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The sub-band-gap photomodulation (PM) spectra of a series of amorphous hydrogenated silicon-

germanium alloys (a-Si, Ge:H) were measured. For dilute alloys (x &0.1) two PM bands were

observed. One band had previously been associated with the D center in unalloyed a-Si:H. The rel-

ative strength of this band decreased as the alloy parameter x increased. We associated the second
band with a germanium-related D center (Ge-D). For x) 0.1 only this second (Ge-D) band was ob-

served. The Ge-D band's peak was shifted by 0.4 eV from the band gap for the entire range of al-

loys. We analyzed this band using the assumption that the D and the D levels of the Ge-D are

symmetrical about the midgap energy. We estimated that the thermal levels of the D and the D
are 0.5 eV above the valence-band edge and 0.5 eV below the conduction-band edge, respectively.
The result that the levels shift with alloying so as to "track" the band edges differs with some previ-

ous work which assumed constant level positions. The relaxation energy was 0.4 eV for all alloys
while the effective correlation energy decreased linearly with x from 0.7 (for x=0.1) to 0.0 eV (for
x= 1). A model for the Ge-D which may explain its levels' tracking of the band edges is tentatively

proposed.

I. INTRODUCTION

Hydrogenated amorphous silicon-based binary alloys
such as a -Si, Ge:H and a -Si, C:H are currently a
subject of much interest in the development of high-
eKciency photovoltaic solar cells and other optoelectron-
ic devices. ' This is because many of the electronic and op-
tical properties of these materials can, in principle, be
tuned to match the external requirements by changing
the alloy concentration x. Alloying Si with Ge produces
a material with a reduced band gap which better matches
the solar spectrum; however, a byproduct of this alloying
process is an undesirable increase of the defect density in
the band gap. ' There have been numerous studies on
the defect states in the gap of a-Si, Ge:H alloys using
various techniques such as subgap optical absorption,
photoconductivity, photoluminescence, ' photoemis-
sion, as well as ESR. " In a-Si:H, two kinds of states
are considered: tail states at the band edges and D states
deep in the gap. The D states have been associated with
the "dangling" bonds (threefold-coordinated Si atom);
more recently, it has been suggested ' that they may be
due to fivefold-coordinated Si ("Aoating" bonds). In the
ESR spectrum of a-Si, „G-e:H, one can identify the
Si-related D state (Si-D) for small x ((0.1). However,
one also observes the signature of another defect whose
strength increases with increasing Ge concentration. We
shall call it Ge-related D center (Ge-D).

The D center is generally accepted as having three
charge states: the neutral D state (ground state in the
dark) and charged D+ and D states. In this paper we

make the conventional assumption that most deep levels
are neutral in the dark, and thus that charged defects are
produced by illumination. There has recently been
renewed interest in the possibility that most defects are
charged in the dark ' this would require a relabeling
of the optical transitions we describe, but as noted earlier
would not otherwise aAect the analysis. '

The subject of this paper is the determination of the
energies of these states in the Ge-related D center as a
function of the alloy composition from which the correla-
tion and relaxation energies can be calculated. The
ground state D is seen in the optical spectra in the dark.
Recently, Aljishi, Shu, and Ley measured the total-yield
photoemission spectra from which they deduced the ener-

gy of D with respect to the top of the valence band.
They found that this energy did not change with x and
was equal to about 0.4 eV. These measurements do not
support the simplest model for a Ge-D, in which the de-
fect level would be stationary even as the conduction- and
valence-band edges shift with alloying.

Photomodulation (PM) spectroscopy, ' '' is a method
of choice for determining the energies of all three states
of the D center. As reported in this paper, we have ap-
plied it to study the Ge-D center in a-Si, Ge:H. We
have confirmed the results of Aljishi, Shu, and Ley on
the energy of the D state. We have determined the ener-

gy of the D state and shown that the D state tracks
the conduction band similarly as D tracks the valence
band (and at about the same energy of 0.3 eV). It follows
that electron correlation energy in the D center decreases
linearly as a function of x and the lattice relaxation ener-

gy of charged states is approximately constant. A model
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for the energy levels of the Ge-D centers will be dis-
cussed.

II. EXPERIMENT

The samples were prepared at Syracuse University in a
13.56-MHz plasma deposition reactor. A detailed
description of these specimens and a comparison of their
properties with previously published results is given in
Ref. 20. The substrate temperature was 250'C and the
pressure of silane-germane mixtures was 200 mT. Speci-
men thicknesses varied between 3 and 5 pm as measured
using interference fringes. The atomic germanium con-
centration x was determined by electron microprobe
analysis. The total spin densities N, of the specimens are
illustrated as a function of the alloy parameter x in Fig.
1(b)." Two series of specimens were prepared under
nominally identical conditions for the measurements. The
first series is represented by the solid symbols in Fig. 1(b).
The second series was prepared several months later and
is represented by the open symbols. The spin densities of
the second series were higher than those of the first. The
optical energy gaps of a-Si, Ge„:H determined from
measuring the absorption coe%cient o.' and using the
(cuba)'~ vs cu plot are shown in Fig. 1(a). We found

E = l. 75 —0.75x (eV ).

It is noteworthy that this simple expression for E in
terms of x holds despite the variability of Xz with x. The

ESR spectra of the defect system were also determined
primarily by x and were reasonably independent of the
spin density. "

We measured both steady-state and transient PM spec-
tra. For the steady-state PM experiment an Ar+ laser
beam chopped at 75 Hz was used as the pump beam; its
wavelength was 513 nm and its intensity was 50
mW/cm . The probe beam was an incandescent light
source dispersed by a monochromator. The probe energy
range was 0.25 to 2.0 eV; the beam was chopped at 500
Hz. By using two asynchronous choppers, the transmit-
tance T and its photoinduced modulation AT were simul-
taneously recorded. For the transient PM experiment,
the pump was a Nd:YAG (yttrium aluminum garnet)
laser with a dye laser producing pulses of 10-ns width and
2.2 eV photon energy. The probe source was the same as
for the steady-state measurements, but instead of the
monochromator various band-pass optical filters were
used to select spectral ranges. AT(t) was recorded in the
time domain from 100 ns to 50 ms. The details for both
experiments have been given elsewhere. ' The system's
spectral response function in both steady-state and tran-
sient measurements is canceled by taking the ratio
—AT/T. We assumed that the changes of reAectivity
AR/R are negligibly small compared to AT/T in these
alloys. This assumption was used previously for
a-Si:H; in this case the relative changes in transmission
AT/T are equal to the relative changes Ao. /o. of the ab-
sorption coe%cient u if sample thickness d )o.

III. RESULTS
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In this section we report on the photomodulation spec-

tra obtained by steady-state measurements (Secs. III A
and III 8), and time-resolved measurements (Sec. III C).
In Sec. III A we consider samples with small x so that
contributions of both Si- and Ge-related defects can be
obtained and compared. At higher concentrations of Ge
(x )0. 1), the Ge-related defects dominate the spectrum,
and in Sec. III B they are studied as a function of compo-
sition x. The time-resolved measurements (Sec III C)
provide additional information for the identification of
the defect states.

A. Steady-state PM spectrum for x (0.10
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FIG. 1. Characteristics of the samples: (a) optical energy gap
Eg vs composition x, (b) spin density N~ vs x (0 ~ x ~ 1).

In Fig. 2 we compare the steady-state PM spectra of
a-Si:H and a-Sio &4Geo O6.

.H. Figure 2(a) shows the a-Si:H
PM spectrum measured at 80 K similar to previous
work. ' ' We did not observe detectable changes in the
spectrum produced by alloying until x ~0.03. Figures
2(b) and 2(c) show the PM spectra measured at 80 and
150 K on a sample with x =0.06. A peak emerged which
is apparently associated with Ge alloying. The PM band
previously found in a-Si:H is more strongly temperature
dependent than the 0-e-related band. To be more
specific, we show in Fig. 3(a) the temperature dependence
of PM measured at diAerent probe energies 0.63 and 1.24
eV. The diA'erent temperature dependences clearly show
that there are two contributions to the spectrum. These
results also agree with the ESR measurements of Ref. 20,
which show that at x =0.06, the Ge-D density becomes
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comparable to the Si-D density. Figure 3(b) shows the
dependence of the PM signal upon pump intensity at two
wavelengths. The slopes of the two curves are almost the
same and can be described by a power law ha=I& is
about 0.5.

B. Steady-state PM spectrum for x )0. 10

3
CO

2D
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I- 1- 0.63

1.24 eV
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(a)

The PM spectra for x )0. 10 measured at 300 K are
dominated by the Ge-related band (Fig. 4). The spectrum
for x =1.0 (a-Ge:H) was measured at 240 K because the
signal at 300 K was too small. Only one rather sym-
metric PM band associated with Ge is observable in the
alloys with x )0. 1 at 300 K. ' The band has a gradual
onset; the peak shifts with composition x in the same way
as the energy gap E . Similar results have been indepen-
dently obtained by Chahed et al. for x ~ 0.36.

Figure 5 shows three PM spectra measured at 80, 150,
and 300 K for x =0.52 and Fig. 6 shows three PM spec-
tra measured at 80, 150, and 300 K for x =0.72. The PM
spectrum does not change much with temperature. The
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FIT&. 3. Temperature (a) and intensity {b) dependences of
steady-state PM at 0.63 and 1.24 eV for a-Sio,4Geo O6..H.
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FIG. 2. Steady-state PM spectra (a) a-Si:H at 80 K, (b)
a-Sio 94Geo o6.H at 80 K, (c) same specimen as (b) at 150 K.

FIG. 4. Steady-state PM spectra at 300 K for compositions
with x =0. 12 to 1.0 (spectrum for x =1 was taken at 240 K).
The dots indicate the energy gap E . Sohd lines are fits [from L.
Chen, J. Tauc, J.-K. Lee, and E. A. Schiff, J. Non-Cryst. So1ids
114, 585 (1989). With permission].
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that the trapping of the carriers on a defect which pro-
duces the PM spectrum takes a longer time than trapping
in a tail state.

IV. ANALYSIS

The model used for analyzing the spectra is based on
the work of Vardeny and Tauc and Stoddart, Vardeny,

and Tauc on a-Si:H. This model assumes that the pho-
toinduced spectra are a superposition of (i) transitions in-
volving the band-tail states and (ii) transitions involving
the defects.

In a-Si:H, it appears well established that at low tem-
peratures there is a significant contribution of transitions
of photogenerated holes trapped in the valence-band tail
into the valence band; this contribution is seen in both
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FIG. 8. Transient PM spectra of a-Sio 6qGeo 35 H measured with the probe delays from 10 to 10 sec at {a) 80 K, {b) 15(}K, {c)
220 K.
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the steady-state spectra and time-resolved spectra at low
temperature. At low T, transitions associated with the
tail states dominate the spectrum producing a band
which is shifted towards low energy with respect to the
PM band associated with the defects. A characteristic
property of the band-tail contribution is its strong tem-
perature dependence. It decreases much faster with in-
creasing temperature than the defect contribution. This
is explained by a shorter lifetime of carriers in the band
tail than in the defects at high temperature due to the in-
creased rate of deep hole trapping. In a-Si& Ge:H al-

loys, the contribution of band-tail states is not seen in the
steady state at any temperature. Only at low tempera-
tures and very short times do we see transitions with
similar characteristics as the tail transitions in a-Si:H,
which is a broadening of the low-energy region of the
band that we ascribe to defects [Fig. 8(a), the curve at
10 sec]. The difficulty of observing the band-tail con-
tribution in alloys relative to a-Si:H is consistent with the
increased rate of deep trapping in the more defective al-
loys. Since the aim of this paper is to study the proper-
ties of the defects, the absence of band-tail carrier PM
contribution at room temperature is a useful
simplification.

The model for the PM spectra associated with the de-
fect transitions is shown in Fig. 9(a) (this figure does not
represent thermal transitions). The defect has ground
state D, negatively charged state D, and positively
charged state D+. The charged states are unrelaxed
(D =,D+ ) during a time shorter than the relaxation time
of the lattice around the defects; at longer times they are
relaxed (D„,D„+). The energy of the unrelaxed D state
differs from the energy of D by (bare) electron correla-
tion energy U=E —E; E is the energy of D and E
and E+ are the energies of the unrelaxed states D and
D+. The relaxed states differ from the unrelaxed states
by the relaxation energy AE, =E —E, ,
AE,+ =E,+—E +. The relaxed-state energy E, and
ground-state energy E" differ by the effective correlation
energy U,ff=E, —E = U —AE, .

At room temperature we see only one PM band in the
alloys for x )0. 1. As for a-Si:H, ' we interpret that as
evidence that the energies E and E, E, and E,+ are
symmetrically located about the midgap (it follows that
b,E„+=DE„=b,E, ). This is a significant simplification,
valid within the precision with which we could discern
two bands; we estimate it to be about 0.1 eV.

The PM defect spectra are a superposition of transi-
tions which decrease the absorption [photobleaching
(PB)] and transitions which increase absorption [photoab-
sorption (PA)]. The initial states of PA are always associ-
ated with relaxed states; the initial states of PB are al-
ways associated with unrelaxed states. The photogen-
erated electrons and holes are captured at D states
transforming them into D and D+ states. The optical
transitions that occur in the dark from the valence band
(VB) into the defect state and from the defect state into
the conduction band (CB) are bleached. If E=0 at the
top of the VB, then the photon energy for the onset of PB
transitions is E because the final state is the unrelaxed
D state. Electrons captured in the negatively charged
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FIG. 9. Energy-level diagrams of the Ge-D center. (a) Com-
bined level diagram and optical transitions. Symmetry about
the midgap is assumed. (b) Configurational coordinate diagram.
It is assumed that the ground state and charged defect states
have the same curvature.

defects can make transitions into the CB; holes captured
in the positively charged defects can make transitions
into the VB. These transitions produce PA. However,
the PA transitions occur a long time after the carriers are
captured and therefore involve the relaxed states D„and
D,+. The photon energy of the PA onset is E —E„
(=E,+). It is apparent that if we measure the onsets of
PA and PB (and know E ), we can determine all energies
in the symmetrical diagram in Fig. 9.

We interpret the simple bands for various compositions
(cf. Fig. 4) as an onset of PA which increases with co up to
a certain point at which PB sets in and decreases the ab-
sorption. One can obtain an approximate value for
E E'„(—=E„+) from an estimate of the onset of the PA
band; the maximum of the band approximately corre-
sponds to the onset of the PB transition giving the value
of E . More accurate values of these energies can be ob-
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tained by fitting the spectra to a model.
We fitted the spectra of Fig. 4 to a detailed model for

the optical transition which includes a distribution of
G-e-D level energies. The method has been described pre-
viously. ' ' ' In brief, the defect-states distributions are
assumed to be Gaussian exp[ (E —Ed )

—l(EEd ) ] about
the respective energies; the widths AEd are assumed to be
the same for both D and D + states. The density of
states above the CB and below the VB are assumed to be
proportional to the square root of energy and the matrix
elements are assumed to be energy independent. The
change of the absorption coeKcient is calculated as pro-
portional to the convolution of the state densities for
both the PA and PB contributions; the total change is ob-
tained by superimposing PA and PB with opposite signs.
The expression, beside an arbitrary proportionality con-
stant, has three adjustable parameters for each composi-
tion: energies of the peaks of the Gaussian functions for
D and D+ states and their width. These parameters
are determined from nonlinear least-square fitting of the
data. The accuracy of the energy determination is es-
timated to be about +0.05 eV.

The fits are drawn as solid lines in Fig. 4. The energy
parameters Ep~, Epz, and width AEd of the fits are
shown in Fig. 10 as a function of the alloy composition
parameter x. Referring to Fig. 9(a), we see that the
difference E —Epz is identified with the difference in op-
tical threshold energies for two transitions: (i) of an elec-
tron from the top of the valence band to the bottom of
the conduction band, and (ii) of an electron from the D
to the bottom of the conduction band. Using Eq. (1) and
the data from Fig. 10 we find that the difference E EpB

2.0

is equal to 0.3 eV. The energy difference of optical transi-
tions from these levels to the vacuum estimated without
fitting from total-yield photoemission spectroscopy was
found to be 0.4 eV. The energy EpA is 0.7 eV.

As is well known, optical transition thresholds can be
significantly larger than thermal transition energies due
to relaxation effects. These relaxation energies could not
be determined in the photoemission experiment. We es-
timated b,E„using the result [see Fig. 9(a)]

AE„=EpA+Epp, —Eg,
from which we obtained the value DER ——0.4 eV indepen-
dent of alloy parameter x. The remarkably simple depen-
dence of these fitting parameters upon alloy parameter x
can be compactly summarized in configuration coordi-
nate form, which we have done in Fig. 9(b). The neutral
ground state ~0) of the Ge Dis sh-own for three alloy
compositions. For simplicity, the charged states ~+ )
and

~

—) are symmetrically displaced from Q=0. Each
of the curves corresponds to an excitation of the neutral
ground state of the defect. For example, the curve la-
beled

~

+ ) + e at the right is the sum of the energy of the
positively charged defect D + and an electron at the
conduction-band edge; the curve labeled ~0) +e+h is the
energy of the neutral defect plus the creation energy of a
free electron and hole, which is the band gap E . The in-
crease of Ge concentration shifts the curve ~0) upward
toward the curve ~0)+e+h while the three curves do
not change; this representation implicitly assumes that al-
loying does not modify structural relaxation of the Ge-D.

We can obtain the approximate thermal binding ener-
gies for the D and D levels using the following expres-
sions for the binding energy of an electron to D and the
binding energy of an electron to D, respectively:

AEb ——(Ep~+Es EpB ) =0
~ 5 eV

AEb —,'(EpB+E Ep—~)=Es——0.5 eV .

(3)

(4)

)

CD

LLJ

PA
0.5-

WIDTM

0.0
0.0 0.2

I

0 4
1

0.6
I

0.8

Composition x

FIG-. 10 Dependences of the optical energy gap and the opti-
cal transition energies of the Cze-D on alloy composition; the
width of the gaussian distributions is also shown. The crosses
on the vertical axis at x =0 show the PA and PB energies of the
Si-D in a-Si:H. [From L. Chen, J. Tauc, J.-K. Lee, and E. A.
Schiff, J. Non-Cryst. Solids 114, 585 (1989). With permission. ]

It is noted that the expressions are exact if the relaxation
energies of the transitions D +h v~D++e and
D +h v~D + Jt

+ are the same, as assumed in Fig. 9(b).
The corresponding estimate of effective correlation ener-
gy U,& is

U, rr=EPB EpA =E, EpA «—, Epa)— — —

=E —1.0=0.75 —0.75x (eV).

It follows that the unrelaxed D level is about
0.7 —0.4=0.3 eV below the edge of the CB for all com-
positions x & 0. 1. The bare and effective correlation en-
ergies change with x in the same way as E . The result-
ing energies of the Ge-related D defect as a function of
composition measured with respect to the valence-band
edge E„(arbitrarily assumed to be zero for all composi-
tions) are shown in Fig. 11. The level positions shown
again represent optical, not thermal, transitions. Let us
note that the assumption of the energy-level symmetry
about the midgap justified above greatly simplifies the
analysis and makes it possible to obtain the results shown
in Fig. 11.
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FIG. 11 Dependence of the Ge-D energy levels on composi-
tion. The valence-band-edge energy E, was arbitrarily selected
to be independent of composition.

V. DISCUSSION

In this research we have shown that the sub-band-gap
photomodulation spectrum of a-Si, Ge:H consists of a
single band for alloy parameters x &0. 1. We attribute
this feature to optical transitions involving the Ge-D de-
fect observed in electron-spin resonance. This band is
different from the band observed in a-Si:H, which we at-
tribute to a distinct Si-D defect. For dilute alloys (cf. Fig.
2) the spectrum shows both features, in agreement with
the distinction we have drawn.

Remarkably, the peak energy of the Ge-D photomodu-
lation band is shifted from the optical gap of the alloy by
0.4 eV over the entire range of band gaps. This observa-
tion is consistent with total yield photoemission measure-
ments (Ref. 8), which revealed a defect feature approxi-
mately 0.4 eV above the valence-band edge. An analysis
of the PA spectra yielded the energies of the D, D, and
D„states of Ge D. The fits sho-w that the D energy [see
Fig. 9(a)j is 0.3+0.05 eV above the valence-band edge
while D is 0.3+0.5 eV below the conduction-band
edge —even as the band edges themselves shift with al-
loying. We estimate that the thermal levels are 0.5 eV
above the valence-band edge and 0.5 eV below the
conduction-band edge, respectively.

The existence of two distinct defects can be easily ra-
tionalized by identifying the Si-D and Ge-D with well-
localized Si and Ge dangling bonds. However, the obser-
vation of a constant-energy difference between the Ge-D
states and the band edges is not an obvious consequence
of this view. For example, the valence-band edge is
presumed to be constructed from "weak bonds" between
Si and Ge atoms. Photoemission measurements indicate
that this band edge shifts 0.4 eV closer to the vacuum as
the alloy parameter x increases from 0 to 1; this shift
seems a reasonable consequence of a change in band-tail
composition from Si—Si to Ge—Ge bonds. However, it
seems unlikely that a simple Ge dangling bond would

shift as much as its backbonds are changed, and indeed in

one analysis the energy of the Ge dangling bond has been
assumed to be independent of x.

Both the present photomodulation measurements and
also total-yield photoemission measurements indicate
that the shift of the Ge-D with increasing alloy parameter
x is the same as the band-edge shift. This observation
would be easier to rationalize if the electronic structure
of the Ge-D were more similar to the band-tail structure
than a simple dangling bond. For this reason we specu-
late that a singly hydrogenated weak bond is a better
identification for the Ge-D than a dangling bond. We
leave open the identification of the Si-D. The singly hy-

drogenated weak bond has been discussed extensively in

recent models for defect stability phenomena in

a -Si:H.
This proposed identification may also offer an explana-

tion for the surprisingly large effects of alloying on the
Ge-D electron-spin-resonance line shape. " For low
values of x most Ge-D would arise from Si—Ge bonds,
whereas for x —1 most Ge-D centers would originate
with Ge—Ge bonds. The ESR line shape for the speci-
mens used in this work is described further in Ref. 20.

We now discuss the results of the detailed analysis of
the photomodulation spectrum presented in Sec. IV.
First, our curve-fitting procedure indicates that the sum
of the absorption and bleaching transition energies of the
Ge-D exceeds the band gap of the alloy by a relaxation
energy of 0.4 eV. This value is larger than the estimate of
0.1 to 0.2 eV for the Si-D. A difference between the two
values would certainly be expected if the two defects had
the two different structures we have proposed. However,
a quantitative argument along these lines is beyond the
scope of this paper and may not be feasible because of the
limited reliability of theoretical estimates of relaxation
energies at this time.

Lastly we discuss our estimate that the effective elec-
tronic correlation energy of the Ge-D declines from 0.7
eV to zero as x increases from 0.1 to 1; the estimate is
based upon the view that the observed photomodulation
spectrum consists of two congruent bands belonging to
different charge transitions of the Ge-D. Our estimated
value of U,& is consistent with earlier reports. Howev-
er, our conclusion that U, & for the Ge-D varies substan-
tially with the alloy parameter x is somewhat unexpected.
In some previous work ' ' on defects in the alloys the
plausible assumption has been made that the electronic
properties of Ge-D are relatively unaffected by the alloy
parameter, but this assumption seems inconsistent with
the observations reported here. If the present analysis is
valid, then the correlation energy of the Ge-D without re-
laxation is about 0.3 eV less than the band gap over the
entire range of alloy composition. This possibility also
seems consistent with the proposal that the Ge-D is a hy-
drogenated weak bond; we presume that this defect elec-
tronic structure is a modification of a band-edge state. It
seems reasonable to suggest that the band gap may be re-
lated to the correlation energy of the band-edge states
and thus also to the correlation energy of the singly hy-
drogenated weak bond structure we have proposed for
the Ge-D.
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