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Recombination in a-Si:H: Transitions through defect states
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To obtain detailed information about recombination processes near room temperature in a-Si:H

we have measured the steady-state and transient response of luminescence, light-induced ESR, and

photoconductivity in lightly doped and undoped samples. T¹low-energy luminescence is at a dif-

ferent energy in n- and p-type a-Si:H, and has an intensity-dependent decay. The results lead us to

propose a new model —that the radiative transition is the capture of a majority carrier into a neutral

dangling bond, having a low radiative efficiency and only a small Stokes shift. Measurements of the

quantum efficiency for generating light-induced ESR (or LESR) confirm that a transition through a

danghng bond is the dominant recombination mechanism in all samples, and is predominately non-

radiative. %'e discuss the trapping mechanism and conclude that a single multiphonon process does

not seem possible. Instead wc suggest that thc ITlcchanlsm may bc a cascade through as yct uniden-

tified excited states. Transient luminescence, LESR, and photoconductivity each show that the

response time is much longer in doped samples than in undoped samples.

I. INTRGDUCTION

A great deal of information has been obtained about the
recombination of excess carriers in a-Si:H. The principal
experiments used in these studies are luminescence, '

hght-1Ilduced ESR (LESR), ' photoconductlv1ty, and
induced absorption. There are several recombination
processes, both radiative and nonradiative, with ihe rela-
tive importance of each depending on the experimental
conditions. Previous papers in this series have mostly ex-
plored the low-temperature mechanisms which are often
dominated by a luminescence transition. This paper fur-
ther investigates the high-temperature regime in which
the recombination is predominately nonradiative. In par-
ticular, we compare undoped and doped samples and dis-
cuss the details of the recombination.

At low temperature the dominant recombination pro-
cesses are a radiative tunneling transition between band-
tail states and nonradiative tunneling to dangling-bond de-
fects. ' Surface and Auger recombination are present, but
tend to be less important. ' Some recent measurements
also suggest another process of, as yet, unknown origin.
The low-temperature recombination is characterized by
tunneling rather than extensive diffusion of carriers be-
cause the presence of 'a large density of band-tail states
causes rapid trapping in states much deeper than kT. '

Near room temperature, carriers are more mobile so
that carrier transport is an important factor in the recom-
bination. The band-edge luminescence is strongly
quenched, this effect being attributed to trapping at dan-
gling bonds. ' There is a second weak luminescence transi-
tion at lower energy that tends to dominate near 300 K
and which has also been associated with recombination at
the defects. ' This band is seen particularly in doped
samples in which the defect density is known to be high.
The association of dangling bonds with recombination has

been confirmed recently by time-of-fhght photoconduc-
tivity. " The capture rates of electrons and holes in un-

doped material and minority carriers in doped material
have been measured by this technique. As we shall see,
one of the problems addressed in this paper is to reconcile
these rates with those obtained in other experiments.

The results of gap-cell photoconductivity are rather
confusing since data from many groups do not seem to
agree well. In addition, surface and contact effects
may complicate the results, and these have not been fully
resolved. ' ' Generally, the photoconductivity recom-
bination is attributed to deep gap states although several
alternative models have been suggested. The photocon-
ductivity decay extends for a long time, particularly in

doped samples, with a power-law behavior that has been
attributed to dispersive transport. The induced absorp-
tion similarly shows extended power-law decays, again as-
sociated with dispersive transport. The origin of the ab-
sorption is believed to be band-tail holes in undoped a-
Si:H and defects in doped material.

To fully understand recombination, we need to find out
which deep states are important and what transition
mechanisms operate. This paper approaches these ques-
tions iri three ways. First, we present new luminescence
data aimed at a better understanding of the defect transi-
tion. Based on the results, we propose a new model which
is substantially different from our previous ideas. '

Second, we use LESR to identify the recombination
centers, and show that, in doped material, dangling-bond
transitions do indeed dominate. Third, we measure the
recombination rates by observing the transient decay of
luminescence, ESR, and gap-cell photoconductivity.
These data show an apparent discrepancy with the time-
of-Aight results, the possible origins of which we discuss.
In addition, we discuss the mechanisms of deep trapping
and suggest that transitions through excited states might
be important.
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IE. LUMINESCENCE DATA

The sample-preparation procedure and the experimental
techniques for measuring luminescence have been
described elsewhere. ' The excitation wavelength used
was either 6471 A (Kr+ laser) or 1.06 pm [yttrium-
aluminum-garnet (YAG) laser]. For the higher-energy ex-
citation the absorption depth is about 1—2 pm, so that for
these samples, all of which have a thickness of 5 pm or
more, the light is completely absorbed. At 1.06 pm the
absorption is weak and depends on the doping level of the
samples, and this will be apparent in the results.

Figure 1 shows some examples of luminescence spectra
of undoped and doped samples at 250 K, and Table I lists
the relative intensities. The undoped sample has its main
peak at 1.1 eV. This luminescence band has been identi-
fied as a transition between the band tails. ' The transition
occurs at —1.4 eV at low temperature, but moves rapidly
to low energy with increasing temperature. ' The origin
of this shift is believed to be that the shallow band-tail
states are rapidly ionized and recombine nonradiatively.
As we show below, between 250 and 300 K the band-tail
luminescence continues to be strongly quenched and the
luminescence becomes dominated by a second transition
at 0.8—0.9 eV, which can be seen as a weak shoulder in
the spectrum of Fig. 1.

Figure 1 also shows the effect of doping on the
luminescence spectrum. Previous measurements at 10 K
found that when the doping exceeds 100 pprn, the band-
tail luminescence is quenched and replaced by a transition
at about 0.9 eV. ' Figure 1 shows that the sensitivity to
doping- is much greater at 250 K. In boron-doped sam-
ples, a doping level of 10 ppm is sufficient to quench the
band-tail peak so that the spectrum is dominated by a
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FIG. 1. Luminescence spectra of doped and undoped a-Si:H
measured at 250 K, showing the band-tail line at 1.1 eV and the
two defect peaks at 0.81 and 0.91 eV.
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TABLE I. Relative intensities of the luminescence bands in

doped and undoped a-Si:H at 250 K. The Dp peak is at 0.81
eV, the DB peak is at 0.91 eV, and the band-tail peak is at 1.1
eV. Doping levels are given by the gas-phase concentration.

Doping level

10 PHB
10- PH',

10 PH3
10 PH3
3 && 10 82H6
10 B2H6
3 )& 10 82H6
10 B2H6
Undoped (1)
Undoped (2)

1.1
1.9
2.5
3.5

5.3
9.2

14.2
6.5

1.4
2.1

Band tail

10.0
6.7

(1
& 0.5

1.1
-0.5
(0.5
~ 0.8

6.6
2.4

transition at 0.91 eV, which we denote the DB peak (since
this luminescence has been associated with defect states).
The sample doped with 3 ppm has a broader spectrum, in-
dicating the presence of both peaks. Increasing the boron
doping leads to a weak increase in the intensity of the D~
peak.

The relative intensities of the two luminescence transi-
tions are excitation-intensity dependent. The band-tail
luminescence increases superlinearly with intensity, in
agreement with previous data, ' whereas the DB peak is
linear, at least over one order of magnitude change in in-

tensity. Hence, measurement at lower intensity than in
Fig. 1 shows an even more pronounced quenching of the
band-tail peak with doping.

Phosphorus doping is qualitatively similar in that dop-
ing quenches the band-tail peak and replaces it with one
at lower energy. However, there are some significant
differences. First, a larger doping level is required to
quench the 1.1-eV peak, which is clearly visible at 10
ppm. In fact, it seems that light doping at first increases
the intensity of this transition (see Table I). Second, the
defect transition is at a different energy, 0.81 eV, and also
has a narrower linewidth. We therefore denote it by Dp,
as a separate transition. The peak energy decreases at the
highest doping level, which we believe is probably due to a
decrease in the band gap. Third, the defect luminescence
intensity is larger in n-type samples than in p-type sam-
ples by a factor of about 4.

Figure 2 shows luminescence spectra of the same un-
doped sample at 275 K and room temperature. The
band-tail peak is the more strongly quenched, so that at
room temperature the defect peak at 0.8 eV dominates.
This transition is very similar in position and line shape to
the Dp peak, as can be seen by the spectrum of the 100-
ppm-doped sample in Fig. 2. However, the intensity is
5—10 times weaker than that found in the doped sample.

We have also measured the luminescence spectra using
1.06-pm excitation. Previous experiments at 10 K found
that subgap excitation quenched the band-tail lurnines-
cence but not the defect transition. ' We observe this ef-
fect also at 250 K. The luminescence line shape of the de-,
fect peak is not noticeably changed, and the luminescence
efficiency, when corrected for the low absorption, is simi-
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lar to that found with above-gap excitation. Since the ab-
sorption increases with doping, ' the observed lumines-
cence intensity changes much more than shown in Table
I. For both excitation energies the quantum efficiency is
low, & l%%uo, and the luminescence intensity is proportional
to the excitation intensity over at least an order of magni-
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FIG. 2. Luminescence spectra of an undoped sample at 275
and 295 K compared with an n-type sample. Solid lines are a
deconvolution into two peaks.
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FIG. 4. Example of the rise and decay of the 0.81-eV
luminescence band in n-type a-Si:H for two excitation intensi-
ties differing by a factor of 100. For clarity, only one set of data
points is shown.
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Further information about the recombination is ob-

tained from the transient luminescence response, examples
of which are shown in Figs. 3—5, which illustrate the ef-
fects in different ways. Only data from n-type samples
are shown, since the p-type samples show qualitatively the
same behavior. The decay times for the defect peak at
250 K increase with doping level (Fig. 3), and at a phos-
phorus doping level of 100 ppm the decay is observable to
1 msec. The results are typical for a broad distribution of
decay times extending more than three decades. ' Boron
doping is similar, although the decay times are generally
about a factor of 2 less. However, the decay of the defect
peak in undoped samples is very much faster, as shown in
Fig. 3. These data are in fact measured at 300 K to
reduce the effect of the band-tail peak, but the results are
comparable because the temperature dependence is weak.

10
1 10 100

DECAY TIME (@sec)

1000 08 10 12 14
LUMINESCENCE ENERGY (eV)

1.6

FIG. 3. Luminescence decay of the defect transition after a
short (-1 psec) excitation pulse for n-type samples at 250 K
and an undoped sample at 300 K.

FIG. 5. Time-resolved luminescence spectra of an n-type
sample showing the rapid quenching of the band-tail peak com-
pared to the defect transition.
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The rise and decay times are intensity dependent, de-
creasing as the excitation intensity increases, as shown in
F' . 4 Th recombination is therefore indicative o i-
molecular kinetics. The use of a long excitation pulse o
wea in ensi yk

' t it enhances the long-decay components, as is
re of theb m aring Figs. 3 and 4. Another feature o eseen y comparing

transient luminescence is that the decay o t e an - ai
peak is much faster than that of the D~ or Dp peaks.
This can be seen most easily in time-resolved spectra, an
example of which is shown in Fig. 5 for an n-type samp e.
Finally, transient measurements have also been made with
subgap excitation and have been found to have the same
characteristics, particularly the same dependence on dop-
ing and intensity.

III. LIGHT-INDUCED ESR
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FIG. 6. Decay of light-induced ESR at 220 and 250 K, show-

ing the faster response of undoped samples. Th pThe ower density
is approxima e y e at l th same as that for the luminescence decay.

10

Light-induced ESR measurements can, in principle,
provide the identification of the states involved in recom-
bination. Past LESR data have demonstrated that the op-
tically excited states in n-type a-Si:H are neutral dang ing
bonds and band-tail electrons (band-tail holes in p-type

' 1' ' In undo ed samples, band-tail electrons and
holes are observed together. The decay o
sures the recombination rate of these light-induced state;
some examples are shown in Fig. . fFi . 6. Just as for t e
luminescence, we observe that the doped samples both n

and p type) have a longer decay time than the undoped
samples. The undoped sample could not be measured
above 220 K because of its low LESR spin density ue to
the faster recombination. The LESR decay o the n-type
sample exten s up od t 0.1 sec which is apparently a longer
time constant than the luminescence. Note, however, t at
LESR measures the number of excited carriers,
whereas luminescence measures
same on y in1 in the case of an exponential decay. In the

resent case the decay more closely resembles a powerpresent case e e
1 that the luminescence is expected tod to decrease moreaw, so a

'
1 . Takin this difference into account, wewe believerapidly. a ing i

m arable responseh th t o experiments measure compa
times, although precise agreement is hard to determ'rmine be-

cause of the broad distributions in the decay times.
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FIG. 7. Onset and decay of LESR for very weak illumina-
tion. The quantum efficiency of 70% for spin generation is
measured from the linear onset of LESR.
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The LESR decay times increase as the excitation inten-
sity decreases (compare Figs. 6 and 7), indicative of a bi-
molecular process, just as was deduced from the lumines-
cence. The steady-state LESR is strongly sublinear in the
excitation ensi y,d 't again confirming the bimolecular
recombination. (Note that luminescence is linear even for
bimolecular recombination. ) In addition, we have mea-
sured LESR-with subgap excitation and found essentia y
identical results.

Another interesting aspect of LESR is the determina-
tion of what fraction of the recombination is being ob-
served. We attempt this by measuring the quantum effi-
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ciency 7) for generating the states observed in LESR. At
times much less than the recombination times, LESR will
increase linearly at a rate gG, where 6 is the absorbed
photon flux. Figure 7 shows an example of the onset of
LESR at the lowest excitation intensity measurable (so
that the recombination times are long). The actual num-

ber of spins induced is calibrated using higher intensities,
and from this data we deduce g-70%. This figure has
an uncertainty of at least a factor of 2, both on account of
signal-to-noise limitations as well as uncertainties in the
various corrections needed (e.g. , reflectivity, absorption,
spin calibration, ESR saturation, etc.). Measurements of
p-type material give similar values for the efficiency.

We therefore observe that LESR and luminescence have

many common features, specifically that in doped samples
the recombination is bimolecular, involves band-tail and
dangling-bond states, and has decay times of order 1—10
msec. In addition, the quantum efficiency demonstrates
that this recombination channel is at least a major contri-
bution to the recombination, and probably the dominant
process.

IV. RELATED MEASUREMENTS
OF RECOMBINATION

10-4—

I I 1 1 I I

n-TYPE 100 ppm

1O-'—

Other measurements have been performed that explore
recombination under comparable experimental conditions.
One example is photoinduced absorption. Vardeny et al.
report that the decay in n-type a-Si:H extends to —1

msec and is only weakly temperature dependent. They
also deduce that the recombination is bimolecular, and
analyze the results in terms of dispersive transport of one
of the carriers.

Very similar conclusions have been reported from mea-
surements of gap-cell photoconductivity in n-type sam-
ples. ' Here we report our own photoconductivity data.

TABLE II. dc-conductivity activation energies (E ), room-
temperature drift mobilities (p), and mobility-lifetime (pw) prod-
ucts as obtained by gap-cell photoconductivity data.

E (eV) LM (cm /V sec) p~ (cm /V)

Und oped
10-4 I H,

. 3X10 B2H6

0,75
0.23
0.67

04
0.05

1.4X10-'

6.9X10
2.2X10-'
3.5 x10-'

For these measurements, evaporated Cr electrodes with
gaps of 175 JMm were used. The excitation pulse length
was typically 100 msec, at a repetition rate of 0.2 Hz.
Other details of the measurements will be published else-
where. Representative results for undoped, n-type, and
p-type samples are shown in Figs. 8 and 9, which illus-
trate the onset and decay of the photoconductivity. The
risetime for undoped a-Si:H is on the order of 10 sec
and is only weakly temperature dependent. In both p- and
n-type samples the risetime is much longer, about 10
sec, and is more temperature dependent. These results
again demonstrate the increase in response time in doped
samples, as in the other experiments. The initial, linear
portion of the rise curve is controlled by photogeneration,
and hence is proportional to the carrier drift mobility.
The undoped and n-type samples have a similar rate of
rise and are both clearly controlled by electrons. The de-
duced drift mobility is about 0.1 cm2/V sec at 300 K. In
contrast, the p-type sample has a much lower pho-
toresponse, giving a 300-K mobility of 10 cm /Vsec
and a stronger temperature dependence, clearly indicating
hole transport. The uncertainty in these values is about a
factor of 3 on account of errors in the measurement of the
excitation density.

Figure 9 shows the decay of photocurrent from quasi-
steady-state conditions after the light is turned off. The
results are consistent with the rise-time data, and again
the undoped sample shows the &post rapid response.
There is a slow component to the decay of the undoped
sample which appears as a shoulder near 10 sec at 300
K and at 10 sec at 250 K. This structure is possibly
due to long-lived holes, as the decay is similar to that in
the p-type samples.

A summary of the dc-conductivity activation energies,
room-temperature drift mobilities, and mobility-lifetime
products is given in Table II.

V. DISCUSSION

PH
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I I t I

108 10-7 10-6 10-5 10-4 10-3 10-2 10-1 1

DECAY TIME (sec)

FIG; 9. Decay of photoconductivity for the same samples as
in Fig. 8.

Our previous model assigned the defect luminescence at
10 K to a transition between band-tail holes and negative
dangling bonds. ' The transition was assumed to be the
same in both n- and p-type samples, which required that
in p-type material substantial saturation of the defects oc-
curred at low excitation intensities. This saturation, how-
ever, was never observed. The main evidence for this
model was the similarity of the luminescence spectra and
of the thermal quenching for the two types of doping. In
the present data the defect transition is observable to
much lower doping levels because of the higher measure-
ment temperature. The data in Fig. 1 show that different
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FIG. 10. Schematic density of states used to explain the
recombination and luminescence in doped and undoped a-Si:H.
The defect levels, the Fermi energy, and the various transitions
are shown.

peaks are present for the two doping types, and that this
difference extends down to the lowest doping level, and
thus cannot be attributed to a shift in the band gap. We
therefore conclude that, at least at 250—300 K, the transi-
tions are different, and there are two other pieces of evi-
dence to support this view. First, the light-induced ESR
measurements show that at 250 K the defects are definite-
ly not saturated at the typical excitation intensities used.
This result and the linear intensity dependence of defect
luminescence argue strongly against any model involving
saturation. Second, the comparable luminescence efficien-
cy observed with subgap excitation also cannot be under-
stood in terms of saturation.

Although the. previous model no longer holds, the
present data do provide some additional evidence that the
defect luminescence is indeed related to dangling-bond
recombination. Time-of-flight experiments reveal that
light doping results in fast trapping of minority carriers at
charged dangling bonds. " The boron-doped samples used
here are in fact from the same deposition as in that study.
It is very appealing to attribute the quenching of the
band-tail luminescence to the capture of minority carriers,
and the defect luminescence to recombination through
those defects. The fast minority-carrier trapping also ex-
plains the fast decay of the band-tail luminescence as seen
in Fig. 5.

The new luIninescence and ESR data therefore suggest
the model shown in Fig. 10. This model uses the density
of states deduced from our previous studies of dangling
bonds. " Undoped samples contain a low density (10
cm ) of predominantly neutral defects, while doping in-
creases the density of dangling bonds, which also become
charged because of the shift of the Fermi energy. ' Con-
sider first the doped samples and above-gap excitation.
Recombination occurs in two steps. The first is the cap-
ture of the minority carrier by a charged defect. This is
expected to be a monomolecular process, and the evidence
of transport data is that the capture rate is fast. " For ex-
ample, with 10-pp~-boron doping the 300-K trapping
time for electrons is about 10 sec. The second step is
the recombination of the majority carrier with the neutral
defect. This will be bimolecular provided the excess car-
rier density is larger than the equilibrium carrier density.
With subgap excitation the defects are directly excited, '

so that recombination is a single bimolecular process cor-

responding to the second step described above. Since the
luminescence has bimolecular characteristics and is the
same for both types of excitation, we conclude that the ra-
diative transition is the second step, as shown in Fig. 10.
An analogous argument applies to p-type material, so that
in each case the luminescence corresponds to the capture
of the majority carrier into the neutral dangling bond.

In undoped samples there are four transitions to consid-
er, of which two should be radiative and two nonradiative
according to the above discussion (see Fig. 10). The posi-
tion of the luminescence spectrum at 0.8 eV rather than
0.9 eV suggests that the dominant transition is the capture
of electrons by neutral defects.

Another aspect of the luminescence that deserves com-
ment is the low efficiency of the Dz and Dp transitions.
We believe that the correct interpretation of this observa-
tion is that the capture of carriers into any dangling bond
can proceed either radiatively or nonradiatively, and that
the relative rates do not vary substantially from site to
site. Hence, luminescence will be observed from transi-
tions at any dangling bond, but the efficiency is reduced
by the low statistical probability that any particular event
is radiative. The alternative possibility is that the
luminescence is internally efficient but originates from a
small subset of recombination centers unrelated to the
dominant mechanism. Our choice of model is based on
the two conclusions, namely that near 300 K the dom-
inant recombination is through dangling bonds, and that
the luminescence also occurs at the dangling bonds. Clear
evidence for the first point is given by the LESR data dis-
cussed above. Evidence for the second point is mostly cir-
cumstantial, but plentiful enough to be convincing. "

The thermal quenching of both defect peaks is known
to be very similar. ' ' Previously we used this fact as evi-
dence that the transition was the same in n- and p-type
a-Si:H, a model that our present data now show to be in-
correct. It remains, therefore, to account for the quench-
ing within the present model. Our earlier interpretation
was that the quenching was caused by excitation to the
band edge followed by a competing nonradiative process.
However, there is no such competing process, if the
recombination is essentially all through the dangling
bonds. We therefore suggest that the thermal quenching
represents the change in the ratio of radiative and nonra-
diative rates at a particular defect. Presently we do not
have a detailed model for the nonradiative process, which
is discussed further in Sec. VA. However, it seems
reasonable to suppose that its temperature dependence is
similar for capture of both electrons and holes.

The preceding results present a rather clear and con-
sistent picture of recombination based on the model of
Fig. 10. Measurements of luminescence and LESR, as
well as induced-absorption, photoconductivity, and time-
of-flight experiments, all are in qualitative agreement. In
addition, given the presence of gap states originating from
dangling bonds, the proposed model is the most obvious
one, being the Shockley-Read mechanism.

However, there are many details of the recombination
yet to be resolved. The remainder of the discussion will
focus on two of these, namely the deep trapping mecha-
nism and the doping dependence of the recombination
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rates. As we shall see, further work is needed to resolve
these questions.

A. Defect energy leve1s and trapping mechanisms

If the defect luminescence is a transition to a neutral
dangling bond, as indicated in Fig. 10, then the lumines-
cence energy provides information about the trap depth.
To obtain this information we must first discuss some
small corrections concerning the normalization of the
spectrum. As in our previous measurements, the data are
normalized to give the energy density of the luminescence.
In order to facilitate comparison with other data, the re-
sults should be corrected for the energy per emitted pho-
ton. This results in a shift of the peak to lower energy by
S /2EO, where S is the Gaussian width of the peak and
Eo is the peak energy. For the defect peaks the correction
is about 0.03 eV, so that at 250 K the peak energies are
0.78 and 0.88 eV. Furthermore, in order to compare these
data with other data taken at.room temperature, there is a
further correction of —0.02 eV for the temperature shift
of the luminescence energy. The experimental uncertainty
in the peak energy is estimated to be about 0.03 eV, but is
hard to determine since it is probably dominated by errors
in the normalization procedure.

Thus, the 300-K capture of an electron by D gives
weak luminescence at about 0.75 eV in n-type material
and 0.85 eV in p-type material. Deep-level transient-
spectroscopy (DLTS) data show the energy level of D to
be 0.8—0.9 eV below the conduction-band mobility
edge. ' ' The spread in the energy includes an uncertain-
ty of about 0.05 eV originating from the estimate of the
prefactor in the thermal excitation rate. The equivalent
trap depth for holes is as yet unknown. A comparison of
the DLTS peak (from Ref. 20) and the corrected lumines-
cence spectrum in Fig. 11 shows that the bands are indeed
of comparable shape and position. The defect correlation

10,

energy has been estimated to be -0.3 eV with an uncer-
tainty of -0.1 eV. Both luminescence transitions may
have Stokes shifts arising from distortion energies denoted
by II'~ and W~ for n- and p-type samples. We also as-
sume for the moment that the initial state of the transi-
tion is below the mobility edge by an energy E~ and Ez
in the two cases. Hence, if the separation of the mobility
edges is EG, then

EG ——0.75+0.85+0.3+8~+ S'p+E~+EI
=1.9+ 8'~+ Wp+E~+Ep,

and in regard to the DLTS data,

0.8=0.75+ 8'~+E~ .

Since the mobility gap i.s believed to be no larger than
2.0 eV, ' it is evident that 8'~, 8~, E~, and EI are all
small. This leads us to two conclusions, namely that the
defect luminescence represents a transition from the mo-
bility edge or very near it, and that the Stokes shift is
small. Recent analysis suggests that trapping at dangling
bonds does indeed occur from close to the mobility edge.
On the other hand, the band-tail luminescence evidently
occurs from deeper tail states. The difference can be seen,
for example, from the temperature dependence of the
luminescence energy, which follows the band gap for the
defect peaks, ' but is much stronger for the band-tail
peak. ' %'e suggest that the distinction arises because
capture at the defect is largely nonradiative, whereas the
band-tail transition is radiative. The band-tail transition
is determined by the competing process of thermal excita-
tion and diffusion away of weakly bound carriers, so that
only the deeper states give luminescence. On the other
hand, the defect transition reflects the dominant trapping
process, which is from near the mobility edge. A
schematic energy-level diagram of our recombination
model is shown in Fig. 12.

The small distortion energy, apparently no greater than
about 0.05 eV, compares with a larger estimated value of
0.2—0.25 eV for the band-tail transition. ' lt is unusual
for a lower-energy transition to have a smaller distortion,
but in this case it can perhaps be understood. The distor-
tion energy of the band-tail transition has been attributed
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FIG. 11. Comparison of the DLTS band (Ref. 20) and the
luminescence spectrum of n-type a-Si:H. According to the
present model, both experiments measure the same transition.
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to the relatively deep holes, ' and we argue that the re-
moval of an electron from a bond will weaken the bond
and relax the local network. Band-tail electrons apparent-
ly have a much smaller distortion energy, possibly because
they are less strongly localized than holes. The initial
state of the defect transition is evidently close to the mo-

bility edge, and therefore also weakly localized, and thus
should not result in much relaxation. The final state of
the transition is the dangling bond. Since this state is
nonbonding, a change in electron occupancy may not re-
sult in significant relaxation of the lattice. In fact, calcu-
lations [J. Northrup (private communication)] reveal that
there is indeed very little relaxation of a dangling bond be-
tween its different charge states. It is possible that the Dz
transition has a larger distortion energy than the Dp tran-
sition because the former transition involves holes. The
broader spectrum is consistent with this suggestion.

The small distortion energy has implications for the
possible recombination mechanisms. Our explanation of
the low efficiency of defect luminescence is that most of
the electrons recombine at dangling bonds nonradiatively.
There is a well-established criterion for multiphonon tran-
sitions, namely that the nonradiative rate only exceeds the
radiative rate when the distortion energy is half the
luminescence energy. The present case requires
8'»0. 35 eV, which is too large to be compatible with
the other energy-level measurements. An Auger transi-
tion also does not seem to be a possibility within the
present model because there is insufficient energy to excite
a second carrier.

A related point concerns the magnitude of the
dangling-bond capture cross section and its temperature
dependence. According to the theory of multiphonon
transitions, a cross section of order 10 ' cm with a
weak temperature dependence, as observed by time-of-
flight measurements in a-Si:H, requires the distortion
energy to be of similar magnitude as the trap depth, and
therefore about 0.8 eV. Again, this value is much larger
than the measured one.

The multiphonon model therefore does not seem to ap-
ply immediately to a-Si:H. Assuming that the theory of
such transitions is essentially correct, we consider two al-
ternative explanations. One possibility is that there is a
distribution of dangling bonds such that the luminescence
occurs at only a small fraction of states. For example, the
deepest states might be expected to have a larger lumines-
cence efficiency because the competing multiphonon rate
is reduced. In addition, the distortion energies may have a
wide distribution, not necessarily corresponding to the dis-
tribution of defect energies. In this case the luminescence
would tend to originate from the states with the smallest
distortion energy, and the large capture cross sections
from states with a large distortion energy.

The alternative explanation is that there may be inter-
mediate states in the defect transition. If these were
present, then the capture cross section could be explained
by a cascade process without requiring a large distortion
energy, because the multiphonon rate depends exponen-
tially on the energy released in the capture process.

Although the dangling bonds are undoubtedly distribut-
ed in energy, as seen from the DLTS data in Fig. 11,

a'nd probably also in the size of their distortion, it seems
unlikely to us that the distribution is large enough to be
the only explanation. We believe that the presence of in-
termediate states is indicated, being the only obvious alter-
native, and this possibility should be explored further. In
this case the luminescence would correspond to direct
capture from the mobility edge, whereas the recombina-
tion usually goes through the intermediate state, as indi-
cated in Fig. 12. Little is known about whether or not the
dangling bond has excited states in the gap. One possibili-

ty is that the antibonding states of the back bonds are
brought down into the gap because of the lower coordina-
tion. An alternative possibility is that the dangling bond
is associated with a small void of sufficient size to localize
an excited state. The most obvious way to observe such
states experimentally is by optical absorption at low ener-
gy. The transition from ground to excited state would
have the characteristic feature of not exciting photocon-
ductivity, since in order for the mechanism to operate, the
return to the ground state must be more probable than
release into the band. Nonphotoconductive absorption is
indeed observed below about 0.8 eV in u-Si:H. Howev-
er, at present this has not been studied sufficiently to draw
any firm conclusions as to its origin.

B. Recombination rates

The decay measurements provide specific data about
the recombination rates, and it is of interest to compare
the various experiments. The recombination in doped
samples is governed by bimolecular kinetics, and it must
be recognized that the details of the decay may be
governed by dispersive transport. Nevertheless, the
steady-state density of excited carriers No is given by Gr,
where 6 is the generation rate and ~ is an average life-
time. The initial decay (e.g., the time for the density to
fall by a factor of 2) is a measure of r.

%'e have already pointed out that luminescence mea-
sures dN(t)/dt rather than N(t), which results in a faster
decay. . Light-induced ESR, photoconductivity, and in-
duced absorption are therefore more appropriate measures
of the recombination, and each gives decay times of order
10 sec in n-type samples. According to our model, the
rate-limiting recombination is the bimolecular capture of
electrons into holes trapped at neutral dangling bonds.
For capture of electrons into neutral dangling bonds in
undoped samples it is found, from time-of-flight data,
that @~X,=2.5&10 cm 'V ', where p is the electron
drift mobility, r is the trapping time, and N, is the densi-

ty of defects. " This quantity depends only slightly on
temperature. In a typical LESR experiment, such as in
Fig. 6, the steady-state spin density is -3&10 cm
Assuming the electron mobility to be 0.1 cm /V sec at 250
K yields ~-10 sec, which is 4 orders of magnitude less
than the observed times. A similar estimate for holes
gives a longer lifetime of about 10 sec because the hole
mobility is much smaller; this value, however, is also
much less than the measured ones. The decay in undoped
samples is much faster (Figs. 3, 6, and 9) and, therefore,
more in line with the time-of-flight data. Nevertheless,
the LESR decay is substantially longer than expected, al-
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though the photoconductivity data agree well with the
time-of-flight data.

It could be argued that the effective mobility is lower
than that given by time-of-flight data because of
dispersive-transport effects and band tailing, During pro-
longed illumination the population of deep band-tail states
will build up and lead to an apparent reduction in the mo-
bility of those carriers. The type of power-law response
observed in the decay has been analyzed in terms of the
dispersive process involving band-tail states. ' Although
this seems to be a plausible explanation in undoped sam-
ples, it is not so in n-type material. For example, in n-

type samples at doping levels above 10 ppm, the Fermi en-
ergy is only -0.2 eV below the conduction band and elec-
trons cannot thermalize to lower energy. The release time
is cooexp( EF/k—T), which is about 10 sec. Hence, elec-
trons at the Fermi energy come into thermal equilibrium
with the band very quickly, and an explanation of the
long decay times in terms of dispersive transport is not
possible. Indeed, even in the absence of excess carriers the
electrons equilibrating with the Fermi energy will contri-
bute to the recombination with a rate given by

where n is the free-carrier density, o. is the capture cross
section, and u is the free-carrier thermal velocity. Xo is
the density of trapped holes (neutral dangling bonds), and
we assume that trapping occurs only from the mobility
edge. The dark conductivity oa is given by nepo, where
po is the free-carrier mobility, so that

Taking measured values for 100-ppm doping, crD ——10
0 ' cm ', @II=10 cm /V sec, u = 10 cm/sec, and
~=10 sec, then o.-10 ' cm . This value compares
with o -10 Is cm obtained for neutral dangling bonds in
undoped material using the same values for pu and u.

Our results therefore show that the apparent trapping
rate of electrons at D is lower in n-type a-Si:H compared
to undoped material by several orders of magnitude.
There seem to be three possible mechanisms that can ex-
plain this result.

(1) The capture cross section could indeed bc less than
that in undoped material because different defects are in-
volved. Doping is known to introduce defects, so it is
clearly possible that these have a different structure from
tllose 111 lllldopcd saIIlplcs. Indccd, R dcfcc't-IIIlpul lty pRII
has been suggested previously by us. On the other hand.
the required change in o of a factor of 10 or more sug-
gests a grossly different defect structure. However, the
ESR and luminescence spectra of the defect are essentially
1ndistlngu1shable 1Q doped and undoped material, lndlcat-
ing that both the defect structure and its energy level are
Qot substantially changed. '

(2) Electrons may be prevented from reaching neutral
defects by some inhomogeneity in ihe doped samples.
One possibility is long-range potential fluctuations intro-
duced by the Coulomb interaction of the distribution of
charged defects and dopants. After excitation, holes will
tend to move to defects in just those regions excluded by
electrons, making recombination less probable. This

model can readily explain why the recombination times
become progressively longer with increased doping since
the density of charges increases. Another attractive
feature is that potential fluctuations have been suggested
to account for the difference between thermopower and
conductivity data, and for the Meyer-Neldel rule, in
which the conductivity prefactor depends on the position
of the Fermi energy. ' Within this model there is a poten-
tial barrier to impede recombination so that the decay
time might be expected to be activated. , but this is not ob-
served experimentally. However, a distribution in barrier
heights would weaken any temperature dependence. In
addition, subgap excitation should be less selective of fluc-
tuations that exclude electrons, and yet the decay data are
essentially the same as.for above-gap excitation.

(3) The capture cross section may have a broad distribu-
tion that is sampled differently by different experiments.
There have been several occasions when such a distribu-
tion has led to apparent inconsistencies, and this possibil-
ity definitely exists in the present case. For example, the
steady-state density of excited states is Gr and thus will
be dominated by those states with the largest ~. In un-
doped samples, the time-of-flight experiment measures the
behavior of a few carriers in the presence of many defects.
In this case, recombination will be dominated by those de-
fects with the smallest I.. Hence, a distribution of cross
sections spanning three or more decades could account for
some of the results. In fact, the nonexponential form of
the decay indicates that there may be a distribution of
recombination times covering this sort, of range.

It is possible that each of these mechanisms contributes
to some extent. At present we do not have the informa-
tion to make any further conclusions. In particular, we
need a better understanding of whether potential fluctua-
tions exist in a-Si:H, measurements of the distribution of
capture rates, either by DLTS or time-of-flight measure-
ments, and more details about how the drift mobility is
influenced by doping.

VI. SUMMARY AND CGNCI. USIONS

%'e have measured luminescence, LESR, and photocon-
ductivity of a-Si:H in the temperature range 200—300 K.
Tllc low-cllcl'gy lllInlllcsccIlcc tI'RIlsltlon Is Rt R dlffclcllt
energy in lightly doped n- and p-type material, den. on-
strating that two distinct transitions occur. Transient
data reveal that there is a distribution of decay times, with
an intensity dependence indicative of bimolecular recom-
bination. The quantum efficiency of inducing LESR is
measured and shows that dangling bonds dominate the
recombination. The observed decay times of lumines-
cence, LESR, and photoconductivity, and their depen-
dence on 1ntens1ty and doping~ are all slmllar when al-
lowances are made for the different experimental details.

Our conclusions from these results are as follows:
(1) The previous model' we proposed to explain the

low-energy, defect-related luminescence transition is in-
correct, at least for temperatures above 200 K. We now
propose that the luminescence, in both n- and p-type ma-
terial, is the capture of majority carriers from near the
mobility edge into neutral dangling bonds. Consideration
of the energy levels leads us to conclude that the transi-
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tion occurs with only a small Stokes shift.
(2) From the rise time of light-induced ESR we con-

clude that recombination through dangling-bond levels is
the dominant recombination mechanism. The data are
consistent with this process accounting for virtually all of
the recombination, although the experimental uncertainty
in the result is substantial.

(3) A single multiphonon transition does not seem able
to account for the capture of carriers into dangling bonds.
Instead, we propose that a cascade capture mechanism
occurs, although we cannot yet identify the excited states
involved. However, there is some evidence for the ex-
istence of such states.

(4) The recombination times in doped samples are much
longer than in undoped samples. Analysis of the data-

shows that these times are apparently incompatible with
the trapping rates deduced for undoped a-Si:H. We dis-
cuss the possible reasons for the difference„but without
reaching any firm conclusions. However, we believe that,
particularly in n-type a-Si:H, the decay data cannot be ex-
plained by a dispersive-transport mechanism.
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