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photoluminescence in a-Si& „Ge„:Halloys
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The photoluminescence (PL) of alloys in the system a-Si& „Ge:H shows the presence of two
bands, one which peaks at higher energies (1.2—1.4 eV in a-Si:H) and one which peaks at lower en-

ergies (0.8—0.9 eV). For all values of x studied (0 &x &0.52), the position of the low-energy peak is

independent of Ge concentration. The samples we have studied exhibit a low-energy tail to the PL
efficiency which is of constant magnitude independent of x. There is a departure from this behavior

only when the low-energy PL peak is present.

I. INTRODUCTION

Radiative recombination processes in hydrogenated
amorphous silicon (a-Si:H) have been studied in great de-
tail, and reasonably comprehensive model descriptions of
these processes have emerged. ' Street' has suggested
that the electron-hole pairs created by optical excitation
do not diffuse very far apart before they become trapped
and that, at least at low-excitation intensities, each pair
created eventually recombines independently of all other
pairs. Dunstan, on the other hand, has suggested that
optical excitation creates "distant pairs" with random
separations, and that the recombination events cannot be
identified with the specific electron-hole pairs which were
created. Although the first explanation is the most com-
monly accepted, the exact model is still a matter of some
debate.

A common feature of essentially all models for the pho-
toluminescence (PL) processes in a-Si:H and related alloys
is the assumption that the recombination occurs between
electrons in localized "band-tail states" at the bottom of
the conduction band and holes in similar states at the edge
of the valence band. This so-called "band-tail to band-
tail" recombination process proceeds at low temperatures
by the tunneling of electrons and holes in the localized
band-tail states. ' There is also thought to be a Stokes
shift of a few tenths of an eV between the excited state
and the emitted photons.

Recently it has been suggested that the PL process may
involve a specific set of defect states near the conduction
or valence-band edge and that the recombination process
involves transitions between an excited state of this defect
and the ground state. This alternative explanation was
suggested in order to explain the appearance of a "univer-
sal" low-energy tail in the PL spectra of a-Si& „Ge:H al-
loys.

Several general experimental observations concerning
the PL processes in a-Si:H and related alloys are by now
well established. The main observation in a-Si:H is the
occurrence of a broad PL band centered at about 1.3 eV
(usually between 1.2 and 1.4 eV) which is strongest at
temperatures below about 77 K. As the temperature in-
creases above about 80 K, this peak shifts to lower ener-
gies and the PL efficiency rapidly decreases. We hence-

forth refer to this process as the high-energy PL. There is
also another PL band which has often been reported in
undoped a-Si:H. This band, which has been associated
with dangling-bond defects, peaks at lower energies (usu-
ally between 0.8 and 0.9 eV) and usually dominates the PL
at room temperature. There is some evidence that there
may be more than one band contributing to the PL at
these lower energies. We refer to the PL which peaks
near 0.8 eV as the low-energy PL.

In the present paper we describe the results of a detailed
study of the PL processes in the a-Si& Ge:H alloy sys-
tem with x between 0 and 0.52. These studies have em-
ployed samples from several different sources and samples
made by different techniques. In Sec. II we briefly
describe the experimental procedures employed as well as
some relevant details concerning the preparation of the
samples. Section III describes the results, and Sec. IV
discusses the significance of these results for the models
proposed to explain the radiative recombination processes
in a-Si:H and related alloys.

II. EXPERIMENTAL ASPECTS

Samples were prepared by the glow discharge of silane,
germane, and sometimes hydrogen, using procedures
described previously. The glow-discharge system was a
standard one operating at a pressure of approximately 1

Torr with substrate temperatures of about 200 to 220 C
and growth rates of several A/sec. Most samples were
prepared on 7059 glass substrates. The silicon-germanium
ratios were determined by the inductively coupled plasma
technique. Although the hydrogen content was not
directly determined, infrared absorption and other diag-
nostic techniques indicate that between 5 and 15 at. % of
hydrogen is incorporated in all samples.

The thicknesses of the films varied generally from
-0.1 to -0.5 pm. Transmission spectra were routinely
taken on all films to ensure that fringing effects due to
sample thickness were not contributing to the PL line
shapes. In addition, for several values of x, PL spectra
were determined using several sample thicknesses. In
most cases presented the exciting light at 2.41 eV was
completely absorbed within the amorphous film.

The PL was generally excited using an Ar+ laser (5145
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A) with a power of —100 mW and detected in a phase-
sensitive fashion using a cooled Ge photodiode (North
Coast, model No. 617L). Spectra were recorded and aver-
aged with a LeCroy Model No. 3500SA system. All PL
spectra were corrected for spectrometer and detector
response. Measurements were taken between 4 and 300 K
using a variable-temperature cryostat (Janis varitemp).

III. RESULTS

For all compositions studied the PL line shapes are
essentially independent of temperature for temperatures
below about 80 K. Above 80 K the line shapes generally
change with temperature. The low-energy PL peak near
0.8 eV becomes more important with increasing tempera-
ture in most samples. The position of this low-energy
peak is independent of both temperature and germanium
concentration. The high-energy PL peak shifts to lower
energies with increasing temperature and increasing ger-
manium concentration. For germanium concentrations in
the range 0 &x & 0.38, the low-energy PL process does not
contribute to the observed PL spectra at low temperatures
( &150 K), and the spectra in these cases can be con-
sidered as due to a single process.

The temperature dependence of the integrated PL inten-
sity is shown in Fig. 1 for several values of x. The excita-
tion power density used for these measurements was 4
W cm . At this excitation intensity the integrated PL
exhibits a broad maximum somewhere between 40 and 70
K. This broad maximum becomes less pronounced and
shifts to lower temperatures with increasing x. At lower
excitation intensities the PL intensities are nearly indepen-
dent of temperature up to about 70 K. At higher tem-
peratures (above about 70 K) the PL intensities decrease
with increasing temperature. The rates of decrease are
essentially independent of excitation intensity. All of
these features have been observed previously in a-Si:H and
attributed to Auger recombination.

The occurrence of two PL processes in these alloys is il-
lustrated for the case of x =0.38 in Fig. 2 where the PL

spectra are shown at several different temperatures. For
this sample the PL spectrum at 10 K is dominated by the
high-energy peak (near 1.2 eV for this value of x). As the
temperature is increased the low-energy peak becomes
more prominent and at 165 K this peak dominates the PL
spectrum (top spectrum in Fig. 2). Notice that at 135 K
the two contributions to the PL spectrum are not resolved
and one might easily misinterpret this isolated spectrum
as due to a single PL process. The occurrence of two dis-
tinct processes is, however, very apparent in the 10- and
77-K spectra of Fig. 2. The point that one cannot always
tell from the shape of the PL spectrum whether there is
more than one PL process contributing to the observed
PL spectrum will become important when we discuss the
low-energy behavior of the PL spectra in these alloys in
the next section.

The low-energy PL peak, which has a maximum near
0.8 eV in all alloys in the hydrogenated silicon-germanium
system, becomes relatively more important as the ger-
manium content is increased. This fact is illustrated in
Fig. 3 where the PL spectra for temperatures around 200
K are shown for x=0, 0.38, and 0.52. In a-Si:H the
high-energy PL is the dominant band while for x =0.52
the low-energy PL is the dominant band. Both bands are
of roughly equal importance for x=0.38 at these tem-
peratures.

The fact that the peak of the low-energy PL spectrum
is independent of x is illustrated in Fig. 4. This figure
also displays the dependence of the band gap as a function
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FIG. 1. Integrated PL intensity as a function of temperature
for a series of alloys in the system a-Si& „Ge„:H. The labels
refer to the values of x. All data were taken at excitation power
densities of 4 W cm
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FIG. 2. Temperature dependence of PL spectra in a-

Si~ „Ge„:Hfor x =0.38.
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of x on the same relative energy scale. It is clear from
this figure that in these alloys the PL process which is as-
sociated with the peak at 0.8 eV does not depend on the
magnitude of the energy gap. In the next section we will
discuss the constraints which this behavior imposes on
possible microscopic models for the PL process.

When viewed on a log scale, previous measurements
have shown that there is a remarkable universality to both

—1.6

ENERGY (eV)
FIG. 3. PL spectra for selected alloys in the system a-

Si& Ge„:H (x =0, 0.38, and 0.52). Spectra shown are those in-
dicative of intermediate temperatures of around 200 K. Note
the increasing importance of the PL peak at 0.8 eV with increas-
ing x.

the slope and the magnitude of the PL spectra at low en-
ergies in a set of a-Sii „Ge:H alloys so long as only the
high-energy PL process is important. The traces shown in
the top portion of Fig. 5 illustrate this fact for a series of
alloys made in the same deposition system. In the bot-
tom portion of Fig. 5 we illustrate the point that this
universal behavior is masked when the low-energy PL
process becomes important (even at low temperatures) as
it is for the samples with x =0.435 and 0.52 in this figure.
The universal tail occurs only when the high-energy PL is
the only important PL process. Figure 6 further illus-
trates this point. In this figure we compare two curves
from the previous figure [x=0 and 0.346 which are
reproduced as curves (a) and (c), respectively] with PL
spectra obtained from samples made by magnetron
sputtering from two separate targets. ' The PL spectrum
for the sample of a-Si:H made by magnetron sputtering
was found to be essentially identical both in shape and
magnitude with the sample prepared by the glow
discharge of silane. Hence, both samples are indicated by
the curve labeled (a) in Fig. 6. The curve labeled (b) in
Fig. 6 was grown by magnetron sputtering with a compo-
sition given by x=0.30. This curve shows an apparent
departure from the universal behavior just discussed.
That is, the intensity of the PL in sample b exceeds that
observed for a-Si:H (sample a) in the energy range
hv(1. 1 eV.

The reason for the apparent departure of sample b from
the universal tail can be understood by examining the
temperature dependence of the PL spectra as shown in the
central and bottom portions of Fig. 6. Notice that the PL
which peaks at 0.8 eV (low-energy PL) dominates the
high-temperature spectrum for sample b while this PL
process remains relatively insignificant in the high-
temperature spectrum of sample c. Thus, the apparent
departure from the universal behavior is due to the pres-
ence of a second PL process in this particular sample.

In these samples there are at least two characteristic
features which forecast that a second (low-energy) PL
process is important in determining the low-temperature
PL line shape in any given set of a-Si, „Ge„:H alloys
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FIG. 4. Position of the low-energy PL peak at 0.85 eV as a
function of germanium content in alloys of the system a-
Si& „Ge„:H. Also shown for comparison on the same relative
scale is the variation of the optical band gap in the same alloys.

FIG. 5. PL spectra at 77 K for alloys in the system a-
Si~ „Ge„:H. The numbers denote the Ge content in percent
(100x). The peak of the PL spectrum for a-Si:H (x =0) has
been normalized to unity, but all other intensities are absolute
with respect to the curve for x =0. (After Ref. 5.)



35 PHOTOLUMINESCENCE IN a-Si~ „Ge„:HALLOYS 9225

oZ
CP uJ0 z

C3

Z,'

LLJ

Z'

]00
T= 77K

1Q2
T=17QK
Samp/e: 6

2-
0

T= 170K
Sam

4-
2-

+(a)
ooro

) 0

10 1

10 2

0.80 1.00 &.20 140 1.60
PHOTON ENERGY (eY)

FIG. 6. PL spectra in various alloys in the system a-
Sil „Ge„:H at 77 K (top portion of figure) and 170 K (middle
and bottom portions). Top: curve (a), PL spectra for glow-
discharge-produced (Ref. 5) and magnetron-sputtered a-Si:H
normalized to the same peak value (dashed line); curve (b), PL
spectrum for magnetron-sputtered (Ref. 8) a-Sio7Geo3. H (cir-
cles); curve (c), PL spectrum for glow-discharge-produced (Ref.
5) a-Si065Geo35 H (solid line). Note the semilog scale in this
portion of the figure. Middle: PL spectrum for magnetron-
sputtered (Ref. 8) a-Sio7 Geo 3..H Bottom: PL spectrum for
glow-discharge-prepared (Ref. 5) a-Si& 65Geo 35.H.

even where there is no resolved structure present. The
first feature is that the half-width of the PL spectrum at
low temperatures ( & 100 K) does not decrease significant-
ly with increasing Ge content as has sometimes been ob-
served. ' The magnetron-sputtered samples of Fig. 6
also show this behavior [cf. curves (a) and (b) of this fig-
ure]. It will become apparent from the discussion below
that this situation occurs because the measured half-width
is an apparent width which encompasses the contributions
of two distinct, but not necessarily resolvable, PL bands.
In contrast to this behavior, other workers '" have ob-
served PL linewidths which decrease rapidly with Ge con-
centration at essentially the same rate as that of the band
gap. We believe this behavior represents the case when
only the high-energy PL process is important.

The second feature which indicates that a second PL
process is important in the observed PL line shape is that
the measured peak of the PL spectrum shifts rapidly to-
ward 0.8—0.9 eV as the temperature approaches 300 K.
This rapid shift is due to the fact that as the temperature
increases the low-energy PL becomes relatively more irn-
portant than the high-energy PL. Such behavior has been
observed by several authors. ' ' ' As we shall see the
shift of the PL peak with temperature is much more gra-
dual when only the high-energy PL process is important.

This situation becomes clearer as we consider in more
detail the temperature dependence of the present series of
alloys prepared by the glow-discharge technique. In Fig.
7 are plotted the integrated intensities for the two com-
ponents of the PL spectra in two selected samples where
x =0 and 0.38. The two contributions are easily separable
in these two cases. For the case of pure a-Si:H (x =0) a

10 4

10

0 40 80 120 160 200 240 280
TEMPERATURE (K)

FIG. 7. Integrated PL intensity for the high-energy (open cir-
cles and triangles) and low-energy (solid circles and triangles)
recombination processes as a function of temperature for two al-
loys in the system a-Si~ „Ge„:H. The labels represent the Ge
content in percent (100x).

resolved peak at 0.8 eV occurs only at higher temperatures
(T& 160 K) and the low-energy tail of the high-energy
PL can readily be subtracted from this feature. Similarly,
in the sample with x =0.38 (middle trace of Fig. 3), two
resolved features are readily apparent.

In pure a-Si:H at low temperatures the low-energy PL
is about three orders of magnitude less intense than the
high-energy PL. On the other hand, in a-SiQ62Geo 38 H
these two PL processes differ by only an order of magni-
tude at low temperatures. At high temperatures the
high-energy PL decays more rapidly than the low-energy
PL in both samples. There is an abrupt break in the
dependence of the amplitude of the low-energy PL with x
at around x =0.35. This fact is demonstrated in Fig. 8
where only the low-energy PL is plotted for various al-
loys. It can be seen from this figure that at low tempera-
tures the intensities of the low-energy PL fall into two
groups depending on whether x is less than or greater
than about 0.35. This behavior is the second example of
an abrupt change in PL properties around x =0.35. The
first example was the departure from the universal
behavior of the low-energy tail as shown in Fig. 5. Both
examples occur for the same general reason, the emer-
gence of the low-energy PL process as an important radia-
tive recombination mechanism for x & 0.35.

There exists a useful empirical method for estimating
the importance of the low-energy PL process in a-
Si& „Cse„:Halloys. We illustrate this method for the case
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of a-Si:H (x =0) in Fig. 9. Figure 9 shows the peak of
the measured PL in a-Si:H (x's) as a function of tempera-
ture for samples as grown and for samples purposely de-
graded by annealing at 500'C for 20 min. In the good
quality material the PL peak decreases with temperature
slightly faster than the band gap as one can see by com-
parison of the x's at the top of Fig. 9 with the dashed line.
On the other hand, in the annealed sample, the peak of
the PL spectrum changes much more rapidly at higher
temperatures and approaches the peak of the low-energy
PL at the highest temperatures (hexagons in the middle of
Fig. 9). Although the low-temperature PL efficiency of
the annealed sample is only marginally less than that of
the standard sample ( —30%%uo decrease), the low-energy PL
is orders of magnitude more important and actually deter-
mines the peak of the PL spectrum at high temperatures.
In addition, the annealed sample no longer falls on the
universal tail shown in Fig. 5, and the PL intensities at
low energies (h v & 1 eV) are actually greater than those in
the standard sample. There is, however, no resolved
structure at 0.8 eV in this particular annealed sample, al-
though resolved structure has been observed by others. '

(See Fig. 10 in the next section. )

The important information to be gained from Fig. 9 is
that, at least in our samples, one may estimate whether
the low-energy PL in a given series of samples will fall on
a universal curve by whether or not the peak of the PL
spectrum asymptotes to 0.8 eV as the temperature ap-
proaches 300 K. This fact is illustrated dramatically in
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Fig. 9 where the PL peaks for several alloys in the a-
Si& Ge:H system are also plotted. The distinct change
from the universal behavior observed near x =0.30 in
Fig. 5 is reproduced as a distinct break in the high-
temperature asymptotes in Fig. 9. Thus the peak of the
PL spectrum as T approaches 300 K can be used effec-
tively to predict the behavior of the low-energy PL line
shape at low temperatures.

FIG. 9. Position of the peak of the PL spectrum as a func-
tion of temperature for alloys in the system a-Si

& „Ge„:H. The
labels refer to the Ge content in percent (100x). Note the quali-
tative difference between the curves for x &0.35 and those for
x ~ 0.35. The x's at the top of the figure are data for a-Si:H as
grown and the hexagons in the middle of the figure are data on
the same sample after annealing at 500 K for 20 min. The
dashed line at the top represents the variation of the optical gap
(right-hand scale).
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FIG. 8. Integrated PL intensity for the low-energy (0.85 eV)
process as a function of temperature for alloys in the system a-
Si& „Ge„:H. Labels represent the Ge content in percent (100x).

FIG. 10. PL spectra at 15 K in a-Si:H as a function of an-
nealing temperature on a semilog scale. The solid line
represents a sample grown at a substrate temperature of 250'C
as reported by Wilson et al. (Ref. 13). The circles are the data
of Gal et al. (Ref. 5) normalized at the peak. The additional
curves are spectra obtained by Wilson et al. (Ref. 13) after an-
nealing at the temperatures indicated.
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IV. DISCUSSION
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The universal behavior of the PL at low energies is not
restricted to the a-Si& „Ge:H alloys system. Similar
behavior has also been observed in a-Si:H when the hy-
drogen content is varied. ' Figure 10, after Wilson
et al. ,

' illustrates the situation for a-Si:H prepared by
the glow-discharge method and annealed at various tem-
peratures to lower partially the hydrogen concentration.
The circles in Fig. 10 are the data from Gal et al. which
are the same as those for a-Si:H shown in Figs. 5 (x =0)
and 6 [curve (a)]. The data have been normalized to
those of Wilson et al. ' at the peak of the PL spectrum.
Note that the low-energy tail is essentially constant in this
series of alloys and that the peak shifts to lower energy
with decreasing H content. There is a departure from this
behavior only when a new PL peak near 0.78—0.8 eV ap-
pears. This peak is particularly apparent in the curve
after annealing at 550 C in Fig. 10. Thus also in the a-
Si:H system there is evidence for a universal tail to the PL
spectrum provided that only one PL process is dominant.

We must mention at this point that some of the PL line
shapes reported by others do not appear to exhibit the
"universal" character. ' ' Although all researchers com-
monly observe essentially the same low-energy dependence
for the PL as exhibited in Figs. 5 and 6, not all have ob-
served that the PL efficiency at a given energy is indepen-
dent of x as shown in Figs. 5, 6, and 11. On the other
hand, we have found that the highest efficiency photovol-
taic grade materials exhibit the "universal" low-energy
tail in the PL spectrum.

We have also performed annealing experiments on the
film of a-Si:H whose PL is exhibited in Figs. 3, 5, and 6.
The qualitative behavior is the same as that displayed in
Fig. 10 for the samples of Wilson et al. ' In our case,
however, there is no evidence for any structure near
0.8—0.9 eV in either the unannealed or annealed sample.
The annealing data are shown in Fig. 11. Note that al-
though there is no resolved structure in any of the PL
spectra in Fig. 11, the intensity of the PL in the annealed
sample is actually greater near 0.8—0.9 eV than it is in the
unannealed case. The data of Figs. 10 and 11 provide
convincing evidence that one can actually increase the
low-energy PL efficiency in material whose electrical

properties indicate a greater density of defects within the
energy gap.

It has often been suggested that the appearance of a
low-energy PL peak is indicative of material with a large
number of electronic states in the gap. The implication
has been that no PL processes can be very efficient in
these materials because the increased densities of electron-
ic states in the gap provide many nonradiative paths for
the recombination. In a-Si:H this conclusion may be
valid to the extent that the integrated PL intensity on
films with strong low-energy PL never exceeds the in-
tegrated high-energy PL intensity in the best quality
films.

On the other hand, the PL intensity in the vicinity of
0.8—0.9 eV will actually increase when the low-energy PL
is strong. In addition to the annealing experiments shown
in Figs. 10 and 11, one example has already been given.
In curve (b) of Fig. 6 it can be seen that the alloy a-
SiQ7GeQ3 H exhibits PL intensities below about 1.1 eV
which exceed those of pure a-Si:H [curve (a)] and also
those of a sample of a-Sio 65Geo 35 H [curve (c)]. In fact
the total integrated PL intensity in sample b actually
exceeds that in sample c. This situation is often the case
in the narrower gap materials where the high-energy PL is
weaker.

At present one can only speculate concerning the mi-
croscopic origin of the low-energy PL efficiency in a-Si:H
and a-Si] Ge:H alloys. The usual explanation, which
invokes recombination of electrons in conduction band-
tail states with holes in the valence band tail, has some
difficulty fitting naturally with the observed behavior.
For this mechanism one would expect the PL to shift to
lower energies with Ge concentration, but one would not
necessarily expect a decrease in the PL efficiency just such
that the low-energy PL is independent of Ge concentra-
tion.

The position of the low-energy PL peak at 0.8 eV is in-
dependent of Ge concentration as shown in Fig. 4. Be-
cause this peak also occurs in pure a-Si:H and is the dom-
inant band in films with high defect densities, the PL
peak has been associated with radiative recombination
through silicon dangling bonds. In particular, it has been
suggested that the PL transition is from an electron in the
conduction band tail into a silicon dangling-bond state. '

As Ge is added to a-Si:H it is the edge of the conduction
band which decreases in energy while the valence band
remains relatively constant in energy. ' It is therefore un-
likely that the low-energy PL is due to a transition from
the conduction band into a silicon dangling-bond state be-
cause the energy of the silicon dangling bond with respect
to the valence band is probably essentially independent of
Ge content. If the PL which peaks near 0.8 eV results
from a transition which involves a silicon dangling bond,
then the transition may be from the dangling bond to the
valence band. '

FIG. 11 PL line shape of a-Si:H at 77 K showing the effect
of annealing. Curve (a), before annealing, curve (b), annealed
at 300'C for 20 min curve ( c), annealed at 450 C for 20 min
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