. The scale parameter Ro is the extent of the
larger of the electron and hole wave functions, and

vo is the maximum radiative rate expected to be
—10 Hz.

Examples of radiative tunneling between local-
ized states are well known in crystalline semicon-
ductors, and may be grouped into three classes.
The sites at which the electron and hole are
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trapped can be: (i} both charged, (ii) both neutral,
or (iij) one charged and one neutral. Although ex-

amples of all three have been identified, class (i),
referred to as donor-acceptor pair recombination, is
by far the most common, and has been modeled in
detail. ' The normally ionized donors and accep-
tors are neutralized in the excited state, having
trapped the oppositely charged carriers. After
recombination they are returned to their charged
ground state, leading to a Coulomb contribution to
the recombination energy which depends on the
pair separation:

2

eR
Close pairs which luminesce at higher energy also
decay faster according to Eq. (1) and this correla-
tion between energy and recombination rate leads
to a shift of the PL spectrum to lower energy at
longer delays, The total light decay is highly
nonexponential due to the tremendous range of
lifetimes and appears closer to a power law, with
an exponent slightly less than one.

To f&rst approximation, class (ii) and (iii) pro-
cesses are predicted to follow the same decay
statistics but to differ in their Coulomb contribu-
tion. Recombination at sites which are both neu-
tral, i.e., class (ii), introduces a Coulomb energy
equal to that of the charged defect case, but of the
opposite sign, resulting in a spectral shift to higher
energy. %hen only one site is charged, i.e., class
(iii), there is no first-order Coulomb term and thus
no shift. In fact such transitions in crystals are
somewhat more complex. Neutral-neutral recom-
binations involve extensive excitonic contributions
which alter the decay statistics, and charged-
neutral spectra exhibit a very small shift to higher
energy consistent with second-order polarization ef-
fects '

A further complication arises for pair recom-
bination In amorphous materials. Not only 18 there
this range of intersite Coulomb energies, there is an
even larger range of electronic binding energies
within the extended band tails. Energy-lifetime
correlations occurring within the range of trap
depths can lead to spectral shifts, just as in the
case of intersite Coulomb energies. Localization
theory predicts a correlation between trap depth
and wave-function extent Ro, which in turn deter-
mines the radiative tunneling rate. As a result
lower energy states should decay more slowly caus-
ing a spectral shift to lower energy.

Evolution of state populations is not, of course,
limited to energy-lifetime correlation effects. A

more direct mechanism is nonresonant energy
transfer, which leads to a redistribution of the pop-
ulation. At low temperatures one expects highly
excited carriers predominantly to lose energy by
emitting phonons. In extended states, this thermal-
ization process probably occurs rapidly, on a
1 —10-ps time scale. Relaxation at a given site
also occurs on this time scale. VA'thin the band
tail of locahzed states, however, further thermali-
zation can also occur by tunneling from one site to
another of lower energy. As the population packet
moves down through the band tail, this process
will become progressively slower due to the ex-
ponentially decreasing density of available states.
Recombination that occurs before thermalization is
complete will reflect this shift of the population to
lower energy. There is also the possibility of ther-
malization via thermal emission to the conduction
band. Although such processes are thought to be
involved in dispersive transport at higher tempera-
tures, they play a negligible role at the low tem-
peratures of most optical experiments. Depending
on the charge states of the recombination sites, the
electron and hole might also be induced to tunnel
to states with different Coulomb interactions,
changing the distribution of Coulomb energies and
recombination rates. In summary, there are a
number of possible mechanisms that can be (and
have been) invoked to explain the observed spectral
evolution in a-Si:H and chalcogenide glasses.

Photoluminescence in a-Si:H has been modeled
as the recombination of electrons in shallow-band-
tail states and deeply trapped boles, with both car-
riers trapped at neutral sites. The strong lattice
couphng to the deeply trapped (possibly self-
trapped} holes accounts for the Stokes shift and ac-
companying breadth without requiring unreason-
ably broad band-tail widths, which would be at
odds with other measurements. The holes are
thought to trap out very rapidly, and the observ-
able PL shift to lower energy occurring on the 10-
ns to 1-ps time scale is attributed to slow thermali-
zation of the electrons in shallow conduction-
band-tail states. Radiative tunneling at neutral
sites, however, should cause a competing shift to
higher energy due to the Coulomb-energy contribu-
tion. Such a rise has been reported in a-Si:H:0 al-
loys where the Coulomb energy is larger than in
a-Si:H because of the smaller dielectric constant.
Recently a similar rise has been observed in sput-
tered a-Si:H films prepared with very high H con-
centrations ~here the dielectric constant is also
reduced. Street has suggested that this rise is
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also present in more typical plasma deposited a-
Si:H films but that since the shift is small, it is
masked by the more extensive thermalization shift
occurring on the same time scale. The shift ob-
served to start at much later times has been ex-
plained by a correlation between recombination
rate and position in the band tail. Since electrons
are thought to be in much shallower traps than
holes, it is their wave-function extent which is as-

sumed to determine Ro, the scale parameter for ra-
diative tunneling. Deeper electron traps are as-
sumed to be more severely localized and thus to
live longer, leading to a progressive shift of the PL
to lower energy.

Modeling of the similar PL in chalcogenide
glasses has taken a rather different route. Histori-
cally the descriptions have focused on the possibili-

ty of "negative U" centers, and particular types
of bonding defects, valence alternation pairs
(VAP's), have been suggested as examples of such
centers. ' ' These defects are charged in the
ground state and the mean PL position as a func-
tion of time has been shown to correspond well to
the model of donor-acceptor pair recombination in

crystals. ' ' ' This approach has not, in general,
been thought appropriate for a-Si:H. The Stokes
shift is more moderate in a-Si:H, making "negative
U" centers less likely, and the fourfold coordina-
tion does not support this type of valence alterna-

tion defect. In addition, unlike chalcogenide

glasses, the PL in a-Si:H may be quenched by ap-
plied electric fields, implying that the excited
electron and hole are not both trapped at charged
sites. PI. in chalcogenide glasses has also been

described as a recombination involving one charged
and one neutral site, where there is no Coulomb

contribution, and the shift ascribed to thermaliza-

tion, as in the case of a-Si:H. Clearly new experi-

mental information would seem imperative in or-

der to more definitively test these models in the

two systems.
Optical excitation using above-band-gap light

appears to result in the population of high mobility

states which can subsequently sample many sites in

the material. This causes difficulty in distinguish-

ing between homogeneous Rnd inhomogeneous con-

tributions and precludes any clear-cut discrimina-

tion between the different models. Sub-band-gap

excitation, on the other hand, has the potential of
exciting only a particular set of band-tail states (or

defects), allowing a study of the PL behavior from

these states alone. Some preliminary results of ir
pumping have indicated the feasibility of this ap-

proach. Shah ' has observed a shift in the cw
lum. inescence at laser frequencies below about
14000 cm ' (1.74 eV). Chen er al. have noted a
similar shift in the I-ps delay spectrum. In this

paper we present a comprehensive study of the
time evolution of the PL in a-Si:H as a function of
excitation frequency and reexamine some of the
models for the luminescence in light of the new re-

sults.

II. EXPERIMENTAL TECHNIQUES

The a-Si:H films used in this study were pre-
pared by decomposition of SiH& mixed with Ar in
a capacitively coupled rf plasma dix:omposition
system. These undoped films were produced under

the same conditions as those used for deep-level
transient spectroscopy (DLTS) measurements in
our laboratory, but were deposited on roughened
quartz to avoid interference fringes. Film thick-
ness ranged from 0.8 to 2.0 pm. The optical quan-
tum efficiencies were estimated to fall in the range
of 1 —20%. Absorption spectra were also mea-
sured, and an optical gap Eo defined from fits of
the optical-absorption coefficient a versus photon
energy E to a-(E Eo)' /E. —Values measured
for Eo were 1.75+0.02 eV and 1.82+0.03 eV at
room temperature and 12 K, respectively. No
sample-to-sample variation was noted within this
accuracy for the samples used in this study. The
detailed results presented correspond to a single

sample, but the same qualitative behavior was ob-
served in other samples. For low-temperature
measurements the samples were placed in a flowing
He gas optical cryostat.

The samples were excited with 10-ns pulses from

a 10-Hz Nd: YAG pumped dye laser using ir Styryl
dyes. The average power was typically 5—20 mW,
and the beam was expanded to a -15-mm spot to
avoid SRI11ple damage. The beam was passed
through narrow-band filters to remove broadband

dye fluorescence. The PL was dispersed with a
double monochromator and detected with an
InGaAs:P photocathode photomultiplier which
provides sensitivity across the whole Pl. spectrum
and avoids the rapidly changing response of the S1
tubes typically used for these measurements. A
boxcar integrator was used to time resolve the sig-
nal. The system response to the laser pulse was
measured to be 15 ns, which determines our
minimum time resolution. The spectra are cali-
brated for the spectral sensitivity of the system,
and are plotted as intensity per unit energy range,
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in order to be relevant to discussions involving
densities of states g(E) and Stokes shifts. The
peak poslt1on of tllcsc broad spcctl'a arc cstllllatcd
using the average of the half-intensity points.

III. RESULTS
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FIG. 1. Photoluminescence spectrum of a-Si:H at
various delays after pulsed excitation for (a) v,„=18790
cm ', (b) v,„=13330 cm '. The arrows indicate the
peak positions, defined as the average of the half-
intensity points.

%hen pumped in the visible, our samples behave
as typically described in the literature. The spec-
trum shifts to lower energy as a function of delay,
both regions of shift being evident. The early time
shift in our sample is somewhat smaller than re-
ported by Tsang and Street, and is apparently
sample dependent. %e note that the "zero delay"
spectrum is slightly broader than those at later
tiines. Although an increased width at early times
has been reported in g-As2S3, ' it has not been pre-
viously noted in a-Si:H. A set of sample spectra
taken with excitation frequency v,„=18790cm
(2.34 CV) is shown in Fig. 1(a). When v,„is low-
ered below about 14000 cm ' (1.74 eV) we see
shifts of the time-resolved spectra to lower energy.
Sample data for v,„=13330 cm ' (1.65 CV) are
shown in Fig. 1(b). Figure 2 is a plot of the ob-
served peak positions versus v,„with delay time as
a parameter. The "zero-delay" peak is affected
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FIG. 2. PL peak position vs excitation frequency
with delay as a parameter.

most rapidly and drops essentially linearly with v,„.
The shift of the peak is somewhat smaller than the
change in v,„; the slope of a linear fit is found to
be -0.76. At longer delays the shift is less pro-
nounced, becoming substantial only at progressive-
ly lower values of v,„. Thus, as shown more
directly in Fig. 3, the early time shift of the spec-
trum with delay observed with above-band-gap ex-
citation is diminished and finally lost, as v,„ is pro-
gressively lowered.

Figure 3 also shows the dependence of the width
(FWHM) on v,„and on delay. The spectra are
uniformly broader at shorter delay, but only the
vAdth at the ea111est time 1s affected by 0~x~ exh1-
biting a slight decrease as v,„ is lowered. In Fig. 4
we compare the time decay of the peak height for
various excitation frequencies. Clearly the decay is
not affected by the change in v,„. Even taking into
account the slight increase in the width of the
zero-delay spectrum, the ratio of the integrated in-
tensity at zero-delay compared to that at 1-ps de-
lay drops by less than 20% across this range of v,„
in which we observe almost a total loss of the early
time spectral shift. Finally we note that the spec-
tral shift occurring at later times appears relatively
unaffected by changes in v,„.

Let us briefly compare these results with those
of Higashi and Kastner' who have taken some of
the analogous measurements on g-As2S3. They
also see an essentially linear drop of the "zero-
delay" (10 ns resolution) peak position with v,„
below some critical value v,„-18500cm ' (2.3
eV). Above this frequency, however, the PL
abruptly starts to broaden as intensity grows on the
low-frequency side of the PI. band. Apparently a
different mechanism sets in at this energy which
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FIG. 3. PI. peak position and width (F%'HM) vs de-
lay with ~v™,„as a parameter.

effectively populates states that luminesce at lower

energy. We see no such effect in a-Si:H. In con-
trast, the PL behavior saturates, remaining approx-
imately stable and independent of v„at higher fre-
quencies.

IV. DISCUSSION

The shift of the peak positions with v,„becomes
significant for v,„&14000 cm (1.74 CV). This
value is slightly lower than our 1.82+0.03-CV

(14600 cm ') measurement of the optical-absorp-
tion gap at 12 K, but one mould expect to see sub-

stantial shifts occurring immediately below Eo
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FIG. 4. Time decay of the PI. peak intensity at vari-
ous excitation frequencies. The curves are normaHzed
at 5 ps.

only for truly zero-delay data. As pointed out be-
fore, our earliest scan, the so-called zero-delay
spectrum, in fact corresponds to a 15-ns time reso-
lution, and there are strong indications that a sub-
stantial shift has already taken place on a shorter
time scale. As Fig. 2 demonstrates, the shorter the
time delay, the higher the excitation frequency at
which a significant shift is evident, and we antici-
pate that experiments run on a much shorter time
scale would exhibit shifts starting at somewhat
higher v,„,even closer to our measured Eo. Since
the turnover occurs just below Eo, it seems likely
that the shift in the peak position occurs as the
laser frequency is dropped low enough to directly
populate band-tail states (or defects). Higashi and
Kastner suggest that the onset of similar be-
havior (plus the change in PL width) in g-As2S3
occurs so abruptly as to indicate the presence of a
sharp dividing line between extended and localized
states —i.e., a true mobility edge. %e see no such
clear evidence in a-Si:H where the effects occur
more gradually.

Our results taken as a whole also provide new
insight into the dynamics of the spectral shift.
Our data clearly show that as ~v™,„ is lowered, the
early time shift is diminished and finally lost,
while over the same range in v,„ the time decay
remains essentially unchanged. If the early time
shift mere due to any type of correlation between
recombination energy and lifetime, by exciting only
those states of lower recombination energy, one
should see a concomitant loss of all the fast com-
ponents in the decay. Thus, this observed decou-
pling of the luminescence energy and lifetime
directly rules out any model of the early time spec-
tral shift based on such a correlation. In particular
it precludes a description of the early time shift
based on the Coulomb term associated with
charged defect recombination. One word of cau-
tion, however. In a-Si:H the predominance of the
fast decay I'Rtcs has been corrclatcd w1th thc over-
all quantum efficiency of the sample, indicating
that the early time fast-decay modes may contain
nonradiative contributions. Thus, for a completely
definitive statement, one would want to examine a
very high quantum cffliclcncy sample whcrc Rny
changes in the distribution of radiative rates could
be observed without interference from nonradiative
channels. No corresponding data on changes in
the time decay with v,„ in the chalcogenide glasses
have been published to date.

Our results are consistent with the idea that the
early time shift reflects slow thermalizaiion in the
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conduction-band tail. A schematic representation
of the electronic energy levels used in this descrip-
tion of the evolution of the PL peak position EpL
as a function of excitation energy E,„ is shown in
Fig. 5. Within this framework, the insensitivity of
the decay statistics on v,„ indicates the absence of
any strong correlation between position in the band
tail and the recombination rate. Since the radiative
tunneling rate depends on the wave-function extent
Ro this implies that the degree of localization is
not strongly correlated with electronic binding en-

ergy. As mentioned earlier this behavior is con-
trary to theories of localization which predict 'a

wave-function extent that falls exponentially with

energy below the mobility edge. These theories
are derived from a consideration of relatively weak
potentials (e.g., Coulomb potentials) that pull the
band tail only slightly beyond the band edge. It
may be, however, that the band-tail states in a-Si:H
are due to strong local potentials which draw the
localized wave function from points throughout the
band structure, in analogy to the case of deep lev-

els in crystalline semiconductors. In such a case,
fine gradations in the energy-level position relative

to the conduction-band edge, such as associated
with the early time shift, would not necessarily be
correlated with the degree of localization of the
state.

We propose, then, that as v,„ is progressively
lowered, deeper band-tail states are excited, re-

CONDUCTION BAND

SLOW

EpL(O) Ep

In g(E)

FIG. 5. Schematic diagram of the electronic energy
levels proposed to describe the PL evolution.

ducing the extent of thermalization that can occur
on a 1-ps time scale and thus the corresponding
early time shift. By v„=13170cm ' the peak
position shifts by only 75 cm ' out to 1 ps. In
the absence of a sizable shift due to thermalization,

any Coulomb effects should be exposed, and it be-

comes possible to critically examine the assumption
of neutral recombination centers. Recombination
at neutral sites introduces a Coulomb term equal
and opposite to that for charged defects, which
shifts the spectrum to higher energy with delay.
Within the model of recombination by radioactive
tunneling, the range of lifetimes reflects the distri-
bution of electron-hole separations, which in turn
can be used to calculate the magnitude of the cor-
responding Coulomb energies. We take the max-
imum radiative rate vo to be 10 Hz, and assume a
dielectric constant of 11.5. Then using 12 A for
the electron Bohr radius Ro, as suggested by the
results of Tsang and Street, we calculate an ex-
pected Coulomb shift of 500 cm ' (61 meV) be-
tween 10 and 10 sec. Changing vo merely
shifts the time scale on which this predicted rise of
the peak energy would occur. Even taking an
overestimate of 20 A for Ro, a rise of 300 cm
(36.4 meV) is expected. Since the entire early time
shift is less than 100 cm ' at v,„=13170cm ', it
can no longer be thought to hide a Coulomb effect
of this magnitude. On the other hand, the lack of
any substantive change in the decay statistics with

v,„indicates that even the lowest v,„must create
essentially the same distribution of electron-hole
separations. Consequently, the absence of a
Coulomb shift precludes radiative tunneling at sites
that are both neutral (or both charged) requiring
instead that one site be neutral and the other
charged. This result is rather surprising. As dis-
cussed earlier, a rise in the PL peak position is ob-
served in a-Si:H:0 alloys and high H concentration
sputtered a-Si:H films, which has been taken to in-
dicate that recombination occurs at neutral sites in
these materials. The assumption has been that the
same mechanism is operant in typical plasma-
deposited films but just more difficult to identify
because of the smaller Coulomb energies. Our re-
sults indicate that this is not the case, at least
when samples are excited by sub-band-gap light. If
one concludes on the basis of the decay statistics
that the decay mechanism is radiative tunneling
without major excitonic influences, then our results
demand that either the electron or the hole is
trapped at a charged center. Our results do not
discriminate between which of the two centers is
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charged. On the one hand, one might speculate
that the hole which is more quickly and more
deeply trapped is captured by a charged defect.
Coulomb effects are relatively small in comparison
to other disorder effects in these materials, how-

ever, and may not greatly affect trap cross sections
or depths. In fact it could be precisely because the
hole is trapped (or self-trapped) so rapidly that it
might not diffuse far enough to locate charged
sites.

From Fig. 2 it is seen that as v,„ is lowered, the
peak positions at all time decays appear to asymp-
totically approach a single line. States that lie

deeper in the band tail have much reduced tunnel-

ing rates due to the exponentially decreasing densi-

ty of states. Thus, as v,„ is scanned further down

the band tail any subsequent cascading of the pop-
ulation to lower energy will take place on a pro-
gressively longer time scale. The asymptotic line

therefore represents the peak position of the lum-

inescence from the states originally populated by
the laser pulse before any thermalization occurs.
The slope of the line in Fig. 2 is 0.76, implying
that as v,„ is scanned down the band-tail states the
peak luminescence from these states falls by only

0.76 of the change in v,„. Since holes are thought
to be rapidly trapped inta much deeper states,
Shah has suggested that the energy separation of
the hole from the valence band in the original exci-
tation process will no longer be represented in the
PL position. The shift will be determined solely

by the equivalent electron energy separation, desig-

nated as 6 in Fig. 5. With equally steep conduc-
tion- and valence-band tails, one would expect
b, -0.5 (Eo —E,„). The conduction-band tail is
known to fall more rapidly, ' however, resulting in

a slope between 0.5 and 1.0 as observed. There
could also be a progressively larger Stokes shift as-

sociated with deeper conduction-band-tail states.
Although this effect may contribute to the shift it
is unlikely to play an important role, as there is no
indication of an increased PL width at longer de-

lays or lower v„.
Assuming that this asymptotic line continues

unchanged beyond the range of our data, an extra-

polation in either direction constitutes a prediction
of the peak position far a given v,„prior to any

tunneling to lower states. It is interesting to ex-

tend this to hv„=ED, which results in a predicted
luminescence peak at 11 530 cm ' (1.43 eV), im-

plying an electron thermalizstion process covering

a total range of -0.13 eV, in good agreement with

other estimates of the width of the conduction-

band tail. Note that in contrast to other au-
thors we define this range to start at the band edge
rather than at the peak position of an arbitrarily
chosen zero-delay spectrum. Thus, we include
states at the top of the band tail that tend to be
overlooked because the excited electrons cascade
through them faster than the experimental time
resolution. On the other hand, we have omitted
the later time shift which continues beyond the
scope of our measurements with no well-defined

energy scale. This extrapolation also provides the
first estimate from optical measurements of the
magnitude of the Stokes shift plus hole-trap depth,
since the remaining 0.39 eV to the optical gap
must be divided between these fast relaxation pro-
cesses. If most of this energy is due to the elec-
tronic binding energy of the trap, then the hole
state lies in the first shoulder in g(E) observed in
similar samples by DLTS, a feature whose
strength is sample dependent. If a substantial
component is Stokes shift, of which only the part
associated with the excited state is measured in
transport experiments, then the hole state lies
within the valence-band tail. Drift mobility mea-
surements have also suggested a hole activation
energy in the range 0.26—0.35 eV, but these are

high-temperature results ( & 200 K), and may not
be appHcable here. Note that the precise relation-
ship between the optical edge and the mobility
edge remains a controversial question which adds
to the uncertainty of these estimates. Finally we
note that by the time v,„ is lowered far enough to
eliminate the early time shift, the peak position is
clearly lower than the position reached after about
5 ps following above-band-gap excitation, i.e., at
the end of the early time shift. Thus the simplest
picture, that lower v,„merely excites the same set
of states that would have been populated through
thermalization, is not adequate to describe all the
details of the observed behavior. In g-As2S3 the
complete matrix of the PL dependence on delay
time and on v,„effects has not been examined, so a
full comparison cannot be made. The zero-delay
spectra are available' and resemble the equivalent
a-Si:H data, but the fall with v,„has a slope closer
to 1.0.

We also observe the shift occurring at later
times, t & 10 ps. This shift continues beyond the
10-ms range of our longest delay. In our samples
this stage of shift is not always as well separated
from the early time shift as in the case of the data
published by Tsang and Street. Nevertheless, our
ir results leave no doubt that two separate process-
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es are involved, since the later time shift appears
unaffected by those changes in v,„which cause a
complete loss of the early time shift. Although we
observed little or no correlation between recom-
bination rate and position in the band tail in the
narrow range of the early time shift, we cannot
rule out such a correlation on a larger energy scale.
Thus, it is not unreasonable that the later time
shift may be evidence of increased localization
deeper in the band tail as suggested. ' Experi-
ments at even lower v,„should be able to answer
this question.

Included in Fig. 3 are measurements of the PI.
width as a function of delay time and v,„. A care-
ful interpretation must take into account that the
zero-delay spectrum is not equivalent to the later
measurefnents. First of aB, the time scale in this
case is the same as the laser pulse length so that a
delta-function excitation picture is inappropriate,
and an analysis of the buildup of state populations
would be required for a complete analysis. Sec-
ondly, the zero-delay spectrum is not measured at
the same 5% ratio of boxcar gate width to delay
time. Our zero-delay scan actually records a su-

perposition of all the spectra from the true zero de-

lay out to the 15-ns system resolution. Conse-
quently, the recorded spectrum may be artificially
broadened. Higashi and Kastner have pointed out
that to the extent the decay follows a power law,
the luminescence observed during any time gate is
dominated by centers whose lifetimes fall in the
center of the gate. '~ We have found this to hold
true in a-Si:H at longer delays, where we find the
spectra approximately independent of gate width,
and it is likely to be true at early times as long as
there is no drastic increase in the distribution of
lifetimes at very short delays. A real decrease in
the width of the early time spectrum as v„ is
lowered into the band tail may be anticipated ac-
cording to the following argument. The conduc-
tion-band states excited by above-band-gap light
may be trapped into a range of initial band-tail
states, creating a distribution of electronic energies
and contributing an additional inhomogeneous
width to the spectrum. Pumping directly into the
band-tail states eliminates this extra wi.dth in a
manner analogous to fluorescence line narrowing
techniques. Unfortunately, a resolution of the
source of this narrowing must await experiments
on a faster time scale. The increased width at zero
delay remaining even at the lowest v,„where the
early time shift has disappeared suffers no such ex-
perimental ambiguity and must be taken as real. It

is not clear, however, if one assumes that this is
also due to an inhomogeneous contribution, why
the population packet should become more restrict-
ed in energy with time. Higashi and Kastner dis-

cuss a similar increase in width seen at early times
in chalcogenide glasses' in terms of the charged
defect-pair model. Their spectra, however, would
appear to suffer the same ambiguities discussed
above. In contrast to our data on a-Si:H they do
not observe a narrowing of the zero-delay spectrum
once v,„ is below the band gap. '"

V. SUMMARY

We have presented a comprehensive study of the
time evolution of photoluminescence in plasma
deposited a-Si:H as a function of excitation fre-
quency, extending v,„to ir frequencies well below
the band gap. The results provide new insight into
the nature of the luminescing centers and the
dynamics of the spectral shift with delay. As v,„
is lowered below the optical gap, the luminescence
spectrum also shifts to lower energy, and the early
time shift is lost. The lack of a corresponding
change in the decay rate precludes a description of
the early time shift based on an energy-lifetime
correlation such as the charged defect model pro-
posed by Kastner et al. to describe similar PI.
behavior in chalcogenide glasses. '

%e assume instead that the early time shift re-
flects electron thermalization within the conduc-
tion-band tail. This requires there to be no strong
correlation between the degree of localization and
the binding energy of the state, a condition imply-
ing that the band-tail states may be due to strong
local potentials. The ability to reduce the thermal-
ization shift by exciting deeper in the band tails al-
lows an analysis of the charge states of the recom-
bination sites. Of the three possibihties only
recombination involving one charged and one neu-
tral center is consistent with the lack of an observ-
able Coulomb shift at early times.

Since the tunneling rate immediately after exci-
tation becomes plogfcsslvcly slowcf as lower v,
excites states deeper in the band tail, it is possible
to examine the peak position as a function of v,„
prior to thermalization. The slope of the change in
the peak position with v,„ is -0.76. If the holes
are rapidly trapped into deeper states only the en-
ergy gap between the excited electron states and
the conduction band mill be represented in the PI.
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position, leading to an expected slope between —,

and 1. An extrapolation of this line predicts a
-0.39 eV energy for the fast relaxation process-
es—the trapping of the hole and the Stokes shift.
The later time shift was found to be relatively in-

dependent of v,„,verifying that a different
mechanism is responsible. Although our data. on
the width are difficult to interpret, it is clear that
the spectrum narrows to some extent during the
first ps. %herever possible our data and interpre-

tations have been compared with results on the PL
behavior observed in chalcogenide glasses.
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