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A comprehensive study is presented of the effects of isochronal annealing on the optical proper-
ties, spin density, and hydrogen evolution of plasma-deposited a-Si:H films grown under optimal
conditions. In contrast to studies covering a wide range of growth parameters, purely monotonic
behavior is observed in most of the properties of these films for annealing temperatures from 300 to
600 C. While changes in the optical gap parallel the hydrogen content of the films, the quenching
of the main luminescence band more closely reflects the spin density. Two quenching processes,
occurring on very different time scales, are observed in time-resolved measurements of this band.
Both depend on spin density, and are modeled as two different trapping mechanisms at dangling-
bond defects. An additional luminescence band peaking at about 0.7 eV is studied, which is
enhanced by annealing up to 525'C, and quenched above. The ratio of intensities in the two bands
scales linearly with spin density, and we propose that the 0.7-eV band represents radiative recom-
bination between an electron in a conduction-band-tail state and a hole trapped at a dangling bond.
We present a simple quantitative model of the competing radiative and nonradiative processes that
self-consistently accounts for the observed cw and time-resolved optical properties of both bands.
These results are compared with a variety of other measurements in amorphous and microcrystalline
Si.

I. INTRODUCTION

The evolution in the properties of a-Si:H films subject-
ed to a progression of high-temperature anneals provides
insight into basic questions of composition, bonding, and
electronic states in these materials. In particular, studies
of the temperatures at which hydrogen is emitted from
the sample, and of the changes in spin density and optical
characteristics associated with this process, provide direct
information on the role of hydrogen in the optical and
electronic properties of a-Si:H. Previous studies' ' have
examined the effects of annealing on samples with a broad
range of deposition parameters, emphasizing the differ-
ences due to sample-preparation conditions. These stud-
ies, supported by other measurements, have defined
growth parameters which produce the highest-quality ma-
terials. Such high-quality films are characterized by elec-
tronic properties that allow some of the same applications
as for crystalline semiconductors. In this paper we focus
specifically on these technologically useful materials
grown under close to optimal conditions. We present a
coinprehensive study of the effects of annealing on the op-
tical properties, and relate these effects to the spin density
and hydrogen content of the films.

The temperature range for sample annealing was taken
from slightly above the anode temperature used during
growth (250'C) to a temperature known to produce com-
plete hydrogen evolution (about 650'C). Two sets of an-
nealing experiments were performed. In the first a num-
ber of different samples grown at different [SiH4]/[Ar]
gas ratios were each subjected to a series of 20-min an-

neals at 25'C temperature intervals. This provided a
comprehensive picture of the pattern of spin creation and
hydrogen evolution with annealing in these films. In the
second set of experiments identical samples (i.e., films
grown simultaneously) were annealed separately, each at a
different temperature. The hydrogen evolution and spin
densities were found to follow the same pattern as for pro-
gressively annealed films.

Optical measurements including absorption, cw
luminescence, time-resolved luminescence, and Raman
scattering were subsequently performed on these films and
the optical properties correlated with hydrogen evolution
and spin density. In an earlier paper' we reported the
behavior of the main luminescence band and of the nar-
rower band at 0.7 eV as a function of spin density, and
presented a model of the dynamics leading to recombina-
tion in these two bands. In this paper we examine this
model in more detail and compare the results with other
measurements in these materials.

II. EXPERIMENTAL TECHNIQUES

A. Sample preparation

Fused quartz substrates used in this experiment were
cut into 5 mm&&5 mm squares from 10-mil-thick sheets.
After cutting, the pieces were etched for 5 min in a solu-
tion of distilled H20 (30 cm ), HNOi (15 cm ) and HF (2
cm ), then washed in hot distilled H20 and dried. Films
of undoped a-Si:H were plasma-deposited from high-
purity SiH4 in Ar onto the quartz substrates. For the pro-
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gressive annealing experiments, six runs were made with
gas concentration (volume percentage of SiH4 in Ar) rang-
ing from 3 to 100 vol%. Substrates were held at 250'C
for each film deposition. For the experiments measuring
the optical properties after single temperature anneals, ten
films were grown simultaneously on roughened fused sili-
ca substrates at a gas ratio of 10 vol% SiH4. The 13.5-
MHz power level was set at 5 % capacitively coupled into
plates 5 cm in diameter with a 1.5-cm spacing. No ap-
parent dc bias was present. The gas flow through the sys-
tem metered by precision fiow meters was 50 standard cu-
bic centimeters per minute for all seven runs. The deposi-
tion pressures were all in the range 0.36—0.49 Torr and
are listed in Table I together with the other sample
characteristics. Included are the growth rates, which de-
pend on both the deposition pressure and the SiH4 dilu-
tion ratio. The film thicknesses were measured using a
scanning electron microscope (SEM), and varied from
0.64 to 2.39 pm.

Our samples were positioned on the anode plate of the
system during growth. This has been shown in other
studies, using mass spectroscopy, to produce samples that
have no detectable argon and evolve only hydrogen when
annealed. ' Relatively thin samples were chosen to mini-
mize columnar growth and structural defects on the sam-
ple morphology. ' Thin films were also chosen to prevent
separation of the a-Si:H film from the quartz substrate
during high-temperature anneals. This was particularly
important for the samples grown at high-dilution gas ra-
tios, where recent work' has revealed higher levels of
stress in the films.

B. Annealing procedures and measurement of hydrogen
evolution and electron-spin resonance

For annealing, the sample was placed in a chamber
which was originally evacuated to below 2&10 Torr.
The chamber was sealed during the anneal of the sample.
The hydrogen evolution was calculated from the measured
rise in pressure after correcting for the rise due to the
simultaneous outgassing of the chamber itself. For the
progressive annealing experiments the sample was re-
moved from the system after each 20-min anneal for ESR
measurements. This entire process was repeated at inter-
vals of 25'C beginning at 300'C and terminating at either
650 or 675 C. For the samples annealed at a single tem-

perature, each of seven of the ten identical films was an-
nealed for 20 min as described above at one of the follow-
ing temperatures: 300, 400, 500, 525, 550, 570, and
600'C. Two samples were measured as-grown, and the fi-
nal identical film was annealed at 500'C in the same
manner, but for a period of 4 h. The hydrogen evolution
from these samples was measured by the same procedure,
and the samples were removed from the furnace for ESR
and optical measurements.

The spin signal was measured at room temperature
with a Varian Associates E-4 ESR spectrometer. A
modulation field of 12.5 6 peak-to-peak amplitude at 100
kHz was typically used for maximum sensitivity.
Linewidth measurements were made with a 1- or 2-G am-
plitude. The signal-to-noise ratio was also optimized by
using rather a large microwave power (20 mW). The ab-
solute spin density of each sample was calibrated against a
Varian Associates strong-pitch standard source of 10'
spins.

C. Optical measurements

A number of cw and pulsed optical measurements were
performed on the films annealed at single temperatures.
Room-temperature absorption measurements were taken
with a standard ir spectrophotometer. The cw lumines-
cence spectra were excited with the 5145-A line of an
argon-ion laser and detected with cooled Ge and InAs
photodiodes using lock-in techniques. The spectral range
of the two detection systems overlapped in the (0.8—1.0)-
eV region, perinitting continuous spectral data from 0.6 to
1.65 eV. Since a-Si:H has long-lived photoluminescence
(PL) components, the chopper for lock-in detection was
placed in the collection optics rather than in the exciting
beam. In this way the true cw PL was monitored with no
loss of contributions from long-lived states. The spectra
were corrected for the response of the monochromator
and diode detection systems. Absolute quantum efficien-
cies are very difficult to measure with any accuracy for
samples grown on roughened substrates. Consequently,
the data presented here are given only as relative efficien-
cies. Although there is some evidence that the cw quan-
tum efficiencies of similar films approach unity, at-
tempts in our laboratory to measure the integrated effi-
ciency of high-quality films such as these after pulsed ex-

TABLE I. Sample characteristics.

Sample
SiH4

(vol %%)

100
30
10
10
3
3

d
(pm)

0.64
0.71
2.05
1.28
2.39
1.12

Growth rate
(A/s)

3.6
3.9
2.9
7.1

3.3
6.2

Deposition
pressure

(Torr)

0.48
0.44
0.36
0.49
0.36
0.41

(at. %)

10.1
12.7
18.3
15.4
20.8
13.0

Total hydrogen
evolved

(102' cm 3)

5.03
6.34
9.15
7.73

10.4
6.53

Maximum spin
density

(10' cm )

2.52
1.43
1.6
1.67
1.33
1.43

7 (A—J) 10 1.4 3.9 0.36 Identical samples annealed
at different temperatures
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citation have resulted in considerably smaller estimates on
the order of 10%%uo.

Pulsed PL measurements were taken with 15-ns excita-
tion pulses from a frequency-doubled Nd: YAG
(neodium:yttrium-aluminum-garnet) laser (5320 A) and
Ge photodiode detection. The Ge-diode response varies

by only -30%%uo across the main PL band. Thus by insert-
ing a long-pass filter in the collection optics to eliminate
scattered laser light, a good approximation of the spectral-
ly integrated decay of the main PL band is obtained. The
luminescence band observed at 0.7 eV makes little contri-
bution to these measurements as the Ge responsivity falls
rapidly below 0.75 eV. To study the decay of the 0.7-eV
band, a long-pass filter transmitting below 0.78 eV was
used in the collection optics. For both cw and pulsed PL
measurements, the samples were placed in a temperature-
controlled fiowing-He-gas optical cryostat.

Exposure to intense light, especially at room tempera-
ture and above, is known to induce additional spins in a-
Si:H associated with the Staebler-Wronski effect. ' '
Consequently, we have taken care to avoid exposure of
our samples to intense laser light at noncryogenic tern-

peratures. Even at low temperatures, we observe some de-
gradation of the photoluminescence quantum efficiency
after long, intense exposure, requiring that data collection
be carried out with minimal exposure. Since the data
scale consistently with the spin densities measured prior
to optical excitation, the effects of exposure appear to
have no significant effect on the results presented here.

III. HYDROGEN EVOLUTION AND DEFECT
CREATION WITH PROGRESSIVE ANNEALING

Figure 1(a) shows the atomic percent of hydrogen
evolved at each temperature after a 20-min anneal for
four samples in which the ratio of SiH4 to Ar in the plas-
ma was varied from 3 to 100 vol% SiH4. The growth
rates for these films varied from 3.6 to 7.1 A/s, but the
films are all thin, 0.6&d &1.3 pm. The shapes of the
evolution peaks in the temperature range 450—550'C are
roughly the same. Figure 2 is a comparison of the atomic
percent of hydrogen evolved at each anneal temperature
for two 3-vol%%uo SiH4 films, samples 5 and 6, whose
thicknesses and growth rates differ by a factor of -2
(1.12 IMm at 6.2 A/s versus 2.39 p,m at 3.3 A/s). The
appearance of a second peak between 300 and 400'C in
only one of the films clearly shows that even the qualita-
tive shape of the evolution curves can vary as a function
of parameters such as growth rate or thickness, even when
these parameters are within ranges which yield high-
quality materials. The SiH4 dilution ratio also plays a
role since samples 3 and 4, which have growth rates and
thicknesses comparable to samples 5 and 6, but were
grown at 10 vol% SiH4 to Ar, show no appearance of the
low-temperature peak in either film. The evolution of hy-
drogen in this low-temperature region has been found to
be diffusion-limited. ' The more rapid release observed
here in thicker films grown at very low SiH4 dilution ra-
tios may be indicative of a more porous structure. In or-
der to avoid materials with these unique properties, thin
films grown at 10 vol%%uo dilution ratio were chosen for the
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optical measurements presented here.
The hydrogen evolved during the anneal at each tem-

perature was integrated into a measurement of the total
evolved hydrogen density as a function of temperature.
The data for the six a-Si:H samples studied are shown in
Fig. 3. The total integrated hydrogen concentrations
evolved from the various samples by annealing up to 650
or 675'C are summarized in Table I. Note that all six
samples fall in the range from 10.1 to 20.8 at. %%uohydro-
gen.
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FIG. l. (a) Atomic percent of hydrogen evolved at each pro-
gressive anneal temperature for four thin a-Si:H films (d & 1.3
pm}. (b) Differential increase in spin density after each anneal
for the same samples.
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FIG. 2. Atomic percent of hydrogen evolved at each progres-
sive annealing temperature for the two 3-vol% SiH4 films, sam-
ples 5 and 6, which varied in thickness and growth rate.
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FIG. 3. Comparison of the cumulative densities of evolved
hydrogen and spin formation.

The ESR parameters monitored in conjunction with the
H evolution agree generally with measurements made in
previous studies. ' After the 500'C anneal we observed a
linewidth of approximately 5 G which decreased to about
4 G after the 650'C anneal. The g factor observed was
typically near 2.006.

The cumulative ESR spin-density increases produced
by the hydrogen-evolution heat treatments are also shown
in Fig. 3. The spin signals for most samples annealed
below 400'C were below the resolution limit of around
5 X 10" spins (corresponding to a spin density of approxi-
mately 10' cm ) despite a significant amount of hydro-
gen evolution. The spin density of samples grown with a
10-vol% or greater concentration of SiH4 increased ex-
ponentially with temperature to around 550'C. Peak sig-
nals of approximately 1.5 X 10 spins cm were observed
at annealing temperatures near 625'C. Annealing at tem-
peratures greater than 625'C produced a marked decrease
in spin signal in the 100-vol% SiH4 sample. This is as-
sumed to result from structural changes such as the
growth of microcrystallites. The spin signal of samples
grown with 3 vol% SiH4 increased more slowly and
nonuniformly. A larger spin density was observed for
samples grown with higher SiH4 concentrations, yielding
a maximum signal of 2.5X10' spinscm for the 100-
vol% SiH4 sample.

The differential increase in spin density as a function of
annealing temperature is shown in Fig. 1(b) for the four
thin samples. Note that the dominant spin signal increase
occurs at the high-temperature side of the hydrogen-
evolution peaks. Thus the release of hydrogen at lower
temperature occurs without creation of states with un-
paired electrons. This is consistent with the model of
John et al." in which the low-temperature evolution
proceeds via the release of molecular hydrogen from re-
gions of the film where bound hydrogen atoms are in
close proximity. Such multiple defects may subsequently
reconstruct to form spinless states in which all the elec-
trons are paired.

A comparison of the net hydrogen content of the films
and the maximum spin density created indicates that the
two are inversely related, i.e., the maximum spin density
is greater in samples that evolved less hydrogen. This is a
surprising result. Hydrogen is generally believed to re-
move dangling-bond-like defects from a-Si; thus one
might expect that the evolution of more hydrogen should
uncover more defects. These results suggest that the
dangling-bond density is not simply related to the amount
of hydrogen evolved in the 500'C peak, but that both are
more directly determined by the [SiH4]/[Ar] ratio during
growth. On the other hand, discrepancies have been not-
ed' in highly hydrogenated films between the dangling-
bond densities derived from the shoulder in the optical-
absorption spectra and from ESR measurements. It has
recently been suggested' that in high-hydrogen-content
films where dangling bonds may be in closer proximity,
spin-spin interactions may reduce the sensitivity of the
spin-resonance signal, leading to a systematic underesti-
mate of the ESR-derived spin density in these materials.
If this is the source of the trend observed in the cumula-
tive spin density shown in Fig. 3, then we estimate slightly
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more than an order of magnitude underestimate of X, in
the 10-vol% SiH4, samples used in the optical measure-

ments.

200

350

& &00

TABLE II. Results of ESR and hydrogen-evolution measure-
ments.

Sp1n Hydl'ogen
dens1ty evolved

(10' cm ) (10 ' cm )

Hydrogen
content
(at. %)

~ 0.1

~ 0.1

~ 0.1

0.2
1.6
5.9
3.7
5.8

14
37

0.7
2.65
S.3
7.65
6.0
8.25
8.2
9.8

20
20
18.6
14.6
9.4
4.7
8.0
3.5
3.6
0.4

'Anneal time 4 h. All others 20 min.

In order to assess the effects of annealing on the optical
properties of high-quality a-Si:H films, eight of ten iden-

tical samples (i.e., films grown simultaneously) were each
annealed at a single temperature in the range 300—600 C.
Tllc 1csulfs of ESR Rnd llydl'ogcll-cvollltloIl mcasurcmcnts
for these samples, which are listed in Table II, fall within

the range of values measured for the progressively an-

ncalcd samples. Thc similarity 1n bchav101 indicates that
a sampled annealed progressively to a given maximum
temperature is similar in net hydrogen evolution and spin
density to a sample annealed only at the maximum tem-

perature. In other words, the highest-temperature anneal
has by far the greatest effect on the sample. This is con-
sistent with the assumption of a range of hydrogen-bond
energies E~ and escape rates that depend exponentially on
the ratio EII/kT. At a given temperature, the rates for a
certain bond strength are just becoming significant, and

Rll wcRkcl bonds Rrc rapidly broken, IclldcI1Ilg thc 1Rck of
previous lower-temperature anneals irrelevant. The 4-h
anneal of sample 7F evolved more hydrogen and created a
larger spin density than the 20-min anneal of sample 7E
at the same temperature, causing effects more similar to
the 20-min, 550'C anneal. This pattern is reproduced
throughout the optical data, indicating that the extended
tilne compensated for the slower rates operant at the
lowcI' tcmperatuI'c.

Absorption spectra of these films reveal changes both in

the position and shape of the absorption edge. As seen in

Fig. 4, the low-energy shoulder becomes more prominent
%'1th annealing» cxtcndlIlg almost to thc hlghcst IIlcasurcd
values of the absorption coefficient a. As a result, the
linear section in plots of &aE versus E typically used to
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FIG. 4. Plots of the absorption coefficient a»d +~E
versus photon energy E. The optical gap of the as-gfo%'n sam-

ple, determined from the intercept of the linear fit in the high-u
reg1OIl, corresponds to &=3.6+ 10 cm . The opt1cal gaps of
the annealed samples, which do not exhibit a clear linear region,
are defined as the energies at which a attains this value.

define an optical gap, becomes overshadowed. The linear
extrapolation for the as-grown sample yields a value of
1.64 CV for the optical gap, corresponding to a=3.6 X 10
cm . Fol collslstc11cy, tllclcfol'c, wc define tllc optical
gap Eo for the annealed samples as the energy at which a
reaches this magnitude. This determination of EG is still
subject to interference from significant changes in the
shape of the low-energy shoulder, and considerable uncer-
tainty remains. Nevertheless, a clear trend is evident: EG
dccIcascs steadily w1th anneal temperature. An alterna-
tive definition of EG, such as Eoz or E04, i.e., the energy
at which a is 10 or 10 cm ', respectively, slightly shifts
the data to the higher or lower energy without disturbing
this trend. In Fig. 5, EG is plotted versus hydrogen con-
tent of the film.

Thc cw IUITl1ncsccncc spcctla arc shown 1n Flg. 6. Thc
peak energy, EI, of the main luminescence band shifts
from about 1A eV in sample 7A (as-grown) to about 0.95
eV in 7J (600'C anneal). EI is plotted versus hydrogen
content in Fig. 5. The gap between EG and EI and the
width of the spectra remain approximately constant
across the range of annealing temperatures. Since EG was
measured at room temperature and EI at 15 K, the differ-
ence E~ —Ep 1ncludes the change I band gap between
these two temperatures. The peak intensity of the main
band is plotted versus spin density in Fig. 7(b).

An additional band is observed at about 0.7 CV in the
annealed samples. Voget-Grote et a/. have also reported
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a band in this region that is enhanced by annealing. Our
data show that this band grows dramatically between 400
and 500'C anneal temperatures, reaching a maximum
strength with the 525'C anneal. Higher-temperature an-
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FIG. 6. Photoluminescence spectra as a function of anneal
temperature. Error bars represent frequency-dependent scatter
in the data.
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FIG. 5. Room-temperature optical gap and low-temperature
luminescence-peak position versus hydrogen content of the
films. The solid line is a linear fit between the 1.14-eV band gap
of crystalline Si and the calculated (Ref. 21) 3.0-eV band gap of
the fully polysilanated structure (SiH2)„. The circles represent
20-min anneals; the triangles represent 4-h anneals. The dashed
line through the luminescence data is a guide to the eye.

neals, as well as the longer anneal at 500'C, reduce the
strength of the band. This quenching is not as severe as
for the main luminescence band, however, and at the
highest anneal temperatures the 0.7-CV band dominates
the spectrum. The peak intensity of this band is plotted
versus spin density in Fig. 7(d). The peak position of this
band does not shift perceptibly with anneal temperature.

Room-temperature Raman spectra were also taken to
examine the extent of crystallinity in these annealed sam-
ples. Although the roughened substrates result in consid-
erable diffuse scattering which interferes with sensitive
Raman measurements, an upper limit of 1% could be
placed on the extent of crystalline regions larger than
-50 A in radius, even in the film annealed at 600'C.

The pulsed experiments reveal interesting changes with
annealing in the PL decay statistics of the luminescence
bands. In Fig. 8(a) the spectrally integrated intensity
versus time of the main PL band is displayed for a subset
of the samples. In Fig. 8(b) the data have been converted
into a density of rates approximated by G(t)=tI(t).
From these two figures it is evident that a large part of
the intensity loss is due to a competing nonradiative pro-
cess which uniformly depletes all of the luminescing
states. An additional loss mechanism occurs at later
times. This is clear from the steeper slope and the drop in
the density of rates at longer times in Figs. 8(a) and 8(b),
respectively. To study these two loss mechanisms of the
main luminescence band individually, we have measured
the spectrally integrated intensities at 100 ns, well before
the loss due to the slower process becomes significant.
This allows us to isolate the effects of the early-time non-
radiative process and to examine its dependence on anneal
temperature and spin density. The 100-ns intensity of the
matn band 1S plotted vcl'slls sp111 dcnsIty 1I1 FIg. 7(a).

Similar measurements of decay rates were made on the
0.7-CV band. The decay curves and denstty-of-rates dIstrI-
butions for luminescence energy, EPI, & 0.78 CV, are
shown in Figs. 7(c) and 7(d). Since the response of the Ge
detector falls in this region, spectrally integrated data tend
to overemphasize contributions from the high-energy side
of the band. As a result, there may be some interference
from the tail of the main luminescence band that extends
into the high-energy range of these measurements, espe-
cially in samples annealed at low temperatures where the
main PL band still dominates the spectrum. The main
trends with annealing evident in Fig. 8(d) are a rise of the
entire distribution of rates followed by a fall which in-
cludes immediate and long-time quenching effects. As
with the main PL band, the two quenching mechanisms
are operative on very different time scales, allowing the
effects of the fast process to be isolated by monitoring the
intensity of 100 ns. The cw peak intensity and the spec-
trally integrated intensity of 100 ns are plotted versus spin
density 111 FIgs. 7(c) and 7(d).

Finally, thc temperature dcpcndcncc of thc distribution
of decay rates in the 0.7-eV band was measured for the
sample annealed at 550 C. The results shown in Fig. 9 re-
veal that increased measurement temperature leads to an
increase in both the fast and slow loss mechanisms, as
with annealing. The late-time-scale loss is more severe,
leaving only the 1-ps peak by 175 K. The early-time sig-
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FIG. 7. Relative intensity in the main luminescence band (a) spectrally integrated at 100-ns delay, and (b) cw at the spectral peak.
Equivalent data for the 0.7-eV band are shown in (c) and (d). The solid lines represent fits to the data. The 100-ns data are fitted
with a simple branching-ratio formalism. For the cw efficiency the model combines the same initial branching ratio with subsequent
tunneling to nonradiative recombination centers. Open circles represent samples annealed for 20 min; solid circles represent the sam-

ple annealed for 4 h.

nal only decays by about a factor of 2 across this tempera-
ture range. We have observed similar trends in the tem-
perature dependence of the main PL band which also
suffers increased losses both at early and late times at
elevated temperatures, the late-time losses being the
more severe. The early-time quenching of the 0.7-eV
band monitored at 100 ns is very similar to that of the
main PL band is subnanosecond measurements of the
same sample. Both sets of data are shown in the inset of
Fig. 9.

B. Discussion

The data of hydrogen evolution and spin density clearly
show that single temperature anneals are, to first order,
equivalent to progressive anneals up to the same max-
imum temperature. Thus, conclusions drawn from the
two sets of annealing experiments may be interrelated.
The cw absorption and luminescence data indicate a
steady decrease of the optical gap with annealing tempera-
ture. Although some previous workers ' have reported
similar monotonic behavior, reports on nonmonotonic re-
lationships also appear in the literature. ' As suggested
by deNeufville et al., the nonmonotonic behavior may be
associated with samples grown under nonideal conditions.

Our data strongly support this idea, and we propose that
in addition to releasing hydrogen, annealing of nonideal
films may promote some reconstruction of less stable de-
fect sites and thus alter the character of the inaterial.
This is consistent with the data of Biegelsen et al. ' in
which all the samples grown well below 250'C exhibit a
substantial decrease in the PL linewidth and spin density,
and a large increase in PL efficiency when subjected to
low-temperature anneals. It is significant that these
changes bring the properties closer to the values observed
in high-quality films. On the other hand, the single sam-
ple grown at 230'C reported in that study exhibits simple
monotonic behavior consistent with our experiments.

Cody et al. have proposed that the shift of the absorp-
tion edge with hydrogen evolution reflects a broadening of
.the Urbach tail with increased disorder, rather than a nar-
rowing of the band gap with varying alloy composition.
Their absorption data clearly show a changing slope rath-
er than a parallel shift of the absorption edge. Owing to
the interference from the low-energy shoulder prominent
in the absorption spectra of these samples, our absorption
data do not distinguish between these two effects. We
note, however, that while fairly low anneal temperatures
( & 500'C) cause large spectral shifts, there is little loss in
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quantum efficiency or increase in spectral width, effects
wh1ch ale usually assoc1ated %'1th 1ncleased disorder. On
the other hand, a simple linear dependence of the optical
gap on alloy composition fits our data quite well, as
shown in Fig. 5. The end points are the 1.14-eV band gap
of crystalline Si and the 3.0-eV value calculated ' for the
fully polysilanated structure, (SiH2)„. The parallel
behavior of the more accurate and well-defined

luminescence-peak position of the main band further
strengthens the credibility of the fit. These results suggest
that, in the materials studied here, it is the alloy composi-
tion rather than disorder which is primarily responsible
for the narrowing of the optical gap. Qther recent work
has also indicated a range of effects due to hydrogen in
samples prepared by different techniques. Final resolu-
tion of this question must await further work on a variety
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of materials.
While the main PL band tracks the observed absorption

edge, the band at 0.7 eV does not. Photoelectron spec-
tra ' indicate that it is primarily the valence band which
is sensitive to hydrogen content, either directly or through
disorder, while the conduction band is not, and neither are
the energy levels of deep defects such as dangling bonds
which are derived from mixtures of many bands. The ab-

sence of a shift in the 0.7-eV band position suggests that it
does not involve the valence-band-tail states, but rather
represents a transition between conduction-band-tail states
and a deep defect, or possibly an internal transition at a
defect. The observed shift of the main PL band, on the
other hand, is consistent with its conventional identifica-
tion as a band-tail —to—band-tail transition.

Previous reports of a low-energy PL band in annealed
and ion- or electron-bombarded materials suggested a
correlation between the intensity of this band and the spin
density N, . The relationship is more clearly demonstrated

by examining the ratio of the intensities in the 0.7-eV
band and the main PL band as a function of 1V, . A plot
of this ratio versus N, is shown in Fig. 10, and reveals a
simple linear dependence over three decades. This lineari-

ty holds for both the cw data, which are absolute mea-
surements, and for the 100-ns data, which have been nor-
malized to the same magnitude. We conclude that a rapid
branching process determines the initial populations with
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FIG. 9. Density of rates in the decay of the 0.7-eV PL band

in sample 7H annealed at 550'C as a function of measurement

temperature. The inset shows the temperature dependence of
the 0.7-eV band intensity at 100-ns delay (open circles) superim-

posed on published data of the initial intensity in the main PL
band (solid circles) measured in the same sample. The solid line

is a fit assuming a competing multiphonon emission rate.
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FIG. 10. Ratio of the intensity in the 0.7-eV band to that in
the main band as a function of spin density. Solid symbols
represent the cw peak intensity; open symbols represent the
spectrally integrated intensity at 100-ns delay. Samples an-
nealed for 20 min are shown as circles; the sample annealed for
4 h is shown by triangles. The solid line is a fit based on com-
peting capture rates at band-tail and dangling-bond states, fol-
lowed by tunneling of conduction-band-tail electrons to
dangling-bond sites.

a ratio proportional to N„and that the later quenching
mechanism affects both bands similarly. These results led
us to propose' that both PL bands involve electrons
trapped in conduction-band-tail states. Subsequent
recombination with holes initially trapped in the valence-
band tail results in the main band, and with holes trapped
at dangling bonds, i.e., T3+, results in the 0.7-eV band.
We consider this model and its implications in more detail
here.

First, we examine the early-time data in light of this
model. Subnanosecond measurements of the main PL
band have shown that the initial loss mechanism is very
rapid, & 100 ps, and that it increases exponentially with
temperature. Photoconductivity measurements have
found an analogous subpicosecond quenching of the ini-
tial photocurrent which exhibits the same activation ener-

gy. These combined results suggest a subpicosecond trap-
ping process into deep traps, and the correlation with spin
density observed here and in sputtered materials implies
that the relevant deep traps are dangling-bond defects.

In the simplest possible model of competing trapping
mechanisms out of the photoexcited states, we consider
only band-tail states and dangling-bond defects. Since in
these undoped materials the majority of the dangling
bonds are singly occupied in the ground state, i.e., T3,
there are four dominant combinations for the initial trap-
ping sites of the electrons and holes. The electron and
hole can both be trapped in band-tail states, they can both
be trapped at dangling bonds, the electron can be trapped
at a dangling bond and the hole in a band-tail state, or,
conversely, the electron can be trapped in a band-tail state
and the hole at a dangling bond. Of these, only the first
and last configurations, in which the electron is in a
band-tail state, are likely to lead to luminescence within
the spectral range of our experiments. Although the last
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We note immediately that this model predicts a ratio of
populations, and thus band intensities, proportional to X„
as observed. A linear fit to the ratio data of Fig. 10 yields
a"-10 ' cm . Since the absolute scale of this ratio is set
by the peak heights measured in the cw spectra, different
line shapes of the two bands may result in an uncertainty
in a" on the order of a factor of 2. The fractional popula-
tion calculated for the 0.7-eV band, Eq. (2), predicts an in-
itial rise and subsequent fall of the intensity with X„with
the peak occurring at N, =(a'a") '~. The fit to the
100-ns data of Fig. 7(c) then yields a'-3X10 ' cm .
Finally, these parameters are used to fit the 100-ns inten-
sity of the main PL band in Fig. 7(a).

two are equivalent transitions for holes and electrons, the
separation between the dangling-bond states and the
valence band is expected to be smaller, especially in the
samples annealed above 500 C (Refs. 23 and 24) where the
hydrogen content is well below 10 at. %. Measurements
of U, the energy needed to place the second electron on a
dangling bond~ 11c in thc rR11gc 0.1—0.2 cV I bUlk Q-S1:H
(Ref. 27) and crystalHne Si interfaces (Ref. 28). This
places the recombination of a valence-band-tail hole and a
Tz at or below about 0.6 CV for anneal temperatures
above 500 C. Although this transition may be predom-
inantly radiative at moderate anneal temperatures, it
shifts rapidly to lower energy, tracking the shift of the
valence-band edge, and we would not have observed it
here. The transfer of an electron from a doubly occupied
to Rn UnoccUpicd dangling bond involves an cvcll smaller
transition energy, and is most likely nonradiative.

The initial populations of the two configurations which
lcRd to thc two observablc PL bands may bc calculated Rs

a simple branching ratio. %e make the assumptions that
the densities of conduction- and valence-band-tail states,
NIIT and NIIT, do not change grossly over this range of
annealing temperatures, and that the excitation density is
held sufficiently low to avoid saturating either the band-
tail or dangling-bond states. We define

~e he- h
e e ' & h

VBTXBT VBTXBT

where v, refers to the capture rate at a singly occupied
dangling bond~ vBT to Rn Rvclagc capture late Rt a bRnd"

tall stRtc, RIll thc superscripts e Rlid II to clcctloIls and
holes, respectively. The fraction of photoexcited pairs
trapped in the configuration leading to luminescence in
the main PI. band and in the band at 0.7 CV are then
given by

e h h
&BT&BT &BT&BT

&BT&BT+&s&s VBTNBT+ V,Ns
e e e h h h

The initial populations of two radiative configurations
are also observed to be temperature dependent. The initial
luminescence intensities decrease in unison above a low-
temperature region in which they both saturate. The
quenching of the main band has been modeled as a
thermally activated multiphonon emission process into a.

deep defect with a barrier height —100 meV and a dom-
inant coupling to -38-meV phonons. The fit to this
model is shown as a solid line in the inset of Fig. 9.
Within the branching-rate model presented here, the syn-
chronous quenching of the 0.7-CV band implies that the
temperature dependence of a' is stronger than that of a",
and thus that these fitting parameters describe the mecha-
nism of electron capture at a singly occupied dangling
bond.

The cw intensities of the two bands are affected by both
early and late quenching mechanisms, and fall more rap-
idly with X, than do the 100-ns intensities. The intensity
ratio of the two bands remains proportional to N„howev-
er, implying that the late-time quenching mechanism is
the same for both bands. Since both radiative transitions
require an electron trapped in a conduction-band-tail
state, these observations are consistent with the commonly
assumed process of tunneling or diffusion of the electron
to a singly occupied dangling-bond site, which then serves
as a nonradiative recombination center. For this process
to affect both bands similarly, the distribution of radiative
recombination rates, with which this process competes,
must also be similar. Since the slow quenching mecha-
nism becomes significant at earlier times for larger N„
the radiative contributions are best approximated by the
data for low anneal temperatures. A comparison of the
data shown in Figs. 8(b) and 8(d) indicates that the two
radiativc distributions are indeed comparable.

We apply the model of Street et a/. in which all elec-
trons trapped in band-tail states within a critical radius
R, of a dangling bond are assumed to tunnel to the defect
and recombine nonradiatively. This reduces the cw quan-
tum efficiency by an additional factor, exp( —', mR,~N, ). —
The analogous tunneling of the hole is likely to be less im-
portant because holes tend to be more deeply trapped and
less mobile than electrons. The solid lines in Figs. 7(b)
and 7(d) show fits of the combined quenching mecha-
nisms on the cw efficiency of the two PL bands, yielding
a consistent critical radius of 70 A. This value is some-
what smaller than that typically obtained when only the
tunneling is taken into account.

Previous attempts to identify the 0.7-eV band with a
transition involving a dangling bond were called into
question by optically detected magnetic resonance
(ODMR) data, which showed only a quenching signal at
the dangling-bond resonance. We point out that our
model is totally consistent with this result. The radiative
transition from the conduction-band tail into an empty
da11glIIlg boIld Is spin Indcpcndcnt, so no mIcrowRvc
enhancement is expected. On the other hand, the spin-
dependent transfer to a singly occupied dangling bond,
which we postulate as leading to nonradiative recombina-
tion, provides an explanation of the quenching signal ob-
served at the dangling-bond resonance.

The spectral data also tend to reinforce the model pro-
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posed here. As discussed earlier, the shift of the main PI.
band with annealing and the absence of a similar shift of
tbc 0.7-cV b8nd RI'c cons1stcIlt w1th photocIDission
data '25 on the effects of hydrogen content on the energy
positions of the valence- and conduction-band edges. The
0.7-CV band is also noticeably narrower than the main
band. While this may be,at least partially a reflection of
the steeper Urbach tail of the conduction band, it is
st1IBUlat1ng to spcculatc on thc possibility sUggcstcd by
Phillips ' that the dangling bonds lie primarily on internal
surfaces. In this case, 2R, would represent the average
spacing between these surfaces. Such surfaces might be
predominantly of one crystallographic orientation due to
local growth kinetics, and/or less strained than typical
bulk states, leading to a reduced inhomogeneous broaden-

ing of the linewidth. A very similar band has, in fact,
been reported in crystalline Si which has been annealed
following ion implantation at a dose sufficient to create a
maximum defect luminescence intensity while leaving the
crystal stnlctUlc llltRct. FUrtllcr RnllcRllllg 111 Rtollllc hy-

drogen qucnchcs this band, stI'GIlgly suggcst1ng that 1s

I'epresents a transition involving dangling bonds. On thc
othcI' h811ci, Hlicrocrystallinc 8-Si prepared w1thout hy-

drogena by low-pressure chemical-vapor deposition exhib-
its a strong enhancement of luminescence in the 0.7-CV re-

gion following post-hydrogenation. l'
Low-energy PL bands in the (0.8—0.9)-CV region ob-

served in doped a-SI H (Refs 34—36) are not generally
narrower than the main PL band, and may have a dif-
ferent origin than the 0.7-CV band studied here. Street
et al.s have recently reported bimolecular recombination
kinetics and a very weak temperature dependence of these
ballds wlllcll clcR1'ly dlstlngulsh tllcll behavior from tlla't

of the 0.7-eV band reported here. While these bands also
appear to be correlated with an ESR signal at the position
of the dangling-bond resonance, it is possible that dopant
coHlplcxcs containing 8 dang11ng bond are 1csponsiblc.
Further work on annealed. , doped materials is underway in
our laboratory to resolve this question.

It is useful to compare the optical results presented here
with other types of measurements in a-Si:H. Photoin-
duced absorption (PA) is thought to be due to absorption

by photocxcitcd holes. Thus tI'Rnsicnt PA pI'ov1dcs coID-

plementary data on the density of holes remaining as a
function of delay after pulsed excitation. The lack of
large subpicosecond losses in picosecond PA Ineasure-
ments, and the long decay times of PA signals in poor-
quality samples with large spin densities, preclude rapid
recombination at dangling-bond sites, but are consistent
with thc rapid tI'apping postulated hcI'c, as long as thc ab"
sorpt1GQ cr'oss sections for holes 1Q baI1d-ta11 states Rnd

dangling bonds are comparable. This interpretation im-

plies that thc PA decay at latcI' tlHlcs is not dUc to trap-
ping at dangling bonds as suggested, but rather to the
subscqucIlt QGIlI'adlat1vc rccoIIlbinatlon Rt these sites 1Il

con)unction with losses dUc to rRdiativc recombination.
In high-defect-density materials the long-lived radiative
coQ1poncnts RI'c short-circultcd by faster QOIll Rd18tlve

channels and the decay of radiative-state populations are
rapid. The PA decay rate, however, remains slow. Thus,
thc long-delay PA decay mUst bc dominated by Qonradla-

tive recombination processes. This is consistent with re-
cently reported careful comparisons of PL and PA
dyQRI111cs 111 thc SRIDc saIDplc.

CGIIlpar1sons with tl Rnsport cxpcr1IDcIlts 81c also 1ID-

portant. In particular, time-of-flight (TOF) data provide
an alternate measure of capture rates at band-tail states
Rnd dangling bonds. Mcasu1cIDcnts GIl low- and h1gh-
spin-density Hlaterials interpreted within a dispersive
transport picture provide values of vRTNRT and v„respec-
tively. The room-temperature values obtained from these
measurements predict trapping fractions at dangling
bonds to be about 2 orders of magnitude smaller than
those obtained here, and to obey a power-law teHlperature
dcpcndcncc. Thc cGIIlparlson 1s complicated, however~

by the longer-time scale of the transport measurements,
where 1t is not poss1blc to 1solate any 1Ilit181 tlapplng plo-
cesses from subsequent diffusion-controlled trapping.
Nevertheless, if the later trapping at dangling bonds
occurs through thermal excitation to extended states
above the band edge, then the relative capture rates of
band-tail states and dangling bonds obtained from trans-
port data might be expected to agree with those for the in-
itial photoexcited state calculated from our PL data. We
note that one possibihty for the discrepancy is our ESR
determination of X„which, as discussed earlier, may un-
derestimate the actual spirl density by more than an order
of magnitude and thus overestimate a' and a by the
same factor. Further support for this argument is found
in other reports of the low-energy PL band in annealed6
and bombarded a-Si:H. Those samples which were
prepared at 100 vol% SiHz exhibit peak intensities of this
band at spin densities more than an order of magnitude
higher than reported here. A final resolution of this ques-
tion must await further work.

» t»s pap~~ we have examined the effect of isochronal
annealing on the optical properties, spin density, and hy-
drogen cvolutloll of lllgll-qURllty U-SI:H flinis. Under
progressive annealing, thin films grown under near-
optimal conditions exhibit a single peak in differential hy-
dI'ogen evolution Rt about 500 C. Thc pcRk in sp1Q
creation occur's at a som. ewhat higher temperature, indi-
cating that only the most tightly bound hydrogen leaves
behind dangling bonds that cannot reconstruct into spin-
less configurations. Similar patterns of hydrogen evolu-
tion and spin creation are observed in the second set of
annealing cxpcrlIDcnts whcI'c 1dcnt1cal saIIlplcs wcl c Rn"
nealed at single temperatures. Evidently, ihe highest-
temperature anneal of 8 series is the prime determinant of
film properties.

In general, we find the changes in the optical properties
1n thcsc high-quality f11IDs to bc IDuch Hlolc str81ghtfor-
ward than reported previously for films grown under a
range of conditions far from optimal. ' The reason for
this difference may well be that the first effect of anneal-
ing on nonaptimally produced films is to allow some
reconstruction of the structure to more closely resemble
good material. Only later do the opposing effects due to
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hydrogen evolution become apparent, resulting in non-
monotonic behavior. Thus, by focusing solely on the
behavior of high-quality films, the effects of hydrogen
evolution are more effectively isolated, and can be more
clearly examined.

The optical gap monitored both by absorption and
luminescence measurements decreases steadily as hydro-
gen is evolved. %'hen the gap is plotted versus hydrogen
concentration, we find the values to be consistent with a
straight-forward fit between crystalline silicon at one end
and the calculated value ' for a fully polysilanated struc-
ture at the other end. This result suggests that in some
cases alloy coinposition may be the major determinant of
the optical gap rather than disorder, as previously suggest-
ed.'

The cw luminescence spectra exhibit two PL bands: the
main band which shifts to lower energy and quenches
monotonically with anneal temperature, and a narrower
band at 0.7 eV which does not shift noticeably and first
grows and then quenches with anneal temperature. The
ratio of intensities in the two bands scales linearly with
spin density, suggesting an involvement of the dangling-
bond states in the 0.7-eV band. Time-resolved measure-
ments of the decay rates indicate an initial loss mecha-
nism that determines the absolute and relative populations
of the two sets of luminescing states, followed much later
( & I ps) by additional quenching that affects both bands
similarly. Both quenching processes correlate with spin
density.

We discuss in detail a self-consistent model of these re-
sults' in which the main PL band originates from band-
tail —to—band-tail transitions, and the 0.7-eV band is due
to the recombination of electrons trapped in band-tail
states and holes trapped at dangling bonds. The initial
populations in dangling-bond and band-tail states reflect
the outcome of the competition between these states for
initial capture of the photoexcited carriers. These popula-

tions are calculated using a simple branching-ratio model
of the relative capture rates which correctly predicts the
spin-density dependence of the early-time intensities in the
two PL bands. The slower quenching process is modeled
as tunneling of band-tail electrons to singly occupied
dangling-bond sites where they subsequently recombine
nonradiatively, or at least do not emit radiation within our
range of detection. This picture is consistent with pub-
lished ODMR data which reveal only a quenching signal
in the 0.7-eV band at the dangling-bond resonance. The
initial intensities of the two bands fall in unison with tem-
perature above a saturated region. We interpret this
quenching process as being due to thermally activated
trapping of the electrons at dangling-bond sites via a mul-
tiphonon emission process.

These results have been compared with other data in
the literature. Our model identifies fast trapping rather
than fast recombination as the initial loss mechanism.
This is consistent with PA results in which there is no fast
signal decay, if we assume that the absorption cross sec-
tion for holes in band-tail and dangling-bond states are
comparable. Although TOF data ' ' provide values for
the relative trapping rates which are not in agreement
with those measured here, a direct comparison of the data
is not possible because the transport measurements do not
isolate fast and slow trapping processes. It is also possible
that the apparent discrepancy could be the result of an un-
derestimate of N, in our samples. Finally, we note that
recent experiments in the (0.8—0.9)-eV bands observed in
doped materials reveal quite different characteristics,
suggesting a different origin for these bands.
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