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%c report on ESR and Raman spectroscopy in a-Si„oel„..H prepared by glom discharge with a
1-vol% boron-doping level. Fox' most silicon contents x, a preferential deposition of germanium
1nto thc solid filIQ 1s found. T4c Raman spcctI'a sho%' that thc saIDplcs arc amorphous and that no
phase separation is present. Four different ESR resonances can be observed over the compositional
1angc 1nvcstigatcd (0+x +0.7) at 20 K: thc knoll resonances of thc Gc dangl1ng bonds and of lo-
calized holes in Ge—Ge bonding states, a signal due to carbon impurities, and a new resonance vvith
strong negative g-value shift (g =1.925) that seems to bc related to surface states. A model for the
density of states in thc aIQorphous Si-Gc alloys is proposed that can qualitatively account fol thc cx-
pcr1IHcntal results.

I. lNTRQDUCTION

Ever since amorphous silicon ( a-Si) has been considered
for commercial applications, amorphous silicon-ger-
manium and silicon-carbon alloys (a-Si„Gei „and a-
Si„Ci„)have been of increasing interest also. This is be-
cause nlally of 'tllc clcctr0111c Rlld optical pi'opcrtlcs of
these materials can, in principle, be tuned to match exter-
QR1 rcqU1rcIQcQts by chRQglng thc R110$ coHlPosltloQ x.
However, a common side effect of the alloying process be-
twccI1 group-IV elements Is Rll u11dcslrablc lllcrcRsc of tllc
defect density in the band gap. Consequently, the majori-
ty of investigations has been directed towards an under-
standing of the optoelectronic properties and the nature of
the defects of a given alloy.

In the case of a-Si„GCI „alloys, experimental results
exist fol' optical Rbsorptioll, dark- Rild phOfoconductivlty,
photoIUI1Qcsccncc» RQd photolQducccl RbsorptloQ, Rs
well as for more structure-related properties such as IR
(infrared) absorption, hydrogen evolution, Raman scatter-
1Qg» RQQcR11Qg bchRv1or» crystR111XRtion» RIld x-rRy p4o-
toelectron spectroscopy (XPS).' '6 As far as the nature
of defects in the alloys is concerned, Inost of the current
results have been deduced from electron-spin-resonance
(ESR) measurements. ' I The ESR spectra allow at the
same time an identification of the defects according to
their g value and an evaluation of the defect density
through the intensity of the ESR signal. ESR spectra of
pure a-Si:H and a-Ge:H reveal the existence of three dif-

ferent characteristic paramagnetic states, depending on
the position of the Fermi level. 17 In undoped samples
the dangling-bond deftx:t is predominant, whereas in
phosphorus- or boron-doped material localized states of
the conduction- or valence-band tail show up in the ESR
spectra. As for the a-Si„Gei „alloys, previous ESR
studies have concentrated on undoped samples. The sig-
natures of the observed defects can be understood in terms
of an average property of the Si and Ge dangling bonds
according to the composition x. Therefore, the g value
and the peak-to-peak hnewidth ~~~ of the alloy reso-
nance change continuously from their values g =2.0055
and ~~~ =7 G in a-Si to g =2.022 and ~~~ =40 G in
a-Ge. In investigating by ESR defects of the alloy system
other than the dangling bond, the necessary shift of the
Fermi level is again most easily obtained by gas-phase
doping. To the best of our knowledge no systematic study
of the ESR properties of doped a-Si„GCI „existsso far.
In this paper we have therefore investigated the changes
in ESR spectra with alloy composition for a fixed doping
level. Because the states of the valence-band tail appear to
be much more localized than those of the conduction-
band tail, boron rather than phosphorus doping was
Used TIlus thc obsess'vcd specttR IRy' bc 1Qtcrptetcd IOI'e
in terms of the immediate surrounding of a given defect
as opposed to the average properties of a larger region in
tbc RIBofPhous network. Thc cxPcriIQcntRI I'csUlts rePort-
ed here will allow us to address the question of the bond-
ing strUcturc 1Il thc Rmorpllous RIIoy s'ystcm. Moreover, R
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model for the eleetronie density of states of a-Si„Gei „.H
will be discussed.

II. EXPERIMENT

Samples were prepared by rf glow discharge of a SiH4-
GeH4-Ar gas mixture with volume ratios x (g):1—x(g):l.
For doping the SiH4-GeH4 gas was premixed with 1

vol% 82H6. The deposition system (University of Mar-
burg) was capacitively coupled. The following deposition
parameters were used: rf frequency, 1.8 MHz; rf power, 4
W; pressure, 0.8 mbar; flowrate, 150 cm s ', substrate
temperature, 250'C.

Structure and composition of the obtained samples were
investigated by electron-probe microanaiysis (EPMA),
scanning electron microscopy, and Raman spectroscopy.
The ESR measurements were performed between 20 and
300 K with a Varian Associates model E-201 spectrome-
ter (X band) in conjunction with an Oxford Instruments
cryostat.

The ESR samples were prepared by peeling the deposit-
ed films off the molybdenum substrates and collecting the
obtained flakes in narrow quartz tubes. For the Raman
scattering experiments some of the flakes were pressed
into small pellets because samples on suitable substrates
were not available. The rough surface of these pellets
caused a strong background in the Raman spectra due to
elastically scattered light. Details of the Raman spec-
trometer are described elsewhere.

5% lower than predicted by (la)—1(c). This deviation is
negligible compared to the experimental uncertainty.
Therefore we used the equations above without correction
to determine the composition of the alloys from the Ra-
man spectra.

In Fig. I(b) the composition x (s) thus derived is com-
pared to the results of EPMA and plotted as a function of
x(g), i.e., the composition of the glow-discharge gas.
Within the experimental errors [M (s) =0.03 for EPMA,
M(s)=0. 1 for Raman spectra] the two methods agree
quite well. Moreover, the results of the Raman measure-
ments can be used to exclude both phase separation and a
significant microcrystallinity for the present alloys: Phase
separation would lead to a suppression of the Ge-Si peak
in the spectrum, and the presence of crystalline regions
could be detected by a change in the shape and position of
the observed peaks.

The deviation of the curve in Fig. 1(b) from the dashed
line for x & 0.06 leads to the conclusion that in this region
the deposition of a Ge atom is much more probable than
that of a Si atom. A similar behavior has recently been
observed for undoped a-Si„Gei„.H prepared by glow
discharge as well, and it therefore seems to be an intrin-
sic property of this method of sample preparation not re-

!
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III. RESULTS

Electron microscopy (resolution of 50 nm) showed the
samples to be free of observable microstructure over the
entire compositional range investigated. The results of
Raman scattering and EPMA are summarized in Fig. 1.
The upper part of this figure shows a typical Raman spec-
trum with three distinct peaks at the wave numbers 270,
380, and 460 cm '. The same structure has been ob-
served by other investigators ' and can be attributed to
vibrational modes of Ge—Ge, Ge—Si, and Si—Si bonds,
respectively. Using the Raman spectra of pure a-Si:H and
a-Ge:H as reference points, an analysis of the three dif-
ferent Raman peaks in the alloy allows the determination
of the relative numbers of related bonds and thus contains
information about the composition x (s) of the solid film.
More precisely, for a continuous-random-network model
the number of the different bonds in a-Si„(,)Gei „(,) is
given by
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Here, N is the total number of atoms. In Eqs. (la)—(lc)
the influence of the hydrogen bonded in the amorphous
network has been neglected. The hydrogen concentration
as determined by NMR amounts to typically 10—15
at. %. Since the Si and Ge atoms are fourfold coordinat-
ed, the total number of Si—Si, Si—Ge, and Ge—Ge bonds
in a hydrogenated random network will be approximately

0-
0 0.2 0.4 0.6
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FIG. 1. (a) Raman spectruxn of a-Si036Geo 64 H showing the
three peaks due to Ge—Ge, Ge—Si, and Si—Si bonds. (1) Silicon
content x (s) in the solid [determined by Raman scattering (solid
circles) and electron-probe microanaiysis (open circles)j as a
function of the silane content in the gas phase.
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lated to the presence of other gases (e.g., Ar and 32H6).
Turning now to the results of the ESR measurements,

Fig. 2 shows a typical spectrum obtained from the alloy at
low temperature (20 K). The rdatively complex line
shape can be analyzed in terms of four different reso-
nances: the resonance at g =2.056 ascribed to localized.26

holes in the germanium valence-band tail, the Ge
dangling-bond signal Rt g =2.022, 8 Qarrow signa1 Rt

g =2.003 characteristic of carbon impurities, and a
second broad resonance with a negative g-value shift
(g =1.925). The existence of the latter signal, labeled Xi,
is reported here for the first time. Although its micm-
scopic origin remains unexplained so far, this resonance
seems to be related to electronic surface states. The exper-
imental evidence for this conjecture comes at this point
from the fact that the resonance can be observed for a
wide doping range in pure a-Ge:H (a similar resonance at
g =1 933 can also be found in a-Si H) and its intensity
can be changed strongly by surface adsorbants. ' As an
example, Fig. 3 shows the change in the ESR spectrum of
a sample with x(s)=0.03 (A) after 10 min contact with
weak HC1 (8). The amplitude of the Xi resonance has
been diminished by approximately 50%, and th'e g value
has been shifted from 1.925 to the higher value of
g =1.933 characteristic of a-Si:H. (Incidentally, the sig-
nal with g =2.0026 attributed to carbon impurities is af-
fected by the surface treatment as well. This suggests that
the underlying paramagnetic states are surface related
also. )

The dependence of the spin density N, on alloy compo-
sition is shown in Fig. 4 for the four resonances appearing
in Fig. 2. At room temperature [Fig. 4(a)] only the Ge
dangling-bond signal and the randomly changing reso-
nance of the carbon impurities can be observed over the
entire compositional range. The XI resonance appears
only for Si contents smaller than 10 at. %, whereas the
signal of the localized holes in Ge—Ge bonding states can
only be detox:ted for x (s) & 0.50. Even though the silicon
content in the deposited film approaches 70 at. %, none of

sio O3 Geo 97
' H 1 Vol / B2 Hg

T =40K
l

FIG. 3. ESR spectrum of boron-doped a-Sio 03Gco 97.H.
as-deposited; B, aftex' exposure to diluted HCl for 10 min.
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the known a-Si resonances could be observed. The depen-
dence of the amphtude of the different ESR signals on al-
lo/ compos1tlon becomes mUch clcaI cr Rt 10%' tcmpcra-
tmes. The measUred spin densities at T =20 K are shown
in Fig. 4(b). At this temperature all four signals can be
detected over the entire range in x. As before, the carbon
signal varies between 2~ 10'4 and 2~ 10'5 cm 3, showing
no systematic dependence on the Si content. The reso-
nance of the Ge dangling bonds exhibits the same
behavior as at room tcmpcratUrc, rising to 8 pronoQnccd
peak amund x (s)=0.08 and then falling off to a level of
about 2X10' cm near the detection limit for higher Si
content. This low density of Ge dangling bonds [approxi-
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FIG. 4. Dependence of thc spin density of thc foux' dlffcx'cnt
ESR signals I Flg 2 on alloy composltlon x(s) (a) at room
temperature; (b) at T =20 K. The dotted line in (b) indicates
the relative decrease in germanium content [1—x (s)].
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mately 2 orders of magnitude lower than in pure undoped
a-Ge:H (Ref. 26)] is mostly due to the boron doping: The
Fermi level is shifted into the valence-band tail, leaving
the dangling-bond states unoccupied. A behavior similar
to that of the Ge dangling bonds is observed for the Xi
signal, only here the peak in spin density (10'7 cm 3) is
located at even smaller Si contents, x (s) =0.04. Both the
X& and the Ge dangling-bond resonance seem to rise again
as x(s) reaches the silicon-rich side of composition. The
strong increase of the density of dangling bonds at
x (s)=0.08 leads to a pronounced shift of the Fermi level
towards midgap. This can be seen by the changes in the
spin density of the Ge valence-band tail signal. For small
x (s) the same spin density as in pure a-Ge:H
(N, =2)&10' cm ) is obtained. As the Fermi level is
shifted away from the band tail around x =0.08, the spin
density drops by nearly an order of magnitude. For
higher Si content the signal intensity recovers parallel to
the decay of the dangling-bond resonance. For x (s) &0.3
the spin density finally follows the Ge content 1 —x (s), as
indicated by the dotted line in Fig. 4(b).

Even at the lower temperature no sign of any signal
connected to silicon states can be observed. Owing to the
similar linewidths and g values, the presence of a Si
dangling-bond signal could be masked by the carbon im-
purities. Therefore only an upper limit of N, &2)&10'~
cm can be deduced for Si dangling bonds. Neverthe-
less, even this upper limit seems small when compared to
pure boron-doped a-Si:H prepared in the same system.
Those samples show Si dangling bonds with a density of
at least 4X10 cm . Finally, by comparing Figs. 4(a)
and 4(b) it can be noticed that the different resonances
show no significant temperature dependence as far as
their spin densities between 20 and 300 K is concerned.

IV. DISCUSSION

A. Defect density and alloy composition

A discussion of the defect density must include the
composition dependence of the dangling-bond and the Xi
resonance, since they are closely related to the amount of
bulk and surface defects present in the film. From Fig. 4
it becomes immediately evident that both bulk- and
surface-defect densities are increased significantly around
x =0.08. To investigate this connection between alloy
composition and defect density further, it is useful to ex-
amine the silicon content x (s) in the deposited film as a
function of the silicon content x (g) in the plasma of the
glow discharge. The quantities x(s) and x(g) are con-
nected by the relation

1 —1/x (s)= [p (Ge)/p (Si)][1—1/x (g)],
where p ( Y) is the overall probability of a Ge or Si atom
for being incorporated into the solid film. In Fig. 5 the Si
content x (s) in the solid is again shown as a function of
x(g). For small values of x(g) ( &0.05) the experimental
curve follows, within the estimated error, the theoretical
curve for equal incorporation probabilities, p(Ge) =p(Si),
and therefore x(s)=x(g). For x(g)&0. 1, however, the
incorporation of a Ge atom into the alloy becomes much
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FIG. 5. Theoretical variation of the silicon content x(s) in
the solid with that in the plasma, x(g), for different ratios
p(Ge)/p(Si) of the incorporation probabilities according to Eq.
(2). The points are the experimental results as obtained by
EPMA.

p ( Y)=Qpg ( Y„)p,( Y„), Y=Si,Ge (3)

Here, pz( Y„)is the probability of a Si or Ge atom in the
stable plasma to belong to the species Y„(e.g., SiH3,
GeHz, or SizH5), and p, ( Y„)is the probability for such an
atom to be bound into the growing solid film via the
deposition of this species: By definition, the probabilities

more favorable, as can be seen in Fig. 5, where x (s) as a
function of x(g) follows quite accurately the empirical
curve p(Ge) =Sp(Si). This result is confirmed strongly by
the fact that under similar deposition conditions, the
deposition rates of pure amorphous Ge and Si films differ
by a factor of approximately 5.' ' This behavior is com-
monly explained as resulting from the difference between
the H3Ge Han—d H3Si—H bonding energies (87 kcal/mol
in germane and 94 kcal/mol in silane ). The difference
of about 7 kcal/mol could well account for a 5-times-
higher deposition rate for germanium due to a higher con-
centration of the rate-limiting radicals in the plasma. In
this simple model, however, one would expect the same
preferential incorporation of Ge independent of the gas-
phase ratio x (g)/[1 —x (g)]. This is not observed experi-
mentally. Instead, Fig. 6(a) shows that the ratio
p(Ge)/p(Si) of the incorporation probabilities drops
around x(g)=0.06 from the value 5 to an equal incor-
poration probability for Ge and Si atoms. Moreover, Fig.
6(b) demonstrates that for the same value of x(g) both
defect-related ESR resonances (Ge dangling bond and X&)
reach their maximum spin density and fall off for higher
SiHq content parallel to the increase of p(Ge)/p(Si). On
the silicon-rich side of plasma composition there is no in-
dication of a similar phenomenon.

For an explanation of these results two different ap-
proaches seem possible. The total incorporation probabili-
ty p(Y) as defined in Eq. (2) can be written as
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0&x(s) &0.1, and a less critical dependence on x(s) for
the silicon-rich alloys [0.85& x(s) &1], again indicating
the existence of one critical composition on the
germanium-rich side.

B. Electronic density of states
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FIG. 6. (a) Ratio p(Ge)/p(Si) of the incorporation probabili-
ties for germanium and silicon, and (b) spin density of the Ge
dangling-bond and X~ resonances as a function of the silane
content x (g).

ps are a function of x (g), whereas the p, are a function of
x(s) only. Within this model the experimental data in
Fig. 6 indicate the existence of at least one critical compo-
sition either for the gas phase [x(g)] or the solid phase
[x(s)]. A critical gas-phase composition would manifest
itself by an increase of one or more of the probabilities
ps(Si„)relative to the factors ps(Ge„),thus leading to the
observed decrease of p(Ge)/p(Si). The corresponding in-
crease in defect density could in this case be linked to a
subsequent change in the growth mechanism.

On the other hand, the same decrease of p(Ge)/p(Si)
can be explained by an increase of the probabilities p, (Si„)
only, i.e., by a critical composition x (s) of the solid. This
could lead again to an increase of the defect density as ob-
served experimentally. The existence of a critical alloy
composition is reminiscent of a similar behavior common-
ly found in crystalline Si-Ge alloys. Here, critical compo-
sitions are observed around x =0.15 and 0.9. These
values separate the range where single crystals can be
grown easily from the range where only polycrystalline
samples are obtained.

The most promising approach to discern between these
two possibilities seems to be an investigation of the glow-
discharge plasma for different [SiH4]:[GeH4] ratios. This,
however, is beyond the scope of this paper. Another ques-
tion that remains to be answered is whether a similar criti-
cal composition exists for large x(s) or x(g). Here, a
close investigation of the region 0.93 & x (s) & 1

[0.75&x(g) &1] would be necessary. The only study
known to us covering this compositional range sufficient-
ly is that of Hauschildt et a/. '- for undoped a-
Si„Geq „.H. They find pronounced changes in the opti-
cal and electrical properties of their samples for

We will now discuss the implications of the present
study on the understanding of the electronic density of
states in Si„Ge~„.H alloys. The discussion will be based
on the current models for the DOS in the pure materials,
i.e., a-Ge:H and a-Si:H, as inferred from ESR, photo-
emission, deep-level transient spectroscopy, and other
measurements. %Sile the qualitative features of the DOS
are more or less agreed upon, the quantitative values
remain a subject of continued controversy. Before dis-
cussing the DOS of the alloy system we will therefore
specify the DOS model used for the pure materials. How-
ever, only the qualitative differences between a-Si:H and
a-Ge:H will be important for the following discussion.

The points of reference for the amorphous materials are
the mobility edges E, and E„ofthe conduction and
valence bands. The mobility gap E,—E„amounts to
about 1.0 eV for a-Ge:H and 1.7 eV for a-Si:H. In both
materials the tailing of the bands into the mobility gap is
very similar. Characteristic values for the extension of
the tails into the gap are 0.4 eV for the valence band and
0.25 eV for the conduction band. In both materials the
dominating defect states are the dangling bonds. The en-
ergetic separation of the singly occupied dangling-bond
state (D ) from E„is again similar (0.5—0.6 eV) in a-Si:H
and a-Ge:H.26'3 A major difference is introduced by the
different correlation energies U in a-Ge:H ( U=0. 1 eV)
and a-Si:H (U =0.3 eV), which lead to a position of the
doubly occupied D defect state at 0.65 and 0.9 eV above
E„,respectively.

In order to obtain a common scale for the energies, an
absolute value for a significant energy level must be estab-
lished. A suitable quantity is the energy of the valence-
band maximum with respect to the vacuum level, i.e., the
ionization energy, which can be measured by photoemis-
sion. For crystalline Si and Ge a series of experimental
and theoretical studies exists (Refs. 37 and 38, and refer-
ences therein), which place the valence-band maximum
(VBM) consistently at ( —4.80+0. 1) eV for germanium
and at ( —5. 10+0.1) eV for silicon (zero of energy equals
vacuum level). A somewhat lower value is found for the
mobility edge of the valence band in a-Si:H deposited at
220'C: E,(Si)=(—5.6+0.2) eV. No similar high-
resolution XPS study for a-Ge:H exists so far, but it is
reasonable to assume that the corresponding value for
E„(Ge)is shifted from the crystalline VBM toward lower
energies in a similar way. Tentatively, a value of
E,(Ge)= —5. 1 eV is proposed here to explain the ESR
data.

The simplest model for the DOS in the Ge-Si alloy is
obtained from the DOS of pure a-Ge:H and a-Si:H by
taking a weighted average according to the composition
x (s). This leads to the DOS shown in Fig. 7. This simple
model can explain the linear variation of the optical
gap, ' ' ' the positions of the Fermi level, and the



3600 M. STUTZMANN, R. J. NEMANICH, AND J. STUKE 30

—3.5 I I I I
i

I I I (

0 (Ge)
—4.0

X (S)

—4.5)
UJ

I —5.0

—6.0 —5.5
l.—5.0 -4.5 -4.0 —3.5

vac (eV)

—5.5

FIG. 7. Model for the density of states in a-Si„Ge~ „ob-
tained by averaging between the pure a-Ge:H and a-Si:H DOS.
(E„„,vacuum level; E„E„,mobility edges; VB,CB, tail of the
valence and conduction bands; D,D, singly and doubly occu-
pied dangling-bond defect states. )

behavior of the ESR parameters (g value and linewidth) in
high-defect-density samples' ' ' with x(s). A DOS such
as the one in Fig. 7 is to be expected in first order for elec-
tronic states that have a sufficient overlap with neighbor-
ing states. Then the average potential of a larger region
rather than the specific local potential around a given
atom will determine the electronic properties. We expect
such an approximation to be valid for the weakly local-
ized antibonding states forming the conduction-band tail
and for the dangling-bond defect states in the case of a
very high defect density (X, & 10' cm ), where the elec-
tronic wave functions have a sufficient overlap.

A different behavior should be observed, however, for
the low dangling-bond density in a-Si„Ge~„.H prepared
by glow discharge and for the much more localized states
of the valence-band tail. Indeed, ESR spectra of undoped
a-Si„&e&„.H with low dangling-bond concentrations no
longer show an average signal, but rather a structured res-
onance resembling an additive superposition of the
characteristic Si and Ge dangling-bond spectra. ' In
this case the model of Fig. 7 will no longer be a valid ap-
proximation and should be replaced by a model that can
explain the coexistence of germanium-like and silicon-like
states at any composition of the alloy.

Such a model is outlined schematically in Fig. 8. For
the conduction-band tail (CB) a similar average behavior
as in Fig. 7 has been assumed because of the small degree
of localization of the wave functions. The other extreme,
i.e., an energetic position nearly independent of alloy com-
position, is used to describe the approximate dangling-
bond DOS, since the corresponding wave functions are
strongly localized and therefore less sensitive to changes
of the nearest-neighbor atoms. The dangling-bond density
will thus depend only on the number of Ge or Si atoms
present in the sample without shifting much in energy.
This is indicated in Fig. 8 by the narrowing of the bands
representing these defect states.

—6.0
0

I

0.5
x (s)

1.0

FIG. 8. Proposed model for the density of states in a-
Si„Ge&„..H prepared by glow discharge as a function of alloy
composition. [CB, localized conduction-band-tail states;
DB(Ge),DB(Si), singly occupied dangling bonds at Ge and Si
atoms; I-III, localized valence-band-tail states due to Ge—Ge
bonds (I), Ge—Si bonds (II), and Si—Si bonds (III).t The
dashed-dotted line shows the approximate position of the Fermi
level in samples with 1 vol% boron doping.

A more complicated structure is to be expected for the
electronic states of the valence-band tail. These states are
bonding states of weak bonds and, although they are fairly
localized, will depend on the kind of nearest-neighbor
atoms a given atom is bonding to. In the extreme case of
strong localization one might then divide the valence-band
tail into three regions: Ge—Ge bonding states (I), Ge—Si
bonding states (II), and Si—Si bonding states (III), the
number of which varies with alloy composition according
to Eqs. (la)—(lc).

Although this model for the DOS in a-Si„Ge&„.H is
still rather crude, it can account qualitatively for many
experimental observations in a consistent way. We begin
by noticing that the model still predicts an approximately
linear increase for the energy of optical transitions (ab-
sorption, photoluminescence) with x (s). The main differ-
ences between Fig. 8 and the simple model in Fig. 7 are
the following:

(i) The separation of the Ge and Si dangling-bond ener-

gy levels. This is necessary to explain the ESR response
observed in undoped samples with low defect densities
(see above).

(ii) The introduction of a band of deep hole traps in the
energy range 0.3&E E„&0.7 eV for s—ilicon-rich sam-
ples due to the existence of a considerable amount of
Ge—Ge bonding states up to x (s) =0.9. These additional
states should lead to an extra absorption band in the ener-

gy range 0.7 & hv& 1.3 eV for x (s) & 0.3 and to a
broadening of the photoluminescence peak in alloys with
large silicon content. Indeed, both phenomena are ob-
served experimentally. ' Moreover, the model in Fig. 8
allows a qualitative explanation of the ESR results report-
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ed here for boron-doped samples. For small silicon con-
tent the Fermi level lies inside the germanium valence-
band tail, and mainly localized holes in Ge—Ge bonding
states are observed in the ESR spectra. Around x =0.08
the sudden increase in defects (cf. Fig. 6) shifts E~ into a
position between the Ge dangling bonds and the valence-
band tail. It is estimated from the combined intensity of
the two corresponding ESR signals that as many as 10'
to 10 Ge dangling bonds per cubic centimeter are
present in the samples at this composition. With the de-
cay of this large defect density for higher silicon content,
the Fermi level returns to the Ge valence-band tail and
remains fixed there in a position relatively independent of
x (s) by the Ge—Ge bonding states which are still abun-
dantly present in the material up to very high silicon con-
tent. (A germanium content of only 10 at. % translates
into a density of Ge—Ge bonding states of the order of
10 ' cm ). This position of the Fermi level explains why
neither silicon dangling bonds nor silicon valence-band-
tail states can be observed in the ESR spectra. In addi-
tion, the temperature dependence of the ESR signal due to
the holes in Ge—Ge bonding states should be significantly
reduced. This dependence is closely related to the interac-
tion between the localized holes and holes in extended
states below E„. Since according to Fig. 8 the distance
between Ez and E„increases with increasing x(s) up to
x (s)=0.8, the number of holes in the extended states will
be-significantly reduced. Therefore it is expected that the
Ge valence-band-tail resonance will become less and less
temperature dependent as x(s) increases. This is again
verified experimentally (see Fig. 4): For x(s)&0.5 the
ESR signals of the localized holes are nearly identical at
20 and 300 K, whereas below x (s)=0.5 no signal at all
can be observed at room temperature.

Finally, for the highest silicon content a rapid drop of
the Fermi level into the band of Si—Si bonding states is
predicted. In this alloy region the silicon dangling bonds
and subsequently the localized holes in the Si—Si bonds
should be observed by ESR. Unfortunately, the corre-
sponding samples [x (g) & 0.95] were not available for the

present study, so that an investigation of this interesting
alloy range remains a subject for future experiment.

V. CONCLUSIONS

The present study has shown the possibility of prepar-
ing boron-doped a-Si„GeI„.H by glow discharge over
the range 0~ x &0.7 without detectable phase separation
or microcrystallinity. It is found that the incorporation
probability of Ge as compared to that of Si is enhanced by
a factor of approximately 5. However, a critical alloy
composition exists at low silicon content, characterized by
an equal incorporation probability for the two constitu-
ents and a strong increase in the defect density as ob-
served by ESR. The ESR measurements lead to the pro-
position of a model for the density of states in a-
Si„Gei„.H containing two important features: First, be-
cause of the low defect density in the material, the Si and
Ge dangling-bond states are expected to belong to two dis-
tinct bands as opposed to an average defect band observed
in highly defective material. Second, it is suggested that
the Ge—Ge bonding states form an additional band of
hole traps in samples with a silicon content larger than
30 at. %. This band pins the Fermi level in Ge-like states
for x &0.8, thus preventing the observation of an ESR
resonance related to Si-like states in the compositional
range investigated.
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