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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 ak8is, ,Ge, :H, prepared

by the hotwire deposition techniqu&=0.06—0.79) and by the plasma enhanced chemical vapor
deposition techniquéx=0 and 0.50 was analyzed by anomalous small-angle x-ray scattering
experiments. For all alloys witk>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 difference in Ge content of the two phasdswas found that
the use of hydrogen dilution during deposition, typically
Hydrogenated amorphous silicon—germanium alloysused to improve the optoelectronic properties and device
a-Si;,Ge,:H, play an important role in amorphous silicon- performancé;® also led to improved homogeneity of the Ge.
based solar cell technology. The Ge is added to producgnother important result was that one film grown under a
lower band-gap material in multilayer devices to absorb thenigh ion bombardment condition showed no evidence of Ge
longer wavelength photons of the solar spectrum, leading taonuniformity® Similar results were obtained by SAXS from
the highest conversion efficiency yet reported for this thin-high x alloys subjected to more ion bombardment during
film technology' Values ofx near 0.5 are needed to lower the growth! Thus both the Ge-related heterogeneity and the
band gap to appropriate levels. However, Ge alloying sysvoid-related nanostructure can be improved by suitable depo-
tematically degrades the optoelectronic properties with insition conditions.
creasingx relative to the base-Si:H materia?® This deg- There has been a growing interest in an alternate film
radation is likely due to a complex mixture of intrinsic deposition method for tha-Si:H-based materials, the hot-
(atomic scale potential fluctuations, intrinsic defects, preferwire chemical-vapor depositiofHWCVD) technique'®!*
ential H bonding and extrinsic(nonoptimized deposition due to evidence of improved stabiftfyand its potential for
conditions, poor nanostructure, Ge nonuniformijpyoblems  higher deposition rates while maintaining optoelectronic
based on a wide array of optoelectronic and structural megproperties comparable to those of PECVD matefialhe
surements. It is typical that the nanostructure oflatter feature is particularly important from a manufacturing
a-Si;_,Ge :H prepared by the most common method of standpoint. Here we report on ASAXS results from a series
plasma-enhanced chemical-vapor depositi®#ECVD) is  of a-Si;_,Ge, :H alloy flms made by HWCVD. Some op-
systematically more heterogeneous with increasirigased toelectronic properties and SAXS results have shown behav-
on extensive small-angle x-ray scatteri®AXS) studies!™  ior similar to PECVD alloys*'> For comparison, two
The primary origin of this heterogeneity is the formation PECVD films prepared under conditions that were used for
during growth of microvoids and columnar-like structuresthe record solar céllare also examined.
with low density regions around the columns. However, re-
cent application of the synchrotron.—based technique o[l_ EXPERIMENT
anomalous small-angle x-ray scatteriG§SAXS) has al-
lowed the separation of the scattering due specifically to Ge  The series of HWCVD filmsX=0.06—0.79) was made
composition fluctuations from those associated with microat NREL (National Renewable Energy Laboratprysing
voids or surface roughne&s.For most of the PECVD films deposition conditions described elsewhere along with some
examined, there was a significant Ge inhomogeneity and deptoelectronic propertie$. The two PECVD films were
tailed analysis has led to a two-phase model with informatiormade by USSQUnited Solar Systems Corporatjonsing
on the size scale of the Ge composition fluctuations and thdeposition conditions nominally identical to those employed
to produce the topxX=0) and bottom Xx=0.50) intrinsic
dAuthor to whom correspondence should be addressed; present addreIayers of a record efficiency triple-junction solar celll

DESY-HASYLAB, Notkestr. 85, D-22603 Hamburg, Federal Republic of ?ﬁms were deposited on high-purity, Jom-thick Al foils,
Germany; electronic mail: guenter.goerigk@desy.de which were then folded into four layefsIWCVD) or eight
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TABLE I. Anomalous dispersion corrections of Si and &efs. 17 and 18

No. E[keV] foe e fg g

1 10.0084 —2.057 0.596 0.181 0.216
2 11.0950 —6.963 0.494 0.155 0.176

layers(PECVD) for the ASAXS measurements. The thicker
HWCVD films (~2 um) compared to the PECVD films-1
um) allowed fewer layers. The deposition rate for the
HWCVD material(~0.5 nm/$ was about five times that of
the PECVD films. The Ge concentrations of the films under
investigation were determined by electron probe microanaly-
sis with an accuracy i of +=0.02.

The ASAXS measurements were carried out at the
JUSIFA beamline at HASYLAB, DESY Hambur§.Mea-
surements were made for each sample with a two-
dimensional detector at two energiesgAange from about
0.1 to 7 nm* was covered, where= (47/\)sin 8 (\=x-ray
wavelength and 2=scattering angle Table | provides the
anomalous dispersion corrections for Si and Ge at the two
energies used here based on the calculations of Cromer and
Liberman!”*® These were used to permit the separation of
the Ge-related scattering described in detail by Refs. 8 and 9.
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Constant background effects Fjue to diffuse Sca_ttérm FIG. 2. Total scattering intensities at 10.010 keV from PECVD films with
due to Ge-fluorescence occurring near khabsorption edge o Ge and withx=0.50.

at 11.103 keV have been subtracted from the measured in-
tensities. The scattering intensity is calibrated into macro-

scopic scattering cross sections in units of cross-section pgn. RESULTS
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A brief review of the relevant expressions of anomalous
small-angle x-ray scattering in connection with an early cor-
relation model proposed by Debyat all® is presented in
Refs. 8 and 9. Figures 1-4 show the scattering curves of the
HWCVD alloys withx=0.06, 0.13, 0.23, 0.38, and 0.79 and
the two PECVD materials witk=0 and 0.5. In Figs. 1 and
2 the scattering curves represent the total scattering obtained
from the alloys at the energy of 10010 eV. The scattering
curves of Figs. 3 and 4 represent the separated scattering
obtained from measurements at the two energies 10010 and
11091 eV.

The alloys clearly reveal a significant contribution from
nonuniformly distributed Ge in the amorphous matrix. The
solid lines passing through the separated scattering curves
are fitted model functions according to tlgedependence
described by Eq(l). Equation(1) represents the correlation
model of a two phase mixture with an additiorgal* term
describing some type of large inhomogenéfy:

tot ba3 c

Ad_Q(q’ELZ):(lTaZET)ﬂ—?' (1)

For g values<0.3 nm ! the separated scattering curves show
some influence of scattering from some type of larger struc-
tures (>20 nm). The results for all samples obtained from
the fits are summarized in Table Il. The valuesapbetween
0.8 and 1.1 nm, represent the correlation lenGtostained
from the fits of the separated scattering curves, whitgves

FIG. 1. Total scattering intensities at 10.010 keV from the HWCVD films the values of the extrapolated scatteringyatO and repre-
with different Ge contentx).

sents the degree of inhomogeneity due to Ge. Figubg 4
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FIG. 3. Separated scattering intensities from HWCVD films with different
Ge contentgXx). 0.10 T T T T T T

(note the conversion of vertical axis to a linear staépre- s 98 x=0
sents the separated scattering of PECA/Bi:H, which scat- 0.05- -
ters around zero intensity as expected dug=td.
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For all hotwire-deposited alloys significant contributions
from nonuniform Ge in the amorphous matrix was found,
even for the lower concentratioris=0.06, 0.13, and 0.23
In comparison, former results obtained from PECVD mate- 0057 7
rial with x=0.15 showed no significant separated scattering
of Ge inhomogeneitie$ The amount of the separated scat-
tering increases monotonically with tlxedue to an increas- 010 ' ' : : '
ing amount of Ge inhomogeneities. The total scattering in- 0 2 4 6 8
creases over half an order of magnitude when changing 4
from 0.06 to 0.13, while the shape of the scattering curve qlrm]
changes only slightly and is following roughlycg ® behav- ~ ®
ior. Upon increasing to 0.23 a dramatic change takes place'FIG. 4. Separated scattering intensities from PECVD films wit0.50(a)

The total scattering intensity af<1nm ' is strongly re-  andx=0.0 (b). Note the conversion to linear scale for the vertical axis of
duced, while the total scattering intensity at the higher (b).

values continues to increase. The shape of the scattering

curve now shows a more complicated behavior and is differ-

ent from a simple power law. This tendency continues forthat the inner surface area between Ge inhomogeneities and
x=0.38 with the scattering curve showing higher values ofthe surrounding matrix has reached a maximum value at
the scattering cross section due to the higher amount of in=0.38. In comparison, the separated scattering curves show
homogeneities. Finally at=0.79 again the shape of the total a continuous increase witk. The shape of the separated
scattering curve changes. The scattering curveg \aluesq scattering curve can be fitted by the Debye correlation model
<2nm ! is shifted to higher values of the cross sectionsfor the Ge concentrations 0.06, 0.13, 0.23, and 0.38. Signifi-
indicating a higher amount of inhomogeneity, but at higlper cant differences to the correlation modebjatalues between
values the scattering curves of the samples witf0.38 and 1 and 4 nm* occur forx=0.79, indicating that the model no
0.79 nearly coincide and showsa # dependence, indicating longer holds well for this high concentration. The behavior

do/dQlcm™)
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TABLE |II. Fit results of the six alloys based on E(L). The fitted scattering curves of the alloys with
=0.06, 0.13, 0.23, 0.38, 0.79, and 0.5 are plotted in Figs. 3 &ad 4

Sample X a (nm) b (cm™¥nnP) ¢ (cm nm)
HWCVD-102 0.06 0.83%) 1.91) 0.0005
HWCVD-100 0.13 1.0®@) 3.8(1) 0.0074
HWCVD-73 0.23 0.801) 11.1(1) 0.0064
HWCVD-74 0.38 0.92) 33.13) 0.0
HWCVD-104 0.79 1.13®) 60.33) 0.0
PECVD-9279 0.50 1.048) 32.42) 0.0269
PECVD-9278 0.0

of the hotwire deposited samples may be interpreted as foamount of larger inhomogeneities is strongly reduced and
lows: at lower concentrationsx=0.06 and 0.18the Ge al- replaced by smaller Ge inhomogeneities with correlation
loying causes inhomogeneities covering length scales frorfengths of about 1 nm.

smaller than 1 nm up to very large structures of 10 nm and From the comparison of HWCVD and PECVD material
more. At a concentration of 0.23 the larger inhomogeneitiest was found for similarx that the hotwire deposition tech-
are reduced and now Ge inhomogeneities with correlatiomique causes a larger amount of Ge inhomogeneity on a
lengths of about 1 nm become dominant. This tendencyength scale smaller than 20 nm and the opposite for larger
holds on up to concentrations of 0.38. At higher Ge conceninhomogeneities.

trations, for instance at=0.79, the inner surface area be-
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