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The photoluminescence of plasma-deposited amorphous silicon is investigated. The luminescence intensity

and spectral line shape are shown to be sensitive to many deposition variables, in particular the power
coupled into the discharge, the concentration of silane in the gas stream, and the deposition substrate
temperature. Maximum intensity is obtained in samples deposited with low power (-1 W), a silane

. concentration of & 10% and a deposition temperature of 200-300'C. ESR studies show that the
luminescence intensity is determined by competing nonradia&ive transitions to localized defect states +hose
density varies with deposition conditions. The presence of defect states is related to the way hydrogen is
incorporated into the samples, but the details of the defect structure are not yet clear. Oxygen impurities are
observed to give a broad, weak luminescence peak centered near 1.1 eV. It is suggested that the active
oxygen centers are similar to the charged defects postulated for chalcogenide glasses.

I. INTRODUCTION

The structure and electronic properties of amor-
phous tetahedral semiconductors are wel]-known
to be sensitive to sample preparation conditions.
In evaporated or sputtered films, the most impor-
tant variable is the temperature of deposition or of
annealing, ' but the rate and angle of deposition also
have significant effects. The use of a low-pres-
sure plasma to decompose silane results in amor-
phous films whose electronic properties differ
greatly from evaporated or sputtered Si.' Un-
doubtedly, the most important factor in this case
is the incorporation of hydrogen, which is present
in concentrations sometimes as large as 50 at. %.4

Indeed, in view of the large hydrogen concentra-
tion, the validity of comparing the two types of
samples is questionable. Hydrogen seems to be
responsible for an increase in the band gap of the
material. ' However, apart from its ability to re-
duce the density of localized states in the gap, the
influence of hydrogen on the transport and recom-
bination mechanisms is not yet clearly understood.

Luminescence measurements have established
that the structure Bnd electronic properties of
plasma-deposited films are also sensitive to prep-
aration conditions. " Raising the temperature of
deposition or annealing appears to have an effect
similar to that in evaporated Si, decreasing the
density of localized gap states, and a correspond-
ing increase in luminescence intensity is ob-
served. ' The influence of other deposition param-
eters has not been reported, and there is a tacit
assumption in the literature that samples produced
by different groups can be compared directly. In
view of the complexity of the. plasma-deposition
process, and the fact that at least two radically
different methods of constructing the deposition
reactor have been used, it is important to verify

this assumption. This paper, therefore, has two
main objectives. Firstly, it includes a survey of
the influence on the luminescence of a wide range
of deposition parameters —rf power, gas concen-
tration, substrate temperature, gas pressure,
bias voltage, etc.-to determine, in a phenomeno-
logical way, the deposition variables which must
be controlled to obtain well defined and reproduce-
able films. These results are presented in Sec. III
along with the luminescence properties of oxygen
impurities and ESR measurements of the spin den-
sity. . We demonstrate that, at least from the point
of view of luminescence, other deposition parame-
ters are as important as the substrate tempera-
ture. The variation in luminescence intensity when
the deposition parameters are changed is caused
by competing nonradiative transitions through lo-
calized states at defects. Thus the second objec-
tive is to investigate these localized states in the
gap. We show that there is a correlation between
the luminescence intensity and the ESR spin densi-
ty, which also measures the localized state densi-
ty. The ability to create samples of widely differ-
ing densities of defects, by varying the deposition
conditions, allows us to demonstrate this correla-
tion. Apparently the properties of the defects are
independent of which deposition variable is
changed. Finally, it is shown that a model derived
from luminescence decay time data explains in
detail the relation between luminescence intensity
and ESR.

II. EXPERIMENTAL DETAILS

A. Sample preparation

The plasma reactor used in this work is shown
schematically in Fig. 1. The 13.56-MHz rf power
is coupled into the plasma capacitatively via the
cathode C and an L-section matching network.
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FIG. l. Schematic. diagram of the reactor for the glow
discharge decomposition of silane.

B. Luminescence measurements

The luminescence measurements were per-
formed on samples usually held at -10 K. The
samples were deposited on ground-glass sub-

Samples are clamped to the anode A. . The surface
area of the cathode is -13 cm' and the volume of
the reaction zone is -150 cm3. For the majority
of the mork described here, the anode A. mas elec-
trically connected to the metal reactor wall and
held at ground potential. Kith this arrangement,
the system is an asymmetric plate area capacitor
and, because of the diff erent electron and ion mo-
bilities, the cathode self-biases to a negative dc
potential. The effects of bias on the growing sur-
face were investigated using a separate rf supply
and matching network to feed power through the
anode. Both rf supplies were driven from a com-
mon oscillator to maintain a fixed phase relation-
ship between the two electrodes.

The sample temperature in either configuration
can be varied between 25 'C and -450 'C and held
constant over a typical depostion time (1 h) to

The parameters varied in these experiments
were (i) c'oncentration of SiH~ in SiH~-Ar mixtures
(100/p -0.1/0); (ii) rf power (0.5-40 W'net

input); (iii) substrate temperature T,(25-400 'C);
(iv) bias voltage (0-40 V); and (v) Pressure (0.05-
0.24 Torr). Pressure variations were achieved by
reducing the flow rate or by throttling the vacuum
pump. The changes in flow rate mere not recorded.

In all the data shown, the values of the silane
concentration and rf power are stated explicitly.
Unless otherwise noted, the remaining parameters
were held at standard values, namely, anode depo-
sition (zero bias), T, =230 'C, pressure =0.15
Torr, flow rate =140 sccm (standard cubic centi-
meter ner minute).

strates to remove interference effects. The excit-
0

ation source was the 5145-A line of an argon laser,
and the luminescence was normalized to the excit-
ation intensity. Throughout the investigation the
same monochromator resolution (0.015 eV) and
detector (cooled PbS) were used, so that the lu-
minescence intensity of different samples could be
compared reliably. The luminescence spectra
were corrected for the response of the detection
system, which mas determined using a tungsten
lamp of known color temperature. This procedure
was not used in our earlier work' and the peaks of
the corrected spectra are about 0.07 eV higher in
energy than had been reported. The excitation in-
tensity was kept approximately constant for differ-
ent samples to minimize possible intensity depen-
dence of the spectrum. Furthermore, an experi-
mental arrangement was used that allowed six
samples to be compared under identical conditions.
A possible source of error in comparing intensi-
ties. is incomplete absorption of the excitation light.
In a fern cases, when low rf power and very low
silane concentrations were used, the deposition
rate was so low that the samples mere only 1000-
3000 A thick, and the luminescence intensity may
have been underestimated. These samples are
noted in the discussion of results.

Approximately 100 samples were investigated,
the majority of which had different deposition con-
ditions. However, in samples deposited under
nominally the same conditions, the luminescence
intensity and spectral shape were found to be es-
sentially identical, indicating that the deposition
was well controlled and the conditions accurately
repeatable. The only exception was the lumines-
cence peak at 1.1 eV which is believed to be due to
oxygen. impurities as described below.

III. RESULTS

A. Dependence on deposition power and silane concentration

The rf power and silane concentration have pro-
nounced effects on the lum. '.nescence properties.
In general, the luminescence intensity of anode
samples increases with decreasing power and with
increasing silane concentration, and a correspond-
ing change in the luminescence spectrum occurs.
Figure 2 shows representative luminescence spec-
tra for samples with different power and gas con-
centrations. (The concentration is defined as the
volume percentage of silane in the silane-argon
mixture. ) In each case, the main luminescence
peak is near 1.4 eV, although there are systematic
variations of about 0.1 eV around this energy. The
shape of the spectra also varies with deposition
conditions. Both effects are seen clearly in Fig.
2(b) for 10% samples of different rf power. As
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sities are normalized to the value at j. W. The variation
with gas concentration is shown in Fig. 4.
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FIG. 2. (a) Luminescence spectra of a-Si samples
deposited at 30-W rf power and different gas concentra-
tions. The dashed line represents the shape of the lumi-
nescence peak responsible for the low-energy shoulder
to the spectrum. (b) Luminescence spectra for samples
with the same gas concentration (10%) but different
power.

the power increases the spectrum broadens and the
peak shifts to lower photon energy.

Figure 2(a) shows that in 1% SO-W samples
there is an additional peak centered at -1.1 eV
which is observed as a shoulder on the low-energy
side of the main peak. This feature was usually
present in low concentration samples, particularly
those deposited at high power. However, its oc-
currence was not always reproducible, and in a
few samples its intensity was much reduced. This
observation suggests that the peak originates from

an impurity in the deposition, and further evidence
for this view is given in Secs. III E and III F.

The relation between the intensity of the lumines-
cence and rf power is shown in Fig. 3 for samples
of widely differing silane concentration. For each
concentration, the intensities are normalized to
the value in 1-W samples. With the exception of
100/o silane, the intensity decreases with the same
logarithmic dependence on power between 1 and
40 W, with a total change of about afa.ctor of 6.
The —,'-W samples of 5 % and 10 % samples
depart from this relation. However, these sam-
ples were particolarly thin and incomplete absorp
tion of the excitation light may be partially repon-
sible for the result. The 100% samples also
deviate from the usual behavior and exhibit a very
weak power dependence.

In Fig. 4, the intensity of the luminescence is
plotted against silane concentration at two different
values of the rf power. In general, the intensity
increases proportionally to the square root of sil-
ane concentration. However, in 1-W samples, the
intensity saturates above 10%, and this effect
obviously corresponds to the different power de-
pendence of the 100% samples. seen in Fig. 3.
It is apparent from Fig. 4 that over the investi-
gated range. of power and gas concentration, the
intensity of the luminescence changes by two or-
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ders of magnitude, which demonstrates the sensi-
tivity of the sample structure to these deposition
parameters.

B. Dependence on gas pressure

Figure 5 illustrates the influence of the total gas
pressure in the reactor on the luminescence inten-
sity. The data are shown for two values of the rf
power and are. normalized to the value at 0.15
Torr. It is observed that the peak intensity of the
high-power samples occurs near 0.15 Torr where-
as in the 1-% samples the peak occurs at a.sub-
stantially lower pressure. Possibly the different
behavior is related to the deposition rate proper-
ties discussed in Sec. IV. C. Thus, the 25-W sam-
ple is in the silane-depleted regime, where the
deposition is supply limited, and decreasing the
pressure will increase the degree of depletion.
However, the 1-W sample is not depleted at 0.15
Torr, but may be at substantially lower pressure.

C. Dependence on substrate temperature and annealing

Both Engemann and Fischer' and Pankove and
Carlson' report that the luminescence intensity
increases with substrate temperature T, or an-
nealing up to about 300 'C. Figure 6 shows the de-
pendence of luminescence intensity on I', for our
1-W and 25-W samples, at 5% concentration.
The general behavior is in agreement with the
previous data, but it is seen that the 1-W samples
have a much stronger dependence on substrate
temperature than 25-W samples. Part of the addi-
tional intensity in the latter at low T, may be due
to additional peaks at low energy since the spectra
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FIG. 6. Dependence of the luminescence intensity on
substrate temperature for 1-W and 25-W samples of
5% concentration. The dashed line illustrates the de-
pendence observed by Ref. 6.
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are particularly broad. Above 300'C the intensity
begins to decrease as was also observed in anneal-
ing experiments by Pankove and Carlson' who at-
tribute the effect to the removal of hydrogen from
the film.

Figure 7 shows the luminescence spectra a differ-
ent substrate temperatures. At low tempera-
ture, the peak becomes broad and shifted to low
energy. Although Engemann and Fischer' reported
a similar effect, we do not observe the specific
additional luminescence peaks that they found near
1.1 eV and 0.9 eV. Instead there is a broad fea-
tureless luminescence band. Between about 200
arid 400 'C the spectra are similar with only a
small additional low-energy broadening in the
lower-temperature samples.

Engemann' also found that annealing a film de-
posited at low temperature enhances the lumines-
cence and reproduces the spectrum of a high-tem-
perature deposition. Figure 8 shows data for a
50 'C deposited sample which is annealed at 150
and 250 C, and a large increase in luminescence
intensity occurs. However, the spectral shape of
the annealed film is significantly different from
that of sampjes deposited at 230 'C. The main peak
is centered at 1.3 eV instead of 1.45 eV. Thus, it
appears that in our samples annealing does not

PHOTON ENERGY (eV)

FIG. 7. Luminescence spectra for the various indicated
substrate temperatures, T, .

I

1.6

completely reproduce the effect of a high substrate
temperature.

D. Dependence on bias voltage

As described in Sec. II., rf power can be fed into
the discharge through the anode, thereby producing
a negative dc bias on the sample surface. This
bias is approximately proportional to power and
for the geometry used is -40 V when 30 W of pow-
er is being coupled through the anode. Since the
electrical asymmetry is now reversed, we term
these "cathode" samples. Figure 9 shows lumines-
cence spectra as a function of rf power. There
are two significant changes in the luminescence of
these samples compared to anode-deposited ones.
Firstly, the luminescence intensity varies by less
than 20% with deposition power between 1 and 30
W, compared to a factor 5 in anode samples, and

the absolute intensity is similar to the 1-W anode
samples. Secondly, the spectra are shifted to low
energy by about 0.07 eV compared to anode sam-
ples of the same deposition conditions. However,
a similar broadening of the spectra at high power
is observed as was shown in Fig. 2(b).

I I I I

1.0 1.2 1.4
PHOTON ENERGY (ev)

FIG. 8. Luminescence spectra of a sample deposited
at 50'C, showing the effect of annealing at 150 and 250'C.
Also shown for comparison is the spectrum of a sam-
ple deposited at 230 'C.
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FIG. 9. Luminescence spectra of cathode samples
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The peak of the spectra of our anode samples is
at higher energy than was found by other groups,
particularly Engemann and Fischer ' who report
an energy of 1.25 eV. Since bias is found to shift
the peak of lower energy, it is possible that the
structure of our cathode samples is closer to the
type of sample investigated by Engemann and
Fischer. However, as one test of this hypothesis,
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FIG. 10. Luminescence spectra at different temper-
atures of a sample deposited with the reactor contaminat-
ed with a low partial pressure'vf air. The dashed line
reproduces the low-energy luminescence peak shown in
Fig. 2(a).

we have investigated cathode samples deposited at
low substrate temperatures and subsequently an-
nealed. The results are similar to those obtained
on anode samples (Fig. 9) except that the lumines-
cence peaks are 0.05-0.1 eV lower in energy. No
evidence of structure is observed in the spectra,
in contrast to observation by Engemann and Fisch-
er on samples under similar conditions. We con-
clude therefore that our cathode samples do not
completely reproduce the structure of their films.

E. Effects of gas impurities: an oxygen peak at 1.1 eV

The plasma-deposition process, like evaporation
and sputtering, suffers from the disadvantage that
the residual gas in the chamber may introduce
active impurities into the samples. To investigate
atmospheric impurities, both air and pure nitrogen
were introduced into the reactor during deposition.
A pressure of -10 ' Torr nitrogen was found to
have no detectable effect on the shape or intensity
of the luminescence spectrum. However, a simi-
lar pressure of air resulted in the spectra shown
in Fig. 10. At 10 K, there is a pronounced should-
er on the low-energy side of the main peak, which
is quenched more rapidly with temperature than
the 1.4-eV peak. From the absence of any effect
of nitrogen, we deduce that oxygen is an active im-
purity in a-Si. Infrared measurements also con-
firm that oxygen bonded to. Si is present in sub-
stantial quantities in these films.

Also shown in Fig. 10 is the low-energy peak
centered near 1.1 eV which is found in low-concen-
tration samples and which is reproduced from Fig.
2(a). The similarity between this peak and the one
introduced by oxygen is obvious, and suggests that
the two lines may be identical. Figure 11 shows
the temperature dependence of the 1/g 3D-W
sample, and it is seen that thermal quenching of
the 1.1-eV peak occurs at a lower temperature
than for the 1.4-eV peak. A comparison between
Figs. 10 and 11 shows that the peaks at 1.1 eV in
both samples not only have similar shapes, but
also similar temperature dependences. It there-
fore indicates that oxygen contamination also oc-
curs in the low-concentration samples and is re-
sponsible for the extra luminescence peak. This
contention is supported by the observation of some
sample-to-sample irreproducibility in the intensity
of this peak. It is certainly expected that oxygen
contamination would be the most important in low-
concentration samples because the partial pres-
sure of SiH~ is lowest in these samples, and the
deposition rate is also very low. In the deliberate-
ly contaminated sample, the partial pressure of
air was 401o that of SiH, . The same fraction would
occur in 1% samples with a residual air pres-.
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FIG. 13. Luminescence intensity plotted against ESR
spin density for samples prepared under a wide variety
of deposition conditions. The solid lines are fits to a
model described in Sec. IV E.

sure of 6X 10 ' Torr, which is within the range of
values that might be anticipated from outgassing
of the reactor chamber.

F. ESR measurements
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FIG. 12. (a) Dependence of the room-temperature
ESR spin density on rf power for 5 jg samples. (b)
Dependence of the room-temperature RSR spin density
on silane concentration for 1- and 30-W samples.

ESR measurements were performed on samples
prepared under various deposition conditions. In
every case, where a resonance is detectable, the
line shapes are identical and have a width of -7 6
at g= 2.005, in agreement with many other ESR

measurements on a-Si." Figure 12(b) shows a
plot of spin density against silane concentration
for 1-W and 30-% samples, and the spin density
is clearly maximized at low concentration and high
power. The equivalent plot of luminescence inten-
sity given in Fig. 4 shows that there is a direct
correlation between the presence of centers giving
spin and the existence of a competing nonradiative
transition that quenches the luminescence intensi-
ty. This correlation is also evident in the depen-
dence on rf power shown in Fig. 12(a) which may
be compared to the variation of the luminescence
intensity shown in Fig. 3. The same correlation
is found in samples deposited at different substrate
temperatures and for samples at various bias volt-
ages. The spin density observed through the var-
iation of all of these parameters is plotted against
the luminescence intensity in Fig. 13. Despite
considerable scatter in the data, the origin of
which is not yet clear, the overall correlation is
again very striking and furthermore demonstrates
that a single universal curve describes all the dif-
ferent deposition parameters. Evidently a spin
density of greater than -10" cm ' results in a
large decrease in luminescence intensity, whereas
lower densities have a smaller effect.

ESR was also investigated in air-contaminated
samples. However, no resonances in addition to
the. standard line at g =2.005 were detected. It
therefore appears that the oxygen center is either
spinless or undetectable owing to a combination of
low density- and a broad linewidth.
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IV. DISCUSSION

A. General observations

These luminescence studies find a systematic
variation of luminescence intensity and spectrum
with deposition conditions. Clearly, the detailed
behavior of the plasma during deposition irifluences
the structure of the films, and possible mecha-
nisms are described in Sec. IV C. The principal
luminescence peak usually occurs near 1.4 eV,
with a second peak at 1.1 eV sometimes evident.
The peak at 1.1 eV is associated with oxygen im-
purities and, is discussed further in Sec. IVD. The
intensity of the 1.4-eV peak is observed to corre-
late with the room-temperature spin density, and the
largest. spin densities are found in the most weakly
luminescent samples. The relation between lumi-
nescence, spin density, and localized states in the
gap is discussed in detail in Sec. IVE.

Previous studies have concluded that the domi-
nant luminescence is from the recombination of
electron-hole pairs that are presumed to be in
band tail states'2 at the respective band edges.
The luminescence has a Stokes shift of about 0.5
eV.' The evidence for not associating the peak
with recombination at defects is partly the fairly
high luminescence energy compared to the band

gap, and partly the observation that when defects
are introduced, for example, by ion bombardment,
the luminescence intensity decreases strongly. '
The conclusion is that any defect states are pri-
marily nonradiative. This result is strongly sup-
ported by our ESR measurements of Fig. 13 since
a large spin density corresponds to a large density
of states in the gap. Furthermore, in the majority
of luminescent materials, nonradiative transitions
proceed through deep localized states. We there-
fore conclude that the luminescence intensity is a
useful measure of the density of localized states
in the forbidden gap.

A striking feature of the luminescence results is
the sensitivity of the intensity to the deposition
conditions even with a fixed deposition tempera-
ture. Previous investigations have shown that the
luminescence is very sensitive to the deposition
temperature, but have not investigated other var-
iables. We find that it is just as important to
specify the rf power and silane concentration, and
that other parameters also affect the intensity.
Since we conclude that the changes in luminescence
intensity are the result of a variation in the local-
ized state density, we expect that in any experi-
ment which involves states in the gap, there will
be a similar dependence on deposition parameters.
Therefore, any attempt to compare the results ob-
tained by different groups is only valid if the depo-
sition conditions are known to be equivalent. Pos-

sibly, the spectral shape and intensity of the lu-
minescence is a means to establish the equivalence
of different samples, with the luminescence inten-
sity providing a figure of merit to establish the
relative density of states in the gap.

The effect of deposition conditions can be clearly
seen by comparing the luminescence measure-
ments of different groups. For example, Enge-
mann and Fischer'" observe the dominant peak to
be at 1.25 eV, with other lines at 1.1 and 0.92 eV.
The lower energy of their main peak compared to
our data may be related to the shift that is ob-
served in biased samples shown in Fig. 9. How-
ever, even in biased samples, we are unable to
reproduce the two low-energy peaks with the same
substrate and annealing temperatures as used by
Engemann and Fischer. (These peaks are distin-
guishable from the oxygen line at 1.1 eV by the line
shape and the thermal quenching behavior. ) Evi-
dently the deposition conditions are not equivalent
and their use of an inductively coupled deposition
reactor may partially account for the difference.
Spear and co-workers' also use an inductive sys-
tem. Their samples have their main luminescence
peak at 1.3 eV but lower-energy peaks are not ob-
served. ~' On the other hand, Pankove and Carlson'
do report a luminescence peak at 1.44 eV, but only
when depositing from SiH4-H2 gas mixtures. Final-
ly, we note that silicon samples reactively sput-
tered in hydrogen also give luminescence spectra
that are different from any so far obtained from
glow discharge samples. The comparison of lu-
minescence spectra demonstrates that in each case
samples of differing structure have been studied.
Also, it is evident that significant deposition pa-
rameters remain that are not included in this study
and which must account for the luminescence peaks
that we do not observe.

8. Luminescence spectral line shape and peak energy

Systematic shifts in the luminescence peak ener-
gy are observed in the data reported above. There
are three main reasons why such shifts might oc-
cur. Firstly, the band gap can vary with the dep-
osition conditions. The most obvious way for this
to occur is by changing- the amount of hydrogen in
the films since hydrogen is expected to increase
the band gap. ' Secondly the distribution of zero-
phonon energies for the luminescence transition
could change, for example, because of a change in
the shape of the band tails. Finally, an increase
in the electron-phonon coupling strength would
broaden the spectrum and shift the peak with re-
spect to the zero-phonon energy.

In Fig. 7, it is seen that decreasing the deposi-
tion temperature shifts the luminescence to low
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energy and broadens the line shape. A similar,
but smaller, effect occurs when the rf power is
increased, as shown in Fig. 2(b). Qptical-absorp-
tion measurements were performed on these and

similar samples to determine which of the possible
mechanisms is responsible for the shift. It is
found that both with decreasing deposition tempera-
ture and increasing rf power, the absorption edge
near 10 cm ' moves systematically to higher en-
ergy, and the slope decreases. In the first case,
the shift is -0.3 eV and in the second case, -0.1 eV
at 10~ cm . If the effect on the luminescence peak
energy is due to a change in either the band gap or
the zero-phonon energy, then the absorption should
shift to low energy, contrary to observation. We
therefore deduce that in both cases the shift in the
luminescence is due to an increase in the strength
of the electron-phonon coupling, while the zero-
phonon energy remains essentially unchanged.
This effect explains the shift of the absorption edge
to higher energy. Previously' we have found that
the absorption, at least up to -10 cm, contains
a substantial component from the same electronic
transitions that are observed in luminescence. , In
absorption, these transitions are shifted above the
zero-phonon energy by an amount dependent on the
coupling strength. Thus the increased coupling in
high-power samples is expected to shift the ab-
sorption edge to higher energy. From the lumi-
nescepce and absorption measurements, it is esti-
mated that the Stokes shift increases from -0.4 eV
in 10% —,'-W samples to -0.5 eV in 10/g 30-
% samples, and to -0.6 eV in the low deposition
temperatur e samples.

The increase in the electron-phonon coupling
strength must presumably be related to a decrease
in the rigidity of the lattice, but we cannot deter-
mine whether the change occurs equally at all band
tail states, or whether the coupling strength is
determined locally by specific structural config-
urations whose distribution is changing. However,
it is interesting to note that infrared measure-
ments~5 find that as the deposition temperature de-
creases or the rf power increases, hydrogen tends
to be incorporated in paired units (SiH,) rather
than singly (SiH), and small lengths of polysilane
chains, (SiH2)„, occur. Since the chain molecule
is inherently flexible, an increase in the coupling
strength might be expected. A more flexible lat-
tice might also result from an increased density
of voids.

C. Plasma properties

The systematic variation in luminescence inten-
sity and e1.ectron-spin density over the power and si1-
ane-concentration space is paralleled by well-de-
fined variations in deposition rate. Figure 14 il-
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FIG. 14. Dependence of the deposition rate of a-Si
films on rf power for various gas concentrations.

lustrates these variations.
At the lowest power, -0.5 W, the deposition rate

is independent of the silane concentration to within
experimental accuracy. As the power is increased,
for high concentrations (~10% ) there is a mon-
otonic rise in deposition rate. For lower concen-
trations, the deposition rate diverges from this
rise, peaks and then begins to decline, the onset
of the deviation occuring at progressively lower
power as the concentration is reduced.

We explain these observations a,s follows. -At
low power, we see that the deposition rate is not
limited by the supply of silane or SiH„radicals or
ions from the plasma because it is independent of
the silane concentration. Since we do not antici-
pate a factor of 1000 difference in the relative de-
grees of ionization of argon and silane, this sug-
gests that the rate limiting process involves
another plasma species, e.g., an electron, inter-
acting with a silicon containing species adsorbed
onto the deposition surface. As the power is
raised, the reaction rate increases approximately
linearly with power until the reaction rate is equal
to the supply of the adsorbed species, at which
point the deposition rate would be expected to devi-
ate from linearity and become power independent.
The observation of a declining deposition rate at
high power follows from the finite distance from
the gas inlet to the substrate —silane is prqgres-
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sively removed from the gas as it moves down-
stream. In addition, in the arrangement shown in
Fig. 1, the plasma is localized around the elec-
trodes at-low powers but extends further toward
the gas inlet as the power is increased, thus am-
plifying the depletion effect.

On the basis of this explanation we define two
regimes of deposition-, silane excess and silane
depletion. The former includes all combinations
of power and dilution that fall on the curve followed
by the 10' concentration. (For reasons that
are not yet clear, the points for pure silane fall
below those for 10/g concentrations. ) Silane
depletion is defined by a deposition rate indepen-
dent of or declining with power. An intermediate
regime bridges these extremes.

Considering the behavior' of the luminescence and
ESR described earlier, it is clear that samples
produced in the silane depletion regime possess
many more defect states than those produced in the
silane excess regime. There are, however, sub-
stantial variations in luminescence and ESR results
within the silane excess regime indicating. that sil-
any excess ia not the sole factor responsible for
low-defect concentrations. It is al, so worth noting
that there is no correlation between defect state
densities and deposition rate, a parameter con-
sidered significant in other physical deposition
processes.

Several possible explanations exist for the asso-
ciation of high defect state densities with silane
depletion. The most straightforward is inadequate
hydrogenation of dangling bonds due to a lower
partial pressure of hydrogen at the surface. Pre-
liminary;attempts- to identify this mechanism by
addition of hydrogen to the gas have not resulted in
substantial changes in luminescence intensities.
However, the complex&ty of the plasma chemistry
may not permit this type of approach and other ex-
planations for high-defect densities, such as ar-
gon-ion bombardment, must also be considered.
We conclude, therefore, that the deposition re-
gimes described are strongly correlated with the
presence of defect states in the q-Si but that fur-
ther work is necessary to describe the mechanism
by which these states are created.

D. Oxygen line near 1.1 eV

Oxygen contamination introduces a broad lumi-
nescence peak centered near 1.1 eV with a line
width of 0.3-0.4 eV, which is also observed in low-
concentration samples owing to the residual atmo-
sphere, We assume that the radiative transition
involves localized states directly associated with

oxygen atoms. The alternative possibility that
oxygen is itself inactive, but introduces a silicon
defect, ' seems unlikely, since there are manysam-
ples in which defects exist but which do not give
the same luminescence line. We further expect
that the active oxygen centers are not associated
with oxygen in twofold coordination. It seems to be
a common pz'operty of amorphous systems that an
impurity that satisfies its valence requirements
does not give an active center. . We suggest instead
that the active oxygen may be singly or threefold
coordinated to Si, and that there may be a strong
similarity to the D' and D" centers that are postu-
lated in chalcogenide glasses, "since these arise
from chalcogens with coordination different from
two. Singly coordinated, "nonbridging" oxygen is
an important defect in SiO, and Mott" has already
proposed that in this material the defect should be-
have as a D center. Furthermore, model calcu-
lations of oxygen on the surface of crystalline Si
show that the highest filled electronic state of a
threefold coordinated oxygen is at higher energy
than for singly coordinated oxygen if the center is
neutral, but lower if it is positively charged. "
This result is approximately the condition for
charged defects to form.

Further evidence for this description of the oxy-
gen impurity is the very striking similarities be-
tween its luminescence and that found in As-chal-
cogenide glasses, "which is thought to involve D
centers. Firstly, the width of the oxygen line in-
dicates a strong electron-phonon interaction, al-
though excitation spectra have not yet been mea-
sured to confirm this. Secondly, there is a simi-
lar relation between band gap, luminescence peak
energy, and linewidth, as was found in chalcogen-
ide glasses. Thus, the oxygen luminescence peak
is at -&E and the linewidth is about the same as
for defects in As2Se, or As, S3. Thirdly, thermal
quenching occurs at a lower temperature than for
the 1.4-eV peak, despite a lower luminescence en-
ergy. In chalcogenides a similar strong thermal
quenching-is attributed to the charge on the defect
which counteracts the Coulomb interaction of the
electron-hole pair recombining at the defect, "and

possibly the same mechanism occurs in the oxygen
center. Furthermore, no ESR signal characteris-
tic of oxygen is observed in contaminated Si sam-
ples. This observation is consistent with the cen-
ter being a spinless D or D', but of course cannot
exclude the presence of oxygen centers with spin
if their ESR line width is sufficiently large. Final-
ly, the interpretation is also consistent with the
observation' that oxygen diffused into evaporated
silicon dramatically reduces the spin density al-
though it does not apparently change the density of
defect states.
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E. Relation between luminescence and ESR

The correlation between ESR spin density and
luminescence intensity is established in Figs. 12
and 13 and the observation of a universal relation
between these two measurements is of particular
significance. This result demonstrates that a one-
to-one correspondence exists between states which
have spin and states which quench the lumines-
cence, irrespective of which deposition parameter
is varied. The implication is that digferent deposi-
tion conditions all produce the same type of defect.
Thus a considerable simplification results, in
which a single measurement, either luminescence
intensity or spin density, seems to be a unique
measure of the defect structure of the film, at
least for the range of deposition conditions used in
this study. It remains to be seen whether this
characterization applies to other measurements.

Based on measurements of the luminescence de-
cay time, Tsang and Street" have proposed a mod-
el to relate the luminescence intensity to the defect
density. They suggest that at low temperatures,
band-edge electron-hole pairs are sufficiently im-
mobile that capture by a defect occurs by tunnel-
ling with rate ufo exp(-2R/R, ), where R is the dis-
tance to the defect, Ro is the radius of the particle
that tunnels, and &0-10'2 sec '. A critical trans-
fer radius R, is defined as the largest value of R
for which tunnelling is more probable than the ra-
diative recombination rate P~, and is given by

2R, = Ra ln(&uo/Ps) .
It was then shown that for a random distribution of
defects the luminescence quantum efficiency y~ is
given by

where ND is the defect density.

Figure 13 shows that Eq. (2) gives a good de-
scription of the data if it is assumed that ND is
proportional to the spin density N,

ND=pN .
Both the insensitivity of y~ to N, at values below
10" spine/cm' and the rapid decrease of y~ at
larger N, are explained by the model. We believe
this result confirms the model2' of a nonradiative
transition by tunnelling to defect states. From the
fit to the data shown by the two solid lines in Fig.
13, we obtain

R,P'~3=11O~10 A

Thus using values +0 = 10" sec ' and P~ = 10' sec '
(Ref. 21), Fq. (1) gives

R =12P-'~3 A

Unfortunately, the value of R, is not accurately
known, so that P cannot be obtained directly. How-
ever, for states near the Fermi energy, R, is
often assumed to be 5-10 A.' Since the band tail
certainly comprises shallower, and therefore
more extended states, a value for R, of 12 A is a
reasonable assumption. Thus, the data are con-
sistent with N, measuring the total density of
states that quench the luminescence although a
value of P as large as about 5 cannot be excluded.
We note that in studies of the effects of ion bom-
bardment, a similar question of the relation be-
tween spin density and the total density of states
in the gap was discussed. 2 Within similar uncer-
tainties regarding the value of various parameters,
it was also found that the data could be adequately
explained assuming equality between the two densi-
ties.

V. SUMMARY

The present investigation demonstrates the sen-
sitivity of photoluminescence to deposition condi-
tions in hydrogenated amorphous silicon produced
by plasma decomposition of silane. The most im-
portant deposition variables are the substrate
temperature, rf power and the concentration of
silane in argon. An electrical bias at the sample
surface is also significant hand may be responsible
for some of the differences between the lumines-
cence properties of our samples compared to those
produced in inductively coupled deposition reac-
tors.

By varying the deposition conditions, a change
in both the intensity and spectr-al line shape of the
luminescence occurs. In some cases, absorption
measurements indicate that the latter is caused by
a change in the strength of the electron-phonon in-
teraction. However, the intensity of luminescence
is determined by the defect density. ESR mea-
surements demonstrate that there is a correlation
between a decreasing luminescence intensity and

an increasing density of unpaired spins. We show
that this relation can be explained by a model in
which nonradiative transitions occur when carriers
tunnel into localized defect states.

It is evident that the presence of defects with

spin, and possibly the strength of the electron-
phonon coupling as well, are determined by the

way in which hydrogen is incorporated into the
samples. We can. identify two film growth re-
gimes, which clearly affect the defect density,
corresponding to surface reactions whose rate is
limited either by the supply of Si-H species, or by
the available power to drive the reaction. Infrared
measurements" also show that there is a correla-
tion between luminescence properties and the bond-
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ing configurations of hydrogen to silicon. It is
hoped that further work in this direction will en-
able a structural origin for the defects to be iden-
tified.

We also observe luminescence fro~ oxygen im-
purities in amorphous silicon. The oxygen is in-
troduced by depositing samples in a low partial
pressure of air. However, in some eases, notably
when using very low eoneentrations of silane, the
oxygen is also present as a native impurity. From

observations of the oxygen luminescence, we spec-
ulate that the active centers are very similar to
the charged defects (D', D ) that are postulated in
ehalcogenide glasses.
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