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Comparative anomalous small-angle x-ray scattering study of hotwire
and plasma grown amorphous silicon–germanium alloys
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The nanostructure of hydrogenated amorphous silicon–germanium alloys,a-Si12xGex :H, prepared
by the hotwire deposition technique (x50.06– 0.79) and by the plasma enhanced chemical vapor
deposition technique~x50 and 0.50! was analyzed by anomalous small-angle x-ray scattering
experiments. For all alloys withx.0 the Ge component was found to be inhomogeneously
distributed with correlation lengths of about 1 nm. A systematic increase of the separated scattering
was found due to the increasing Ge concentration. The different preparation techniques show
significant differences in the Ge distribution. ©2001 American Institute of Physics.
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I. INTRODUCTION

Hydrogenated amorphous silicon–germanium allo
a-Si12xGex :H, play an important role in amorphous silicon
based solar cell technology. The Ge is added to prod
lower band-gap material in multilayer devices to absorb
longer wavelength photons of the solar spectrum, leadin
the highest conversion efficiency yet reported for this th
film technology.1 Values ofx near 0.5 are needed to lower th
band gap to appropriate levels. However, Ge alloying s
tematically degrades the optoelectronic properties with
creasingx relative to the basea-Si:H material.2,3 This deg-
radation is likely due to a complex mixture of intrins
~atomic scale potential fluctuations, intrinsic defects, pre
ential H bonding! and extrinsic~nonoptimized deposition
conditions, poor nanostructure, Ge nonuniformity! problems
based on a wide array of optoelectronic and structural m
surements. It is typical that the nanostructure
a-Si12xGex :H prepared by the most common method
plasma-enhanced chemical-vapor deposition~PECVD! is
systematically more heterogeneous with increasingx based
on extensive small-angle x-ray scattering~SAXS! studies.4–7

The primary origin of this heterogeneity is the formatio
during growth of microvoids and columnar-like structur
with low density regions around the columns. However,
cent application of the synchrotron-based technique
anomalous small-angle x-ray scattering~ASAXS! has al-
lowed the separation of the scattering due specifically to
composition fluctuations from those associated with mic
voids or surface roughness.8,9 For most of the PECVD films
examined, there was a significant Ge inhomogeneity and
tailed analysis has led to a two-phase model with informat
on the size scale of the Ge composition fluctuations and
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difference in Ge content of the two phases.9 It was found that
the use of hydrogen dilution during deposition, typica
used to improve the optoelectronic properties and dev
performance,1,6 also led to improved homogeneity of the G
Another important result was that one film grown under
high ion bombardment condition showed no evidence of
nonuniformity.8 Similar results were obtained by SAXS from
high x alloys subjected to more ion bombardment duri
growth.7 Thus both the Ge-related heterogeneity and
void-related nanostructure can be improved by suitable de
sition conditions.

There has been a growing interest in an alternate fi
deposition method for thea-Si:H-based materials, the ho
wire chemical-vapor deposition~HWCVD! technique,10,11

due to evidence of improved stability12 and its potential for
higher deposition rates while maintaining optoelectro
properties comparable to those of PECVD materials.13 The
latter feature is particularly important from a manufacturi
standpoint. Here we report on ASAXS results from a ser
of a-Si12xGex :H alloy films made by HWCVD. Some op
toelectronic properties and SAXS results have shown beh
ior similar to PECVD alloys.14,15 For comparison, two
PECVD films prepared under conditions that were used
the record solar cell1 are also examined.

II. EXPERIMENT

The series of HWCVD films (x50.06– 0.79) was made
at NREL ~National Renewable Energy Laboratory! using
deposition conditions described elsewhere along with so
optoelectronic properties.14 The two PECVD films were
made by USSC~United Solar Systems Corporation! using
deposition conditions nominally identical to those employ
to produce the top (x50) and bottom (x50.50) intrinsic
layers of a record efficiency triple-junction solar cell.1 All
films were deposited on high-purity, 10-mm-thick Al foils,
which were then folded into four layers~HWCVD! or eight
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layers~PECVD! for the ASAXS measurements. The thick
HWCVD films ~;2 mm! compared to the PECVD films~;1
mm! allowed fewer layers. The deposition rate for t
HWCVD material~;0.5 nm/s! was about five times that o
the PECVD films. The Ge concentrations of the films und
investigation were determined by electron probe microan
sis with an accuracy inx of 60.02.

The ASAXS measurements were carried out at
JUSIFA beamline at HASYLAB, DESY Hamburg.16 Mea-
surements were made for each sample with a tw
dimensional detector at two energies. Aq range from about
0.1 to 7 nm21 was covered, whereq5(4p/l)sinu ~l5x-ray
wavelength and 2u5scattering angle!. Table I provides the
anomalous dispersion corrections for Si and Ge at the
energies used here based on the calculations of Cromer
Liberman.17,18 These were used to permit the separation
the Ge-related scattering described in detail by Refs. 8 an
Constant background effects due to diffuse scattering5 and
due to Ge-fluorescence occurring near theK-absorption edge
at 11.103 keV have been subtracted from the measured
tensities. The scattering intensity is calibrated into mac
scopic scattering cross sections in units of cross-section
unit volume@cm2/cm35cm21#.

FIG. 1. Total scattering intensities at 10.010 keV from the HWCVD film
with different Ge content~x!.

TABLE I. Anomalous dispersion corrections of Si and Ge~Refs. 17 and 18!.

No. E@keV# f Ge8 f Ge9 f Si8 f Si9

1 10.0084 22.057 0.596 0.181 0.216
2 11.0950 26.963 0.494 0.155 0.176
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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erIII. RESULTS

A brief review of the relevant expressions of anomalo
small-angle x-ray scattering in connection with an early c
relation model proposed by Debyeet al.19 is presented in
Refs. 8 and 9. Figures 1–4 show the scattering curves of
HWCVD alloys withx50.06, 0.13, 0.23, 0.38, and 0.79 an
the two PECVD materials withx50 and 0.5. In Figs. 1 and
2 the scattering curves represent the total scattering obta
from the alloys at the energy of 10 010 eV. The scatter
curves of Figs. 3 and 4 represent the separated scatte
obtained from measurements at the two energies 10 010
11 091 eV.

The alloys clearly reveal a significant contribution fro
nonuniformly distributed Ge in the amorphous matrix. T
solid lines passing through the separated scattering cu
are fitted model functions according to theq dependence
described by Eq.~1!. Equation~1! represents the correlatio
model of a two phase mixture with an additionalq24 term
describing some type of large inhomogeneity:20

D
ds tot

dV
~q,E1,2!5

ba3

~11a2q2!2 1
c

q4 . ~1!

For q values,0.3 nm21 the separated scattering curves sh
some influence of scattering from some type of larger str
tures ~.20 nm!. The results for all samples obtained fro
the fits are summarized in Table II. The values ofa, between
0.8 and 1.1 nm, represent the correlation lengths19 obtained
from the fits of the separated scattering curves, whileb gives
the values of the extrapolated scattering atq50 and repre-
sents the degree of inhomogeneity due to Ge. Figure 4~b!

FIG. 2. Total scattering intensities at 10.010 keV from PECVD films w
no Ge and withx50.50.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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~note the conversion of vertical axis to a linear scale! repre-
sents the separated scattering of PECVDa-Si:H, which scat-
ters around zero intensity as expected due tox50.

IV. DISCUSSION

For all hotwire-deposited alloys significant contributio
from nonuniform Ge in the amorphous matrix was foun
even for the lower concentrations~x50.06, 0.13, and 0.23!.
In comparison, former results obtained from PECVD ma
rial with x50.15 showed no significant separated scatter
of Ge inhomogeneities.9 The amount of the separated sca
tering increases monotonically with thex due to an increas
ing amount of Ge inhomogeneities. The total scattering
creases over half an order of magnitude when changinx
from 0.06 to 0.13, while the shape of the scattering cu
changes only slightly and is following roughly aq23 behav-
ior. Upon increasingx to 0.23 a dramatic change takes plac
The total scattering intensity atq,1 nm21 is strongly re-
duced, while the total scattering intensity at the higheq
values continues to increase. The shape of the scatte
curve now shows a more complicated behavior and is dif
ent from a simple power law. This tendency continues
x50.38 with the scattering curve showing higher values
the scattering cross section due to the higher amount o
homogeneities. Finally atx50.79 again the shape of the tot
scattering curve changes. The scattering curve atq valuesq
,2 nm21 is shifted to higher values of the cross sectio
indicating a higher amount of inhomogeneity, but at higheq
values the scattering curves of the samples withx50.38 and
0.79 nearly coincide and show aq24 dependence, indicating

FIG. 3. Separated scattering intensities from HWCVD films with differe
Ge contents~x!.
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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that the inner surface area between Ge inhomogeneities
the surrounding matrix has reached a maximum value ax
50.38. In comparison, the separated scattering curves s
a continuous increase withx. The shape of the separate
scattering curve can be fitted by the Debye correlation mo
for the Ge concentrations 0.06, 0.13, 0.23, and 0.38. Sig
cant differences to the correlation model atq values between
1 and 4 nm21 occur forx50.79, indicating that the model n
longer holds well for this high concentration. The behav

t

FIG. 4. Separated scattering intensities from PECVD films withx50.50~a!
and x50.0 ~b!. Note the conversion to linear scale for the vertical axis
~b!.
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Downloaded 15 De
TABLE II. Fit results of the six alloys based on Eq.~1!. The fitted scattering curves of the alloys withx
50.06, 0.13, 0.23, 0.38, 0.79, and 0.5 are plotted in Figs. 3 and 4~a!.

Sample x a (nm) b (cm21/nm3) c (cm21/nm4)

HWCVD-102 0.06 0.83~4! 1.9~1! 0.0005
HWCVD-100 0.13 1.00~2! 3.8~1! 0.0074
HWCVD-73 0.23 0.89~1! 11.1~1! 0.0064
HWCVD-74 0.38 0.927~4! 33.1~3! 0.0
HWCVD-104 0.79 1.138~3! 60.3~3! 0.0
PECVD-9279 0.50 1.018~3! 32.4~2! 0.0269
PECVD-9278 0.0
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of the hotwire deposited samples may be interpreted as
lows: at lower concentrations~x50.06 and 0.13! the Ge al-
loying causes inhomogeneities covering length scales f
smaller than 1 nm up to very large structures of 10 nm a
more. At a concentration of 0.23 the larger inhomogenei
are reduced and now Ge inhomogeneities with correla
lengths of about 1 nm become dominant. This tende
holds on up to concentrations of 0.38. At higher Ge conc
trations, for instance atx50.79, the inner surface area b
tween the Ge-rich phase and the surrounding matrix rea
a maximum and the correlation model gives only a rou
approximation of the nanostructure.

Comparison of the total and the separated scatterin
the two deposition techniques, HWCVD versus PECV
shows significant differences in the amount of scattering
of the shape. Both total and separated scattering curves s
nearly the sameq dependence and the same value of
scattering cross sections atq values larger than 0.5 nm21 for
Ge concentrations of 0.38~HWCVD! and 0.50~PECVD!.
Thus for the sample examined here, the HWCVD techniq
causes a significantly larger amount of inhomogeneities o
length scale smaller than 20 nm for the same Ge concen
tion. At smallerq values or on the length scale larger than
nm, the situation is reversed. Finally we note that the to
scattering curve of PECVDa-Si:H (x50) shows no energy
dependence~separated scattering scatters around zero in
sity! with a total scatteringq dependence~Fig. 2! which is
mainly governed by aq23 behavior, with slight deviations a
low and highq. The total scattering signal is between 1 a
2 orders smaller with respect to the Ge alloyed PECVD m
terial.

V. CONCLUSIONS

ASAXS measurements obtained froma-Si12xGex :H al-
loys with x between 0.06 and 0.79 reveal clear evidence
nonuniformly distributed Ge with correlation lengths b
tween 0.8 and 1.1 nm. For the hotwire deposited alloys
amount of separated scattering shows a systematic incr
with Ge concentration due to increasing Ge inhomogeneit
At smaller concentrations~x50.06 and 0.13! a strong in-
crease of the total scattering over the entireq range was
observed, indicating an increase of inhomogeneities of
ferent types covering a wide range on the length scale
tween 1 and.20 nm. At higher concentrations (x50.23) the
c 2006 to 134.94.122.39. Redistribution subject to AIP
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amount of larger inhomogeneities is strongly reduced a
replaced by smaller Ge inhomogeneities with correlat
lengths of about 1 nm.

From the comparison of HWCVD and PECVD materi
it was found for similarx that the hotwire deposition tech
nique causes a larger amount of Ge inhomogeneity o
length scale smaller than 20 nm and the opposite for lar
inhomogeneities.
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