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Optical absorption, photoconductivity, and photoluminescence
of glow-discharge amorphous Sii „Ge„alloys
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Results on the optical absorption, photoluminescence, and photoconductivity spectra
and on electrical-transport data of amorphous Si~ Ge„:H alloys prepared from the plas-

ma decomposition of silane and germane are presented. An attempt is made to find a
self-consistent interpretation of the data in terms of changes in the optical energy gap and

in the gap-state densities with mixtures of different ratios of SiH4 to GeH4. It is found

that the photoconductivity and the photoluminescence intensity are much higher than

would be expected from the previously deduced values of the ratio of Si—H to Ge —H
bonds from infrared absorption spectra. The principal conclusion of our results is that

the changes in the intrinsic properties of a random tetrahedrally coordinated alloy as a

function of alloy composition x are often masked by the extrinsic effects of changes with

x in H content, defect density, and microstructure; the latter changes depend sensitively

on the preparation method.

I. INTRODUCTION

Studies of semiconducting hydrogenated amor-

phous binary alloys are of particular interest be-
cause it is generally believed that, through an ad-

justment of the alloy composition, the optical and
electronic properties can be tailored for device ap-

plications. We have reported earlier an important
difficulty that may be encountered with hydro-

genated binaries: Hydrogen may be found to be
bonded preferentially to one of the elements, which

may imply that defects associated with the less hy-

drogenated element are left in high density. ' i In
this paper we shaB discuss the electronic and opti-
cal properties of a-Sii „Qe„:Has a function of x,
and thus examine the extent to which alloying and

the concomitant changes in the H content and

bonding result in a different density-of-states dis-

tribution than is observed in a-Si:H.
To aid the interpretation of the results, we in-

voke correlations between properties which have
been established by more extensive studies on a-
Si:H. Because the H content (cH) and x are not
independent parameters, ambiguities remain in dis-

tinguishing the effects of their variation on sample
properties. To resolve these ambiguities it will be
necessary to separate intrinsic effects (based on
changes in the properties of the random, complete-

ly tetrahedrally coordinated, homogeneous alloy)
from the extrinsic effects of changed cH, H-
bonding configurations, defect density, and micro-
structure.

In concurrent work on the a-Sij „Ge„:Hsystem,
Hauschildt et al. have interpreted their results in
terms of an increase in the defect state density in
the gap and a decrease in the extent of the band
tails with increasing x. For our samples we deduce
similar changes with x in the midgap density of
states, but we find an increase or a decrease in the
extent of the conduction-band tail, depending on
the deposition technique. We infer that there are
both intrinsic and extrinsic contributions to the
density of states in the conduction-band tail for
our samples.

All samples were deposited on the cathode of a
dc glow-discharge apparatus built from glass and

p {arb. units)

FIG. 1. Schematic discharge characteristic of the dc
glow-discharge plasma of SiH4 and GeH4. Samples
were deposited in the low-pressure regimes indicated by
the heavy lines.
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TABLE I. Characteristics of the a-Si& „Ge„:H alloys of this study.

Sample

Substrate
temperature

('c)

Film
thickness

(pm)

Rate of
deposition
(JMm/min)

Ge content
microprobe

100' Evolution

Composition
H content (at. %%uo)

ir absorption
wag mode

Ge GD1
Ge GD2
Ge GD4
SiGe GD1
SiGe GD4
SiGe GD9
SiGe GD12
SiGe GDS
SiGe GD14
SiGe GD3
SiGe GD2
SiGe GD6
SiGe GD7
SiGe GD13
Si GD4
Si GD10

250
250
100
250
250
250
100
250
250
250
250
250
250
250
250
100

6.5
14
5.0
9.3
3.9

12
6.0

12
6.6
5.0
5.5
3.5
3.6
8.0

11
11

0.54
0.40
0.13
0.46
0.26
0.22
0.20
0.20
0.19
0.25
0.28
0.14
0.14
0.14
0.16
0.18

100
100
100
90
88
82
70
68
65
55
42
28
26
14
0
0

8.6
10

18
38
10
13

15
8

15

2.6
2.6
5.0
3.2
3.9
9.4

23
9.1

9.5
8.0

11
10
12
9.2

11
12

stainless-steel components. The pumping system
consisted of a liquid-Ni cold trap, a diffusion

pump and a roughing pump. The adjustable elec-
trode gap was set at 13 mm, and the diameter of
anode and cathode electrodes was 37 mm. The dc
plasma was excited with 900 V, and the SiH4 and
GeH4 pressures were adjusted such that the current
was maintained between 0.8 and 2.0 mA. The
discharge characteristic of the dc plasma was
found to be critical to the properties of the films.
Figure 1 shows a qualitative relationship between
the discharge current i at a fixed voltage as a func-
tion of the pressure p of pure silane or germane.
All our samples have been prepared under low-
pressure conditions (heavily lined part in Fig. 1).
Since I varies rapidly with p, the discharge current
is a sensitive indicator of the pressure and was
monitored to aid in the adjustment of p. This pro-
cedure avoided the deposition of "polysilane"-type
a-Si:H samples, which have been reported to nu-
cleate from high-pressure SiH4 plasmas.

Films were codeposited on glass (Corning 7059),
crystalline Si, and aluminum substrates, at sub-
strate temperatures of 100 and 250'C. The rate of
deposition on the conducting substrates, which was
about 5 times faster than on the glass substrates,
varied between 0.1 and 0.5 pm/min as x was in-
creased from 0 to 1. Table I summarizes the
characteristics of the samples. The thicknesses and
deposition rates shown there are for samples on

crystalline Si substrates. The thicknesses for these
samples were determined to an accuracy of -10%
by an edge-on scanning electron microscopy mea-
surement.

III. CHEMICAL AND STRUCTURAL
CHARACTERIZATION

The amorphicity of the films was verified by x-
ray diffraction, and their composition determined
by electron microprobe, with an overall accuracy
of +1%. The microprobe used a wavelength
dispersive spectrometer and was interfaced with a
microcomputer that compared the intensities of Si
and Ge with crystalline standards and corrected for
background and matrix effects. Probes of the
composition at several spots of the sample surface
indicated uniformity within the sensitivity of the
experiment (1 p,m spot size).

A study of the films by secondary ion mass
spectroscopy (SIMS) (performed by Charles Evans
Associates) provided information on the depth pro-
file of various constituents. In principle, it is also
possible to obtain the concentrations of the consti-
tuents by SIMS, but the sensitivity factors of dif-
ferent elements depend strongly on the atomic ma-
trix of the sample. As a result, an absolute quanti-
tative estimation may be in error by as much as a
factor of 2. Figure 2 shows a typical depth profile
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FIG. 3. Hydrogen content eH of the samples as a
function of composition x. Details concerning the deter-

mination of cH may be found in Ref. 3.
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FIG. 2; SIMS depth profile of constituents of film

SiGe GD3.

of various elements. The most important result of
the SIMS study is the establishment of the unifor-

mity of the Si and Ge content throughout the film
thickness. Occasionally, a build-up of contam-

0
inants such as 0 and C was observed within 500 A
of the interface between the film and the substrate.
The bulk levels of 0 and C are estimated to be
-10 and -5)& 10' cm, respectively. The fol-
lowing facts suggest that it is unlikely that the
properties reported here are influenced by the ob-

served contaminant levels. %e recall that the elec-
tronic and optical properties of our sputtered a-
Si:H do not seem to be altered by C or 0 contents
of similar magnitude. Changes in these properties
do occur at deliberately introduced higher 0 con-
centrations, when clear signatures of Si-0 entities

appear in the infrared vibrational absorption spec-
tra of 1-pm thick films. s However, no such ab-

sorption is discerned in films of the alloy series re-

ported here, even in the 12-pm thick samples.
The H content cH of the samples as measured by

evolution or by the integrated absorption of the in-

frared wag modes at -600 cm ' is given in Table
I. In Fig. 3, cH is plotted as a function of the
composition x for the samples prepared at a sub-

strate temperature of 250'C. The difference be-

tween the cH values obtained from infrared and

evolution has been attributed to weakly bonded hy-

drogen in the Ge-rich samples. The weakly bond-

ed hydrogen which evolves at low temperatures has
a different effect on the electronic and optical
properties than that bonded in SiH or SiH2 config-
urations. %hen it is evolved, the photolumines-

cence intensity does not change significantly, al-

though there is a small shift of the peak to lower

energies attributable to a network relaxation effect.
We conjecture that the principal effect of the
weakly bonded hydrogen is a perturbation in the
structure of the network. Transmission electron
microscope pictures of the Si-rich samples did not

reveal microstructure, whereas a pure glow-

discharge a-Ge:H film prepared at a substrate tem-

perature of 100'C showed density fluctuations on a
scale of 100 A.s

IV. RESULTS

A. Optical absorption

The optical absorption edges a(hv} were mea-

sured using a Cary 14 double beam spectrometer.
For samples on glass substrates, we obtained an
average value of the film thickness either from a
direct measurement with a Sloan Dektak at several

points of the film surface, or from an analysis of
the interference fringes using a thin-film optical
program. %e conclude that, despite inhomo-

geneities in film thickness, a may be determined
with sufficient accuracy to give E04 (the energy for
which a equals 10 cm ') within +0.03 eV.
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TABLE II. Values of EG and E for a-Si~ „Ge„:H
alloys.

Sample number E. (ev) Sa (Ocm)-'

cp 5.00
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FIG. 4. Absorption edge spectra for representative al-
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A selection of optical absorption spectra is
shown in Fig. 4. Keeping in mind the variation of
cH with x of Fig. 3, we observe that the position of
the absorption edge is affected by the alloy compo-
sition. Figure 5 shows the variation of the optical
parameters with composition x. %e have plotted
E~ and Es, where the latter is found by extrapola-
tion of (ahv)'~ vs hv to a=0. We must point
out that the extrapolated value Eg depends on the
region of a from which the extrapolation is made,
because the (ahv)'~ vs hv curve is not exactly a

Si GD1
SiGe GD7
SiGe GD6
SiGe GD2
SiGe GD3
SiGe GD8
SiGe GD9
SiGe GD4
Ge GD1

0
0.26
0.28
0.42
0.55
0.68
0.82
0.88
1.00

0.93
0.74
0.86
0.85
0.85
0,82
0.74
0.67
0.46

7.2g 10
1.9g10-'
2.3g 10
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2.4y 10-"
1.5X 10-"
1.6g10-'
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B. Photoconductivity

A full description of the apparatus used has been

reported elsewhere. ' The photoconductive re-
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Eg than Onton et a/. For the Ge-rich alloys,
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from data at significantly lower a. For these sam-

ples wc believe a might be infiuenced by gap state
absorption.
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FIG. 6. Photoconductivity derived absorption spectra
for samples Si GD1 and SiGe GD2 (circles). Crosses
denote data obtained from a direct optical absorption
measurement.
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FIG. 8. Variation of the PL peak intensity with x.

sponse 5G has been measured under "standard"
conditions (1.96-eV excitation and 10'
photons/cm ). Although bG can scatter by as
much as an order of magnitude for a given x, there
is a clear decrease of about 3 orders of magnitude
as x is increased from 0 to 0.6, and an increase by
a factor of about 20 as x is further increased to 1.0
(see Table II).

From the spectral dependence of hG, the absorp-
tion coefficient has been derived for the energy
range between 0.8 eV and the region where it can

be found from a direct absorption measurement. '

Figure 6 shows the extended absorption spectra for
samples with x=O and 0.42. We note that the
a(hv) curves both show structure below an approx-
imately exponential behavior near u =10 cm
analogously to what is found for pure a-Si:H. '

C. Photoluminescence

We have also characterized the alloys by param-
eters derived from the photoluminescence (PL)
spectra. A description of the PL apparatus and
data evaluation is given elsewhere. " Figure 7
shows the deconvoluted PL spectra of some
representative samples. In Fig. 8 we show the
dependence on x of the PL intensity and in Fig. 9
the dependences on x of the full width at half
maximum (FWHM) and the peak position in ener-

gy. We observe a decrease in the PL intensity by
nearly 4 orders of magnitude as x is increased to
0.9; no PL was detected for x=1.0. There is a sin-

gle PL band at all compositions with a peak posi-
tion that shifts to lower energy with increasing x,
first gradually for x &0.6, and then more steeply
for x p0.6. The PL FWHM is observed to in-
crease with increasing x. When x is increased to
0.6, we also note a decrease in the slope of the log
(PL intensity) with temperature. In glow-discharge
films with x=O, measured at 1SO K, a superlinear-

ity has been observed in the luminescence intensity
as a function of excitation intensity, and interpret-
ed as evidence for a nongeminate component in the
radiative recombination. ' We have confirmed this
effect for several of our glow-discharge samples
with x =0. Only one of the samples for x & 0
(SiGe GDS with x=0.68) was measured as a func-
tion of excitation intensity at different tempera-
tures. No significant superlinearity was observed
in the. excitation intensity dependence of the PL
for this sample for temperatures as high as 200 K,
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D. Electrical transport

The dc conductivity measurements were made
using coplanar Nichrome contacts. The tempera-
ture dependence of the conductivity o(T) for
several alloys is shown in Fig. 10. It is seen that
there is a wide range in T of activated transport,
adequate to define the parameters E and o p in the
relation
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Figure 11 displays the variation of the deduced
parameters E, harp, and crRr (room-temperature
conductivity) with composition x. A list of E~
values is given in Table II. It is observed that with
increasing Ge content, 0 increases at all tempera-
tures. E remains relatively unchanged near 0.85
eV for x & 0.6, and then decreases rapidly to 0.5
eV as x approaches 1. The trend in o.o is less

dramatic. Despite considerable scatter in the
values for op, the average value of crp for o-Ge:H
seems to be nearly an order of magnitude smaller
than that for a-Si:H.

V. DISCUSSION

In attempting to interpret the band-structure and
electronic processes in a-Si:H, a number of proper-
ties other than those reported here are studied.
The results from them may be exploited to help to
interpret the properties measured for the a-
Si, „Ge,:H alloys, and derive information about
the density of states near midgap and at the
conduction- and valence-band edges.

The variation of the density of states (DOS) with
energy just above the valence-band edge, deter-
mined from photoemission measurements, has been
found to correlate with the variation in the absorp-
tion coefficient at subband gap energies in undoped
and P-doped a-Si:H. ' This suggests that the in-
crease of a near 1.2 eV in the shoulder of the
a(hv) curve of Fig. 6 =ven taking into account
the shift to lower energies of the intrinsic absorp-
tion edge —refiects an increase in the DOS above
the valence-band edge. However, similar reasoning
cannot be applied to the a(he) data for larger x,
where the intrinsic edge has shifted further.

The midgap density of states may be deduced
from measurements of the capacitance and conduc-
tance as a function of frequency at zero bias in a-
Si:H Schottky diodes. '" lt has been shown' that
this midgap density of states correlates very well
both with the magnitude of a(h v=1.2 eV) and the
inverse of the PL magnitude measured on codepo-
sited a-Si:H samples. Thus, the well-established
decrease in the PL magnitude over the entire range
of x in Fig. 8, as well as the more limited analysis
possible from the photoconductivity spectra, may
be taken as a manifestation of an increase with x
of the midgap state density.

The photoluminescence FWHM, the shape of
the temperature dependence of the photolumines-
cence intensity, ' and the eie:tron drift mobility
activation energy' are argued to provide informa-
tion about the density of states below the conduc-
tion-band edge Eo which is usually taken to vary
as

0.0
10
Ge

I

0.8
I

0.4
I

0.2 0.60.0
Si X

FIG. 11. Transport parameters oo, oRT, and E as a
function of x.

N&(E) =N&pexp[(E Ep )/E&]— (2)

(1) The photoluminescence I'$VHM. This as-
sumes that the sample-to-sample variations in the
spread in recombining electron energies can be at-
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TABLE III. Values of To, obtained from the temperature dependence
of the photoluminescence intensity [see Eq. (3)], FWHM, the full width at half maximum of
the photoluminescence spectrum, and E~, the electron drift mobihty activation energy for
a-Si:H, a-Sil „Ge„:H,and related materials prepared by glom& discharge (gd) and sputtering
(sput). The totality of parameters for all of the alloys is not'indicated here since the table is
designed to shoes a correlation of F%HM, To, and E~ rvith conduction-band-tail state den-

sity.

Preparation
technique

To (K)
+1 K

FTHM (eV)
(+0.01)

a-Si:H
a-Si:H
a-Sio 43Geo 5q,H
a-Si:H
a-Sio 32Geo 68'.H
a-Si:H
a-Si H F
a-SI:0

rf gd
dc gd
sput/gd
sput
dc gd
sput
dc gd
sput

(MT)
(5)
(6+2)
(100)
(8)
(151)
(3)
(162+2)

0.26
0.28
0.29
0.33
0.33
0.35
0.43
0.64

0.12
0.15

tributed in part to variations in the DOS below the
conduction-band edge. The F%HM then gives a
relative measure of E, .

(2) The parameter To describing the decrease in
PL intensity I with increasing temperature To is.
defined by"

[I(T—+0)jI(T)]—1 =exp(T/Tu) .

This supposes that nonradiative recombination
proceeds via activation of the electron out of the
exponential conduction-band tail, ' and it is the
distribution of occupied states in the tail that
determines To. Thus To is directly proportional to
E

(3) The electron drift mobility actiuation energy

E&~ obtained from a combination of steady state
photoconductiuity measurements and the photocon
ductlulty decay after excltatlon ls remould. This
again supposes that electron activation out of an
exponential tail of trapping states determines the
rate of photoconductivity decay. E&~ is then pro-
portional to both To and E,.

Values of the FWHM, Tu, and E&d for several
different types of sample are shown in Table III;
they correlate satisfactorily according to the above
assumptions. Thus we can use any of the three
parameters, F%HM, To, and E&d as a relative
measure of the conduction-band-tail state density.
This demonstrates that the sample-to-sample varia-
tions in the PI, F%'HM reflect changes in the DOS
distribution below E„rather than changes in the
electron-phonon coupling. %e shall employ this
conclusion in interpreting the results for

a-Si~ „Ge„:H,using the F%'HM as the primary
indicator of the tail state DOS below E,.

The values of Eg and Eo4 are determined by two
factors: (1) the distribution in energy of the
conduction- and valence-band densities of states as-

sociated with the completely coordinated, although

topologically disordered network. These states
may be extended, or localized in the band tails. (2}
The distribution in energy of localized states asso-
ciated with defects (dangling bonds, etc.) in the
disordered network and with impurities. Both fac-
tors are assumed to depend on x and cH in a hy-

drogenated binary system, and it has been explicit-
ly demonstrated' that they depend on cH for x=0.
Thus, for any alloy composition, it is necessary to
inquire whether x or cH is the principal deter-
minant of the optical gapa (note that, from Fig. 3,
cH changes rapidly for x&0.6). An additional
complication develops when one considers that for
a given cH and x, the H-bonding configurations
will also influence both (1) and (2) above. This
was shown explicitly in a comparison of glow-
discharge and sputtered a-Si:H. ' From the trends
in Fig. 5, showing a very small decrease in optical

gap with increasing x for x & 0.6, it appears that
the actual alloying of Si with Ge has little effect
on E04, i.e., on the distribution of valence- and
conduction-band states. If a contribution to a(h v)
data in Fig. 4 exists due to defect states nearer

midgap which increase in density with increasing x
(as deduced from the PL result in Fig. 8}, this con-
clusion is further strengthened.

The decrease in the photoconductance of the al-



25 OPTICAL ABSORPTION, PHOTOCONDUCTIVITY, AND. . . 7685

loy implies a decrease in the electron pr product.
It is to be noted, as an aside, that such a decrease
is probably not the sole cause of poor device per-
formance in the alloys. Poor solar cell perfor-
mance is more directly related to a low JMv product
for holes. Since we know that, in a-Si:H, ' this
can be correlated with an increase in a (1.2 eV), it
may be that the observed increase in the low-

energy absorption coefficients for the alloy in Fig.
6 iinplies the poorer device performance actually
found.

Table II shows-that there is considerable scatter
in the values of AG for similar values of x. Simi-
lar scatter is found when parameters are varied in

the preparation of unalloyed a-Si:H, but when IG
is plotted versus E, a clear exponential relation is
found. '9 This dependence has been variously attri-
buted to increased hole trapping as the Fermi level

rises, which sensitizes the electron photoconduc-
tivity, and to a decrease in recombination center
density as the Fermi level rises. Whatever the
cause, the scatter of hG with x may be linked with
fluctuations in E~, and these in turn attributed to
the sensitivity of E, or the Fermi level position,
to variations in accidental doping or defect density.
If we somewhat arbitrarily adjust the present EG
data by dividing out the empirical dependence' '
of b,G on E~ observed for sputtered and glow-
discharge a-Si:H, then the increase in EG with x
for x & 0.7 is eliminated and the scatter in the ad-

justed values is significantly less.
The increase in the PL FWHM with increasing

x suggests, in light of the correlation in Table III,
that the conduction-band (CB) tail increases in ex-:
tent with x for these alloys. This is consistent
with increased disorder, but these data alone are
insufficient to determine its precise nature (whether
fluctuations in bond length, bond angle, dihedral

angle, or any other cause}. It is pertinent to note
immediately that this result is not a general one for
such alloys. Hauschildt et al. report that, in con-
trast, the FWHM decreases linearly with increasing
x for their alloys produced by glow discharge. Re-
cently we have prepared a-Si~ „Ge„:Hby sputter-
ing a c-Si target in (H3+ GeH4+ Ar). For this
material also, both To and the FWHM were
somewhat smaller than observed for typical sput-
tered a-Si:H. (See third entry in Table III. For a
discussion of the variation of the FWHM with x
for a larger set of these samples, see Collins and
Paul, Ref. 16.) It would seem reasonable that the
CB tail of least extent among materials of the
same alloy composition is closest to revealing the

intrinsic DOS (due to intrinsic topological disor-
der}. From this viewpoint the broadening of the
CB tail observed in our similar composition pure
glow-discharge alloys must be attributed to some
cause other than Si-Ge mixing; among speculative
possibilities are H-induced defects and/or micro-
structural changes resulting from the particular
combination of preparation parameters used here.

The decrease in the PL intensity and loss of
nongeminate recombination with Ge incorporation
suggests an increase in the density of nonradiative
recombination centers which may capture conduc-
tion-band electrons directly and/or provide sites to
which band tail electrons may tunnel. Simple
dangling-bond defects may be the important nonra-

diative centers. ' It is relevant, at this juncture, to
point out that a preference ratio of 10 for Si—H
over Ge —H bonds, and a total H content of 10
at. %%uo in, say, anallo ywit h x=0.5, correspon d toa
Ge film hydrogenated only to cit ——2 at. %%uo . A
sputtered a-Si:H film of this cii would have a PL
peak intensity at least 2 orders of magnitude small-

er than that actually observed for our x=0.5 alloy.
We conclude that, despite the fact that the Ge-H
configuration is much less likely than Si-H, there
is not a correspondingly high density of nonradia-
tive recombination centers. (dangling bonds) associ-
ated with defects on the Ge. This is an important
new conclusion which deviates from our earlier
speculations on the consequences of preferential at-
tachment of H. We suggested earlier that pre-
ferred Si—H bonding might result in a higher ESR
signal arising from dangling bonds on the less hy-

drogenated element. The PL result does not sup-

port this. Morimoto et al. ' measured a single line
ESR signal in a-Si~ „Ge„:Hand, on deconvoluting
it in terms of the lines observed in pure a-Si:H and
pure a-Ge:H, inferred a dominant Ge-type reso-
nance contribution, where the ratio between Ge
dangling bonds and Ge atoms decreases drastically
with increasing x. This is in agreement with our
interpretation of the meaning of our PL results.

We shall next comment on the nonlinear varia-
tion with Ge content of the gap size given by E03
or E04. Onton et al. , Hauschildt et al. , and
Cretella 2 have all found a linear variation of gap
with x and a difference between the gaps (howso-
ever defined) for x=O and x= 1 of about 0.6 eV.
In these works no attempt was made to distinguish
the effects of alloying or hydrogenation in deter-
mining the size of the gap; however, since the
quoted gaps are, for all x, smaller than ours, we
infer that the film H contents were smaller and the
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gapa therefore less susceptible to variations in H
content than for our films. It is notable, however,
that the total gap change in our samples is also 0.6
eV. The more rapid decrease in gap with x be-
tween 0.6 and 1.0 is qualitatively consistent with
the decrease in cH with x shown in Fig. 3, but the
relatively small variation in gap with x between 0
and 0.6, where eH is almost constant, requires
some new element of explanation. There is as yet
insufficient evidence for a firm conclusion, but two
general speculations may be made on circum-
stances which eoiild lead to the observed result.
The first is that the effects of alloying and hydro-
genation on the conduction- and valence-band edge
states, and thus on the energy gap, are not simply
additive for all x and cH. The second is that the
distribution of H between compensated dangling
bonds, weakly bonded entities, etc., may change
with x while cH(total} remains constant, and that
the different distributions have different effects on
the overall state density function. Whether these
speculations are correct or not, it is essential that
the point be made that, in assessments of the prop-
erties of hydrogenated binary alloys, consideration
must be given not only to the alloying of the two
elements but also to the hydrogen content, its
bonding configuration, and the microstructure
which may be a function of c~ and x.

VI. CONCLUSIONS

From this work we have drawn the following
principal conclusion: The precise changes in the
conduction- and valence-band densities of states,
and in the pseudogap density of states, of a-
Si, ,Ge„:H alloys as a function of x, depend inti-

mately on changes in both x and cH, and through
them on the details of the preparatory method.
When the same apparatus and procedures were
used to prepare the alloys by dc glow discharge
from mixtures of decreasing ratios of SiH4 to
GeH~, the changes in the optical absorption, photo-
conducti. vity and photoluminescence spectra, and in
electrical-transport data, could be self-consistently
interpreted to infer a decreased optical gap and in-

creased state densities in the band tails and near
midgap. However, several factors prevent the
deduction of changes in the intrinsic band structure
of the random tetrahedral alloy distinct from the

extrinsic effects of changed cH, defect density or
microstructure. These are the observed, although
quantitatively unreliable, changes in cH from in-
frared absorption measurements, and the observa-
tion of different photoluminescence changes (with

x) when the preparatory method is changed. It
therefore appears that both in this work and in
earlier reported work in the hterature, separation
of intrinsic from extrinsic effects should be regard-
ed as a major element of analysis.

Two comments relevant to devices may be made.
First, we have noted that our earlier publication re-

porting a high preference ratio of Si—H to Ge —H
bonds in these alloys must not be taken to imply a
very large density of uncompensated defects on the
Ge atoms, since the photoconductivity and photo-
luminescence of the alloys are much better than
would be expected from the preference ratio data.
We infer that in these hydrogenated alloys the pre-
ferred attachment of H to Si over Ge may even be
the result of a reduced defect density on the Ge
rather than the cause of an increased such density.
Second, we conclude that despite differences in the
detailed changes in the density of states in samples
prepared by different methods, it appears that a
general result is an overall increase in the extrinsic
state density, especially in the lower half of the
pseudogap, which leads to a decrease in the pho-
toelectronic response. In particular, a decrease in
both (pr}„and (p,r)„ is suggested. It has been

proposed that a-Si& „Ge„:Hmay be useful as an
intrinsic layer in amorphous thin-film solar cells,
due to a better match of the optical gap to the
solar radiation spectrum. The decrease in (pr)„
and (i4r)& proposed here, however, may offset the
gain in device efficiency that could be achieved.
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