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Abstract. Hydrogenated nanocrystalline silicon germanium thin ﬁlms (nc-SiGe:H) is
an interesting alternative material to replace hydrogenated nanocrystalline silicon (ncSi:H) as the narrow bandgap absorber in an a-Si/a-SiGe/nc-SiGe(nc-Si) triple-junction
solar cell due to its higher optical absorption in the wavelength range of interest. In
this paper, we present results of optical, structural investigations and electrical characterization of nc-SiGe:H thin ﬁlms made by hot-wire chemical vapor deposition (HWCVD) with a coil-shaped tungsten ﬁlament and with a disilane/germane/hydrogen gas
mixture. The optical band gaps of a-SiGe:H and nc-SiGe:H thin-ﬁlms, which are deposited with the same disilane/germane/hydrogen gas mixture ratio of 3.4 : 1.7 : 7, are
about 1.58 eV and 2.1 eV, respectively. The nc-SiGe:H thin ﬁlm exhibits a larger optical absorption coeﬃcient of about 2–4 in the 600–900 nm range when compared to
nc-Si:H thin ﬁlm. Therefore, a thinner nc-SiGe:H layer of ∼500 nm thickness may be
suﬃcient for the narrow bandgap absorber in an a-Si based multiple-junction solar cell.
We enhanced the transport properties as measured by the photoconductivity frequency
mixing technique. These improved alloys do not necessarily show an improvement in
the degree of structural heterogeneity on the nanometer scale as measured by smallangle X-ray scattering. Decreasing both the ﬁlament temperature and substrate temperature produced a ﬁlm with relatively low structural heterogeneity while photoluminescence showed an order of magnitude increase in defect density for a similar change in the
process.
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1. Introduction

R

Narrow bandgap amorphous SiGe (a-SiGe:H) alloys have been used as the bottomcell i-layers in the tandem and triple-junction amorphous silicon-based solar cells
[1–3]. As an attractive alternative material for a-SiGe:H, hydrogenated nanocrystalline silicon (nc-Si:H), which has stronger absorption power than a-SiGe at
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λ > 850 nm and is stable under prolonged light exposure, has been successfully
used in a multiple-junction solar cell and nc-Si:H-based solar cells with eﬃciencies
exceeding 9% have been obtained by several groups [4–6]. However, the absorption coeﬃcient of nc-Si:H is low and a thickness of about 2 mm is required, even
with eﬃcient light trapping, for the nc-Si:H absorber in the Si-based thin ﬁlm solar
cells. Furthermore, nc-Si:H is usually prepared at a much lower deposition rate
as compared with a-SiGe due to the use of high hydrogen dilution. The combination of minimum thickness required and the low deposition rate translates into a
long total-deposition time for the layer and subsequently into a signiﬁcantly higher
capital cost for a manufacturing equipment producing nc-Si:H-based solar cells.
Since we decreased both the ﬁlament diameter and the substrate temperature, the
photoresponse of narrow bandgap a-SiGe:H improved [1].
At the University Science Malaysia (USM), we grew a series of samples for
a variety of material characterizations reported and also investigated nc-SiGe:H
ﬁlms deposited using HWCVD, to ﬁnd suitable HW deposition conditions for ncSiGe ﬁlms as well as deposition conditions for SiGe material containing amorphous/nanocrystalline mixed phases. In this paper, we present results of optical,
structural and electrical investigations of SiGe ﬁlms made by HWCVD.

2. Experimental
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The SiGe ﬁlms, ∼1.3 μm thick, are deposited on 7059 glass, crystalline silicon
(c-Si) wafer and stainless steel (SS) substrates using HWCVD with a coil-shaped
tungsten ﬁlament in an ultra high-vacuum, multi-chamber, load-locked deposition
system. The HWCVD system consists of a high vacuum chamber, a substrate
holder, a coiled ﬁlament perpendicular to the substrate, two annular gas inlets
near the substrate and one axial gas inlet directed through the ﬁlament coil, a gas
conﬁnement cup and an annular RF electrode for PECVD. The substrate holder,
capable of holding a 10 cm by 10 cm substrate, is inverted over the gas conﬁnement
cup.
Two types (Type L and Type S) of coil-shaped ﬁlament with the same diameter
of 0.75 mm but with diﬀerent ﬁlament lengths have been used in this study. The
coil-shaped ﬁlament (Type L) is made of tungsten wire which is 100 cm long and
0.75 mm diameter, wound in a coil of ∼7 mm diameter and 47 mm long with
around 45 turns. On the other hand, for the coil-shaped ﬁlament (Type S) we used
a tungsten wire which is only 30 cm long, wound in a coil of ∼8 mm diameter and
20 mm length with around 10 turns. The top of both the ﬁlaments Type L and
Type S have the same distance of about 6 cm from the substrate. A gas mixture
with a disilane/germane/hydrogen gas mixture ratio of 3.4 : 1.7 : 7, 2.4 : 1.7 : 7 and
0 : 1.7 : 7 is used for depositing amorphous and nanocrystalline silicon–germanium
(SiGe) ﬁlms. The ﬁlament temperature Tﬁl is set in the range of 1700–2000◦ C,
while the substrate temperature Tsub is in the range of 150–400◦ C.
Transmission measurements in the vis-NIR range (400–3300 nm) were carried
out to determine the thickness, optical gap and refractive index of these ﬁlms.
The ﬁlm surface topographies are investigated by the scanning electron microscopy
(SEM); the crystalline fraction of the ﬁlms are obtained from Raman scattering
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Hydrogenated nanocrystalline silicon germanium thin ﬁlms

Figure 1. Optical absorption coeﬃcient of nc-SiGe:H ﬁlm deposited by
HWCVD, nc-Si:H ﬁlm by VHF PECVD, Si:H ﬁlm by RF PECVD and bulk
c-Si wafer.
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spectroscopy; the orientation and size of crystallites are detected by X-ray diﬀraction (XRD); and the bonded hydrogen content in the ﬁlms and its bonding nature
with Si and Ge is determined from Fourier transform infrared (FTIR) absorption
spectroscopy. The charge transport properties of the a-SiGe:H samples in the annealed state (2 h at 150◦ C) were characterized by using the photomixing technique
at room temperature [7]. This technique enables a separate determination of the
drift mobility (μd ) and the photomixing lifetime (τ ) of the dominant photogenerated carriers. From the electrical ﬁeld dependence of these quantities, the range
and the depth of the long range potential ﬂuctuations (LRPF), and subsequently
the relative changes in the charged defect density in the ﬁlms are determined. The
longitudinal modes of a He–Ne laser were employed to generate the microwave difference frequencies. The beat frequency signal at 252 MHz (photomixing angular
frequency ∼1.58 GHz, corresponding to a time scale of ∼630 ps) was used as it has
the highest intensity. Small-angle X-ray scattering (SAXS) was used to examine
ﬁlm heterogeneity.

3. Results and discussions

R

3.1 Optical absorption coeﬃcient of nc-SiGe:H
The optical gaps and absorption coeﬃcients of SiGe ﬁlms are evaluated from
their vis-NIR transmission data [8]. The optical band gap of nc-SiGe:H made by
HWCVD at a disilane/germane/hydrogen gas mixture ratio R of 3.4 : 1.7 : 7 is about
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Figure 2. Dependence of the deposition rate rdep on the ﬁlament temperature Tﬁl and the substrate temperature Tsub at Si2 H6 ﬂow rate FSi2 H6 = 3.4
sccm, GeH4 ﬂow rate FGeH4 = 1.7 sccm, H2 ﬂow rate FH2 = 7.0 sccm, and a
total process pressure of p = 3.1 mbar.
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2.1 eV. Figure 1 shows the optical absorption coeﬃcient of this nc-SiGe:H ﬁlm in
comparison with the optical absorption coeﬃcients of nc-Si:H ﬁlm by VHF PECVD
and a-Si:H ﬁlm by RF PECVD. An absorption coeﬃcient of bulk c-Si wafer from ref.
[9] is also plotted for comparison. Compared to nc-Si:H thin-ﬁlm, the nc-SiGe:H
ﬁlm exhibits a higher optical absorption coeﬃcient by a factor of about 2–4 in the
long wavelength range with light energies between 1.1 and 2.4 eV.
Thus, instead of nc-Si:H absorbing a layer of thickness of about 2 μm, a thin
nc-SiGe:H intrinsic layer of thickness of only about 0.5 μm may be suﬃcient for
generating current. With a deposition rate of 8 Å/s for nc-SiGe:H made in the
HWCVD system, a deposition time of about 10 min is needed for a nc-SiGe:H layer
of 0.5 μm thick.

A

3.2 Dependence of deposition rate and surface topography on Tﬁl and Tsub
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The deposition rate rdep of SiGe-ﬁlms deposited by HWCVD is signiﬁcantly inﬂuenced by the ﬁlament temperature Tﬁl , but not that much by the substrate temperature Tsub , as shown in ﬁgure 2. At Si2 H6 ﬂow rate FSi2 H6 = 3.4 sccm, GeH4
ﬂow rate FGeH4 = 1.7 sccm, H2 ﬂow rate FH2 = 7.0 sccm, a total process pressure
p = 3.1 mbar and a substrate temperature Tsub = 200◦ C, the deposition rate rdep
increases from 2.8 Å/s to 7.9 Å/s with increasing ﬁlament temperature Tﬁl from
1800 to 2000◦ C. While the substrate temperature is at Tsub = 300◦ C, the deposition rate rdep increases from 3.3 to 8.7 Å/s with increasing ﬁlament temperature
Tﬁl from 1800 to 2000◦ C.
All the four depositions have the same deposition time of t = 15 min. The
increase in deposition rate at higher Tﬁl may be attributed to higher gas cracking
eﬃciency due to higher ﬁlament temperature where availability of growth precursors
288
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Figure 3. Top-view SEM images of SiGe samples deposited at Si2 H6 ﬂow
rate FSi2 H6 = 3.4 sccm, GeH4 ﬂow rate FGeH4 = 1.7 sccm, H2 ﬂow rate FH2
= 7.0 sccm, a total process pressure p = 3.1 mbar using (a) Tﬁl = 1800◦ C and
Tsub = 200◦ C, (b) Tﬁl = 1800◦ C and Tsub = 300◦ C, (c) Tﬁl = 2000◦ C and
Tsub = 200◦ C and (d) Tﬁl = 2000◦ C and Tsub = 300◦ C.
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(SiH3 ,...) and atomic hydrogen (H) both are expected to be high enough. In further
structural characterizations, we shall verify the eﬀects of these factors on material
properties. The ﬁlm topographical structures of the above four SiGe samples are
also characterized by SEM. Figures 3a and 3b show the SEM images of the two
samples deposited at Tﬁl = 1800◦ C with substrate temperatures Tsub = 200◦ C and
Tsub = 300◦ C, respectively. The two ﬁlms have relatively smooth surface. Figures
3c and 3d show the SEM images of the two samples deposited at Tﬁl = 2000◦ C with
substrate temperatures Tsub = 200◦ C and Tsub = 300◦ C, respectively. These ﬁlms
at Tﬁl = 2000◦ C have very rough surfaces. This may be because of the production
of nanocrystalline SiGe grains at a relative high deposition rate.

3.3 Dependence of ﬁlm crystallinity on diﬀerent Tﬁl , Tsub and gas mixtures
Raman measurements are done on a series of SiGe ﬁlms, which are deposited with
diﬀerent GeH4 , Si2 H6 and H2 gas mixtures at ﬁlament temperatures Tﬁl ranging
Pramana – J. Phys., Vol. 69, No. 2, August 2007
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Figure 4. Raman spectra of SiGe and Ge ﬁlms deposited with diﬀerent Tﬁl ,
Tsub and gas mixtures.
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from 1800 to 2000◦ C and substrate temperatures Tsub ranging from 150 to 300◦ C.
From the Raman spectra shown in ﬁgure 4, the Raman characteristic vibrations of
dominant nanocrystalline phases could be observed clearly. Crystalline Si–Si TO
band near 500 cm−1 , crystalline Si–Ge TO band near 400 cm−1 and crystalline Ge–
Ge TO band near 300 cm−1 appear in the Raman spectra. It can be seen that the
positions and intensities of the Si–Si, Si–Ge and Ge–Ge Raman peaks are obviously
shifted and changed with the disilane/germane/hydrogen gas mixture ratio R. The
Raman spectra of the HW samples HW124, HW125, HW126, HW127 and HW132,
which are deposited at a disilane/germane/hydrogen gas mixture ratio of 3.4 : 1.7 : 7
corresponding to RH (=[H2 ]/([Si2 H6 ]+[GeH4 ]+[H2 ])) of 58% have a Si–Si Raman
peak centered at 507 cm−1 , Si–Ge Raman peak at 400 cm−1 and Ge–Ge Raman
peak at 282 cm−1 . The intensity of the Si–Si Raman peak is also higher than those
of Ge–Si and Ge–Ge Raman peaks. The Si–Si TO band in the nanocrystalline
SiGe ﬁlms are centered around 507 cm−1 and have a peak-shift of about 13 cm−1
as compared to the crystalline Si–Si TO band centered near 520 cm−1 in the single
crystalline Si ﬁlms. This suggests that in the presence of Ge in the SiGe ﬁlm the
crystalline Si–Si bonding length becomes a little bigger than normal.
The Raman intensity of Ge–Ge and Si–Ge peak increases with increasing germane
content in the gas mixture, while the Raman peaks are also shifted. As shown in
the Raman spectra of the samples HW128, HW129, HW130 and HW131 with a
disilane/germane/hydrogen gas mixture ratio of 2.4 : 1.7 : 7 corresponding to RH of
63%, Si–Si peak is shifted to 502 cm−1 , Si–Ge Raman peak to 404 cm−1 and Ge–
Ge Raman peak to 287 cm−1 , while the intensities of Si–Ge and Ge–Ge peak also
increase.
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Figure 5. The GID X-ray spectrum of the nc-SiGe:H ﬁlm.

R

ET

R

A

C

TE
D

A

Raman measurements are also done on pure Ge ﬁlms of the HW samples HW133136 deposited with a disilane/germane/hydrogen gas mixture ratio of 0 : 1.7 : 7
(without disilane) corresponding to RH of 80%, and only sharp Ge–Ge TO peaks
centered near 300 cm−1 are present in these Raman spectra.
The ﬁlament temperature Tﬁl and substrate temperature Tsub have inﬂuences on
the ﬁlm growth of amorphous and nanocrystalline phases. The Raman spectrum
of sample HW127 deposited at Tﬁl = 2000◦ C and Tsub = 300◦ C has a narrow Si–Si
TO band centered at 507 cm−1 with a FWHM of only 7 cm−1 , which indicates
that HW127 is nanocrystalline SiGe with nearly 79% volume fraction of nc-SiGe
phase. With decreasing ﬁlament temperature Tﬁl and substrate temperature Tsub ,
as shown in the Raman spectrum of sample HW124 deposited at Tﬁl = 1800◦ C
and Tsub = 200◦ C, the Si–Si band width FWHM increases to 14 cm−1 , while the
left-side shoulder of Si–Si TO band rises. This indicates that HW124 is characteristic of nanocrystalline SiGe with mixed-phase contributions of a-SiGe:H and
nc-SiGe, and the crystalline volume fraction is Xc ∼ 60%. Xc is estimated with the
approximation that the Raman polarizabilities of various components do not diﬀer
much.
Figure 5 shows the grazing incidence diﬀraction (GID) X-ray pattern of the SiGe
ﬁlm deposited on a quartz glass substrate at a Si2 H6 ﬂow rate of FSi2 H6 = 3.4
sccm, GeH4 ﬂow rate of FGeH4 = 1.7 sccm, H2 ﬂow rate of FH2 = 7.0 sccm, a total
process pressure of p = 2.5 mbar, a substrate temperature of Tsub = 200◦ C and
a ﬁlament temperature Tﬁl = 1800◦ C for 10 min with a ﬁlm thickness of d = 141
nm. In the GID X-ray spectrum, diﬀraction at the SiGe planes (1 1 1) centered
at 2θ = 28.30◦ , (2 2 0) centered at 2θ = 46.96◦ and (3 1 1) centered at 2θ =
55.66◦ can be seen clearly. By comparing the relative peak heights of (2 2 0) and
(3 1 1) peaks with the (1 1 1) peak, it can be determined that the crystallites of
SiGe ﬁlm are randomly distributed. With X-ray diﬀraction patterns the crystallite
size dX-ray can be calculated from the Debye–Scherrer equation [10]. The crystallite
size of this SiGe ﬁlm calculated from the peak (1 1 1) is dX-ray = 17 nm.
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3.4 Conductivity
Figure 6 shows the results of conductivity measurements made on these samples.
We increased the photo-to-dark conductivity ratio (photoresponse) of these alloys
from our previous work as shown in ﬁgure 6a. The dark conductivity increases
somewhat uniformly with decreasing Tauc gap (ﬁgure 6c). It is diﬃcult to consistently obtain high photoconductivities in these narrow gap alloys, as noted by the
large scatter in photoconductivity in ﬁgures 6b and 7. Samples with high photoresponses typically have a high photoconductivity.
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3.5 Photoconductivity frequency mixing
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Figure 8 shows the photoconductivity (which is proportional to the μd τ product) as
a function of the Tauc gap (ﬁgure 8a), followed by the μd and τ independently – also
as a function of the Tauc gap (ﬁgures 8b and 8c), respectively. In a previous study
of a-SiGe:H by HWCVD, we were unable to obtain a good enough photoresponse
from samples with enough Ge in them to lower the bandgap below 1.4 eV and thus
were not able to report the measurements using the photomixing technique for such
narrow bandgap alloys [13]. This eﬀort produced superior a-SiGe:H alloys to the
previous study.
Although both μd and τ have vastly smaller values than the a-Si:H reference (far
right, ∼1.72 eV data in ﬁgure 7), they are at least measurable. The earlier data
showed a decrease in the μd τ product correlating with a decrease in the photoconductivity. The current data are less correlated. The bandgap (Ge) dependence
of the mobility observed suggests that the LRPFs may be involved in the charge
transport process. As Sheng et al [13] suggested, the decrease in drift mobility
results from an increase in the charged scattering centers, which can be caused
by LRPF. LRPF was evident because mobility increases with increasing applied
electrical ﬁeld and with increasing illumination intensity caused by screening [14].
The measurements of the electrical ﬁeld dependence of mobility and lifetime show
strong evidence for the presence of LRPF. We have calculated the range and depth
of the LRPF, the results of which are shown in ﬁgure 9. As expected, the mobility
decreases as the depth of the LRPF increases (see the ‘mirror’-like dependences
with Tauc gap from ﬁgures 8b and 9b respectively). The rapid increase in the
depth of the LRPF with increasing Ge (lower Tauc gap) from Sheng et al [13] is
averted in this set of samples, and further evidence of improved quality resulting
from our new process [15]. The density of charged defects (N ) responsible for the
LRPF can be estimated by

R

N αVp2 /L,

(1)

where Vp represents the depth potential ﬂuctuations and L represents the range of
the potential ﬂuctuations [16]. Figure 8c shows the relative change in the charged
defects as a function of Tauc gap. Clearly the charged defect density increases with
increased Ge (lower Tauc gap).
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Figure 6. Raman and FTIR spectra of SiGe ﬁlms deposited at FSi2 H6 = 3.4
sccm, FGeH4 = 1.7 sccm, FH2 = 7.0 sccm, p = 3.1 mbar, Tsub = 200◦ C and
Tﬁl = 1800◦ C for 15 min using ﬁlament Type S.
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3.6 Photoluminescence
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Figure 7. The photoconductivity of a-SiGe:H alloys as a function of the
deposition rate. The dashed line represents typical PECVD results [11]; the
solid line represents our results from HWCVD growth at high deposition rates
[12].
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The PL peak energy position at 80 K is presumably correlated to the optical gap,
and the relative eﬃciency is inversely proportional to the density of defects. Figure
9a shows the relative intensity of PL as a function of photon energy at 80 K for
samples L743, L744 and L745. The peak intensities that are obtained from this
ﬁgure are summarized with key deposition data in table 1. In order to compare
the PL spectral line shape, we plotted the normalized PL spectra in ﬁgure 9b, from
which we get PL peak energy positions (table 1). This correlates with the optical
gap as expected.
The relative PL intensity of sample L744 is only about 30% less than that of
sample L743, whereas the PL peak energy decreased by about 0.1 eV. The higher
Ge content of L743 reduces the optical gap, and the defect density increases slightly,
relative to L744. L745 has an order of magnitude larger defect density than L744.
L745 was grown by reducing both the ﬁlament temperature and the substrate temperature from L744.
We light-soaked all three samples with an in situ 100 mW/cm2 white light for 2 h.
There were no obvious changes of the PL spectra before and after light-soaking for
samples L743 and L744, but there was a 30% increase of the PL relative intensity
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Figure 8. The photoconductivity (a) used in photomixing measurements,
mobility (b) and lifetime (c) of a-SiGe:H alloys as a function of the Tauc gap.
The gray symbols (≥1.4 eV) are from [13].

C

for sample L745 as shown in ﬁgure 10. Usually the PL intensity at 80 K has
obviously no change, or a slight decrease, when metastable defects were created. If
the structure changes and defects are created in a non-homogeneous ﬁlm, the PL
intensity could increase [17].
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3.7 Small angle X-ray scattering
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Figure 11 shows SAXS scans for a set of alloys grown under conditions similar
to those discussed earlier (table 2). There is a systematic increase in the SAXS
intensity with increasing Ge content of the ﬁlm, except for L828 which has the
smallest intensity of this set. Figure 12 shows the integrated SAXS intensity, QN ,
as a function of the Tauc gap for each sample (top frame). QN is a measure of the
total electron density ﬂuctuations in the ﬁlm [18] and correlates to changes in ﬁlm
uniformity caused by nanovoids or Ge concentration ﬂuctuations [19]. An increase
in QN implies an increase in the nanostructural heterogeneity.
Consequently, either void density or Ge non-uniformity, or both, will increase.
We know from previous work (dashed line), that the nanostructural heterogeneity
displays a sharp increase at bandgaps ≤1.5 eV. The current samples have bandgaps
below this transition and hence have large QN . We model the SAXS data using
spherical objects, of an average diameter D as the cause of heterogeneity in the
Pramana – J. Phys., Vol. 69, No. 2, August 2007
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Figure 9. The range (a) and depth (b) of the potential ﬂuctuations and the
relative change in the density of charged defects (c) of a-SiGe:H alloys as a
function of the Tauc gap. The gray symbols (≥1.4 eV) are from [13].

R

Figure 10. PL spectra at 80 K for samples L743, L744 and L745. (a)
Relative intensity and (b) normalized spectra.

ﬁlms [18]. The values for D for these ﬁlms are presented in table 2 and are
only somewhat smaller than the range of the LRPF deduced from the photomixing
technique (ﬁgure 8, top frame). In the middle frame of ﬁgure 12 we see that this
set of ﬁlms has a similar photoresponse to our previous narrow gap alloys grown
at higher deposition rates (dashed line), except for L828 (which has a very high
296
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Table 1. Deposition and PL summary data. All samples were grown with a
1 : 1 H2 dilution (25 sccm).
L743

L744

L745

Heater (◦ C)
SiH4 /(SiH4 +GeH4 )
Filament (◦ C)
Tauc gap (eV)
PL intensity
PL peak E position (eV)

250
25
2150
1.37
550
0.98

250
35
2150
1.29
400
0.89

125
25
1800
1.17
22
0.82
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Sample

C

Figure 11. Light-induced eﬀects on PL spectra for sample L745. The PL
intensity increased by about 30% from State A after light-soaking by a 100
mW/cm2 white light for 2 h (State B1). There is a little additional change
with two more hours of light soaking (State B2).
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value for the gap of 1.25 eV). In the bottom frame of ﬁgure 12 we see that Urbach
energy (EU ) as measured by the constant photocurrent method shows a systematic
increase with decreasing Tauc gap, again with the exception of L828, which has
a lower EU than the usual trend. The anomalous sample L828 was grown with a
lower substrate temperature (150◦ C) and a lower ﬁlament temperature (1800◦ C)
than the others.

R

4. Conclusion

The deposition rates of >28 Å/s for a-SiGe:H ﬁlm growth and of >8 Å/s for ncSiGe:H can be easily obtained with MEC HWCVD system. The Raman spectrum
of nanocrystalline SiGe ﬁlms consist of three main peaks which are due to TO mode
Si–Si (∼500 cm−1 ), Si–Ge (∼400 cm−1 ), Ge–Ge (∼300 cm−1 ). Peak positions and
Pramana – J. Phys., Vol. 69, No. 2, August 2007
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Table 2. Deposition, SAXS, and CPM summary data. All samples were
grown with a 1 : 1 H2 dilution (25 sccm).
L819

L820

L822

L824

L825

L828

Heater T (◦ C)
GeH4 /(SiH4 +GeH4 )
GeH4 /(SiH4 +GeH4 )
Deposition rate (Å/s)
Tauc gap (eV)
Ge (at.%) by SIMS
QN (1024 eu/cm3 ) by SAXS
D (nm) by SAXS
EU (meV) by CPM

250
0.25
2100
7.7
1.40
37.6
11.5
3.5

250
0.25
2100
7.2
1.40
35.9
9.01
3.4
55

250
0.35
2100
6.3
1.33
49.1
19.7
3.2
60

250
0.18
2100
6.0
1.46
30.6
6.26
2.9
52

250
0.13
2100
6.0
1.52
25.5
3.25
4.1
51

150
0.35
1800
2.4
1.25
55.3
1.86
3.1
53
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Sample

Figure 12. SAXS intensity for nc-Si1−x Gex :H alloys with various x, the
values of which are given in parentheses.

intensities are sensitive to Si/Ge content in layers, which are related to gas ﬂow
ratio of Si2 H6 /GeH4 /H2 . Using a 100-cm long ﬁlament, nanocrystalline SiGe ﬁlms
with crystalline fractions of >80% and low hydrogen content of <2% are preferably
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Figure 13. The integrated SAXS intensity (a), photoresponse (b) and Urbach energy (c) as a function of the Tauc gap. The dashed lines are the best
data from [20].
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C

produced. Using a short ﬁlament of length 30 cm, amorphous ﬁlms are preferably
produced. The Raman spectrum of amorphous SiGe layer consists of three main
broad bands which are due to TO mode Si–Si (∼465 cm−1 ), Si–Ge (∼370 cm−1 ) and
Ge–Ge (∼250 cm−1 ). The optical band gaps of a-SiGe:H and nc-SiGe:H thin ﬁlms,
which are deposited with a same disilane/germane/hydrogen gas mixture ratio of
3.4 : 1.7 : 7, are about 1.58 eV and 2.1 eV, respectively. Compared to nc-Si:H thin
ﬁlm, nc-SiGe:H thin ﬁlm exhibits a higher and greater optical absorption coeﬃcient
by about a factor of 2–4 in the long wavelength range with photon energies between
1.1 and 2.4 eV. Eﬀorts on improving nc-SiGe:H thin ﬁlm quality and investigating
the usage of nc-SiGe:H thin ﬁlm in single- and multi-junction structures are under
way.
We can now measure the transport properties of alloys with Tauc gaps below
1.45 eV using the photoconductivity frequency mixing technique. Improvements
in the photoresponse for one very narrow Tauc gap ﬁlm (L828) were accompanied
by lower values of both EU and QN relative to trends of increasing values with
increasing Ge alloying. This sample was grown by lowering both the ﬁlament temperature and substrate temperature relative to other ﬁlms in this series (all grown
with the smaller ﬁlament diameter of 0.38 mm). A similar change in the deposition conditions for a sample prepared for photoluminescence measurements (L745)
resulted in an order of magnitude increase in defect density and a 30% increase
in the PL relative intensity with light soaking; however, this sample had a lower
photoresponse than the SAXS sample.
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