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Microcrystalline silicon ��c-Si:H� of superior quality can be prepared using the hot-wire
chemical-vapor deposition method �HWCVD�. At a low substrate temperature �TS� of 185 °C
excellent material properties and solar cell performance were obtained with spin densities of 6
�1015 cm−3 and solar cell efficiencies up to 9.4%, respectively. In this study we have systematically
investigated the influence of various deposition parameters on the deposition rate and the material
properties. For this purpose, thin films and solar cells were prepared at specific substrate and
filament temperatures and deposition pressures �pD�, covering the complete range from amorphous
to highly crystalline material by adjusting the silane concentration. The influence of these deposition
parameters on the chemical reactions at the filament and in the gas phase qualitatively explains the
behavior of the structural composition and the formation of defects. In particular, we propose that
the deposition rate is determined by the production of reactive species at the filament and a
particular atomic-hydrogen-to-silicon ratio is found at the microcrystalline/amorphous transition.
The structural, optical, and electronic properties were studied using Raman and infrared
spectroscopies, optical-absorption measurements, electron-spin resonance, and dark and
photoconductivities. These experiments show that higher TS and pD lead to a deterioration of the
material quality, i.e., much higher defect densities, oxygen contaminations, and SiH absorption at
2100 cm−1. Similar to plasma enhanced chemical-vapor deposition material, �c-Si:H solar cells
prepared with HW i layers show increasing open circuit voltages �Voc� with increasing silane
concentration and best performance is achieved near the transition to amorphous growth. Such solar
cells prepared at low TS exhibit very high Voc up to 600 mV and fill factors above 70% with i layers
prepared by HWCVD. © 2005 American Institute of Physics. �DOI: 10.1063/1.1957128�

I. INTRODUCTION

Amorphous �a-Si:H� and microcrystalline silicon
��c-Si:H� are already widely used in microelectronics and
solar cell technology. The application in thin-film solar cells
promises considerable cost reduction as a result of low ma-
terial consumption and low process temperatures and the
possibility of monolithic series connection of cells.1,2 The
low consumption of raw material and the low process tem-
peratures during the production result also in low-energy
consumption during the production of the solar cells. Among
the materials used for thin-film solar cells, amorphous silicon
is the most important material in the commercial production
of thin-film solar cells.1 Microcrystalline silicon combines
the advantages of the a-Si:H technology and the extended
absorption of crystalline silicon at long wavelengths. Thin-
film tandem cell structures comprising amorphous �a-Si:H�
and microcrystalline silicon absorber layers promise signifi-
cantly higher conversion efficiencies than achieved with
a-Si:H technology. High efficiencies have been reported by
several groups for a-Si:H/�c-Si:H tandem cells.3–6 However,

the low absorption coefficient of �c-Si:H requires
1–2-�m-thick absorber layers, and therefore high deposition
rates, despite the progress in the development of light-
trapping structures. Plasma-enhanced chemical-vapor depo-
sition �PECVD� is up to now the standard technology for the
deposition of a-Si:H and �c-Si:H for various applications
and is applied with great success. Thus, single junction con-
version efficiencies of approximately 9%, improvements in
the deposition rates, and successful upscaling to large area
deposition were recently achieved.1,3–8 However, in view of
the necessity for high deposition rates on large areas, further
progress is required. In this context, so-called hot-wire �HW�
or catalytic �CAT� chemical-vapor deposition9–11 �CVD� has
received much attention due to its very high deposition rates
for �c-Si:H �30 Å/s and above12,13� and the potential for
upscaling.14,15 Furthermore, the absence of ions might sim-
plify the chemistry of the deposition process and the under-
standing of the �c-Si:H growth process could thereby be
improved.

For material prepared at high substrate temperatures,
high crystalline volume fractions and large grain sizes are
obtained but the defect densities are high too, the material is
porous and subject to in-diffusion of atmospheric gases, and
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the resulting solar cell efficiencies were low.16 In a previous
investigation we have identified the substrate temperature as
being one of the key factors for controlling the �c-Si:H ma-
terial quality in the HWCVD process.17 In particular, it was
found that high filament temperatures, used to achieve an
effective process gas decomposition and therefore high depo-
sition rates, generally lead to considerable additional sub-
strate heating. It was concluded that at deposition tempera-
tures above 300 °C the enhanced hydrogen desorption during
the growth process results in insufficient grain-boundary pas-
sivation. Similar observations were made for material pre-
pared by PECVD,18,19 suggesting that the deposition tem-
perature has a very similar influence on the growth of
�c-Si:H regardless of the deposition technique. Here, we re-
port on the critical issues in HWCVD, particularly the imple-
mentation of low substrate temperatures in order to prepare
material with high quality. Greatly reduced spin densities,
very low oxygen in-diffusion, and solar cell efficiencies be-
ing similar to those of devices fabricated using PECVD ma-
terial evidence the success of this approach. We apply our
knowledge about �c-Si:H solar cells prepared by PECVD to
devices including HWCVD material.19,20 In particular, we
have shown that, for HWCVD material like for PECVD ma-
terial, optimum solar cell performance is achieved with
�c-Si:H absorber layers prepared near the transition to amor-
phous growth.19,21 Recently, we have succeeded in the prepa-
ration of �c-Si:H solar cells21,22 with absorber layers pre-
pared by HWCVD with very high efficiencies. These solar
cells, prepared at low substrate temperatures at deposition
rates of 1 Å/s,22 exhibit exceptionally high open circuit volt-
ages of �600 mV at high fill factors above 70%.

It is now of major technological interest to increase the
deposition rates without sacrificing the material quality. A
better understanding of the deposition process, acquired by a
systematic investigation of the influence of the deposition
parameters, finally helps to increase the deposition rate. A
prerequisite for high deposition rates is the effective decom-
position of the process gases. In HWCVD this can be accom-
plished either by high filament temperatures TF or by a large
surface area of the filament. The dissociation of silane and
hydrogen, commonly used as process gases, can be described
by the following equations:

SiH4 → Si + 2H2, �1�

H2 → 2H. �2�

The dissociation of silane, and thus the deposition rate,
shows a thermally activated behavior and a saturation of the
dissociation is observed at high TF �TF�1800–2000 °C�, de-
pending on the deposition conditions.23–25 For the activation
energy EA

Si of the silane dissociation, a large uncertainty per-
sists, values between 96 �Ref. 25� and 600 kJ/mol �Ref. 23�
are reported. The concentration of dissociated hydrogen was
observed to be in thermal equilibrium with the filament and
an activation energy EA

H of 239 kJ/mol was measured,26 in
good agreement with the binding energy of the H–H bond.

Besides the generation of radicals, the transport of the
radicals from the filament to the substrate surface has a cru-
cial impact on the film properties. The reactions on the way

from the filament to the substrate are influenced by the depo-
sition pressure pD and the distance dSF between the filaments
and the substrate. The abstraction reaction of hydrogen �Eq.
�3�� and the insertion reaction of Si into silane �Eq. �4�� are
assumed to be the most important27–29

H + SiH4 → SiH3 + H2, �3�

Si + SiH4 → HSiSiH3
*. �4�

This can be seen by the comparison of the reaction-rate con-
stants and the collision rate constant, calculated from the
atomic cross section, both given in Table I. The reaction rates
for these two reactions are of the order of the collision rate
for a silicon atom with silane, i.e., the probability for a
chemical reaction is close to unity upon a collision with a
silane molecule. At very low pD no reactions of the primary
radicals �Si and H� take place in the gas phase and Si atoms
reach the substrate. This leads to disordered material due to
the high sticking probability of Si atoms.30 At intermediate
pressures, when few collisions of Si and H according to the
reactions �Eqs. �3� and �4�� occur, more favorable radicals
are formed. For amorphous silicon, Refs. 24 and 28 have
shown that the optimal pressure depends on the filament-
substrate distance and an optimal value for the product
pD dSF was found. At higher pressures, multiple reactions of
the radicals occur and higher silanes or SiH and SiH2 are
formed29,31 by further abstraction reactions which leads to a
porous structure of the material.32 The influence of the pre-
cursors on the material properties is discussed controver-
sially, especially the role of the di- and trisilanes raises much
disagreement.28,32–34

The deposition rate of the films is determined by the flux
of radicals impinging on the substrate and the reaction prob-
ability with the film surface. For low pressures, if the mean
free path ��mfp� for the silicon atoms is in the order of dSF, it
was shown that the flux follows a 1/d2 dependence, where d
is the distance between a point source and a point on the
substrate and that the total flux can be obtained from integra-
tion along the filaments.10,24 Atomic silicon, SiH, and SiH2

have much higher surface reaction rates than SiH3 because
the former radicals can directly insert in a SiH bond of the
surface while SiH3 requires a surface dangling bond. Thus,
the reactions in the gas phase result in changes of the surface
reactivity of the precursors, the abstraction of hydrogen leads
to more reactive radicals, the insertion of Si in silane to less
reactive radicals.

TABLE I. Reaction-rate constants k and reaction enthalpy �H of important
gas phase reactions obtained from PECVD for a gas temperature of 500 K.

Reaction

Reaction
enthalpy
�H �eV�

Rate constant
k �cm3/mol s� Reference

collision limit for Si+SiH4 0 1.3�1014 76
Si+SiH4→HSiSiH3

* �2.0 4�1014 77
H+SiH4→SiH3+H2 �0.54 7.2�1014e−1250 K/T 70
H+SiH3→SiH2+H2 �1.46 5.2�1014 70

SiH3+SiH3→H3SiSiH3 �0.91 2.4�1014 70
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However, the situation for the deposition rate of �c-Si:H
is much more complicated, since the variation of any depo-
sition parameter also affects the structural composition of the
film. For the growth of microcrystalline silicon, the presence
of atomic hydrogen is of great importance. The role of hy-
drogen for the growth of microcrystalline silicon is described
qualitatively by a number of models. The growth-zone model
describes the formation of �c-Si:H silicon by the relaxation
of stressed Si–Si bonds and chemical annealing through the
exothermic reaction of H and SiH3.35–37 The preferential
etching model explains the formation of �c-Si:H by the pre-
ferred etching of amorphous silicon by atomic hydrogen.38–40

The surface diffusion model explains the microcrystalline
growth by the hydrogen coverage of the surface and the en-
hanced diffusion of the precursors.41,42

Extensive material analyses were performed in this
study. The influence of the substrate temperature on the
structural, optical, and electronic properties was studied by a
variety of methods. It will be shown that the material quality
improves substantially by using low substrate temperatures.
However, the low substrate temperatures could be achieved
only by using low filament temperatures and small filament
surface areas. In order to increase the deposition rates while
maintaining a good material quality, the impact of the depo-
sition pressure and the filament temperature on the deposi-
tion rates and the material properties is investigated in Sec.
III C. Section III D summarizes the properties of �c-Si:H
solar cells prepared under these optimized conditions at low
TS. Correlations between the deposition parameters, material
properties, and solar cell performance are presented. Finally,
the influence of the deposition conditions, and hence the in-
fluence of atomic H and gas-phase reactions, on the growth
and the quality of �c-Si:H is discussed.

II. EXPERIMENTAL METHODS

The material and solar cells investigated in this paper
were prepared in a multichamber deposition system, with
three PECVD chambers in standard diode-type electrode
configuration, one HWCVD chamber, a load-lock, and a cen-
tral transfer chamber with an additional preheat station. With
this setup we are able to individually exchange the intrinsic
absorber layer �i layer� in the solar cells from PECVD- to
HWCVD-grown material and compare the performance of
the HWCVD �c-Si:H with the high standard already
achieved for PECVD �c-Si:H solar cells. The HW setup can
hold several filaments at an adjustable distance between 50
and 100 mm from the substrate. The substrates are heated by
radiation from an electrically heated graphite plate 3 cm be-
hind the substrate and by radiation from the filaments. The
system reaches a base pressure �1�10−6 Pa. All gas lines
are equipped with gas purifiers. For the hot wire we used 2–4
coiled tantalum filaments with 0.5 mm in diameter at a typi-
cal distance of 70 mm from the substrate. The i layers were
deposited at filament temperatures TF between 1650 and
1850 °C, measured with a dual-beam pyrometer. The sub-
strate temperature was calibrated with Pt-100 thermoresistors
fixed to a glass substrate.17

The material was prepared on aluminosilicate glass

�Corning 1737�, quartz, and crystalline silicon under identi-
cal conditions to those of the solar cells. The sample thick-
ness was determined with a mechanical stylus profiler at
three points on the 10�10-cm2 substrate �center, edge, and
corner�. A thickness inhomogeneity of 35% between the cen-
ter and corner was found in worst case, typical values are
�10%. Samples for all other measurements were taken from
the middle of the substrate. The samples were characterized
by Raman and infrared �Fourier transform infrared �FTIR��
spectroscopies, dark- and photoconductivity measurements,
photothermal deflection spectroscopy �PDS�, and electron-
spin resonance �ESR�. As a measure for the crystallinity of
the material we used the ratio IC

RS of the Raman intensity of
the crystalline peaks to the combined intensity of the crys-
talline and amorphous peaks. For that purpose, the spectrum
was deconvoluted into three Gaussian peaks at 520 and
500 cm−1 for the crystalline fraction and 480 cm−1 for the
amorphous phase, giving IC

RS= �I520+ I500� / �I520+ I500+ I480�.
The IR spectra were measured with a Bruker IFS66V
vacuum Fourier transform infrared spectrometer. The hydro-
gen content was determined from the intensity of the SiH
wagging modes using a calibration constant A640 of 1.6
�1019 cm−2.43,44 The microstructure factor R is defined as
the ratio of the intensity of the SiH stretching mode at
2100 cm−1 to the total intensity of the SiH stretching modes.
For ESR, approximately 2–3-�m-thick samples were depos-
ited on aluminum foil for the preparation of powder
samples.45 The conductivity measurements were performed
in coplanar configuration in high vacuum after annealing the
samples for 30 min at 170 °C. The photoconductivity was
measured with a tungsten lamp where the intensity was cali-
brated to the intensity of an AM 1.5 spectrum.

The �c-Si:H solar cells were deposited in the p-i-n
deposition sequence onto a textured glass/ZnO substrate46

with p and n layers prepared by PECVD. The active area of
each cell was 1 cm2, defined by the geometry of the Ag back
reflector. The J-V characteristics were recorded at a tempera-
ture of 25 °C with a class A double source solar simulator
providing an AM 1.5 spectrum with an intensity of
100 mW/cm2.

III. RESULTS

A. Calibration of the substrate temperature

The heat radiation from the filaments has a substantial
impact on the substrate temperature TS, as indicated in Fig. 1.
The filament temperature, number of filaments, and the dis-
tance to the substrate as well as the presence of gases and the
pressure have a strong influence on the substrate tempera-
ture. Without heating the filaments, there is an almost linear
relation between the heater temperature TH and TS, which is
roughly 100 °C lower than TH, with a good temperature ho-
mogeneity across the substrate �less than 30 °C colder to-
wards the edge in the worst case�. With the filaments
switched on, there is a strong additional substrate heating
such that at low TH the substrate temperature is determined
by the radiation from the filaments, yielding TS�190 °C for
three filaments at TF=1400–1600 °C and TH=150 °C or TS

�280 °C for four filaments at TF=1740 °C. The presence of
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deposition gases affects the substrate temperature in two
ways: firstly, the heat transport to and from the substrate is
enhanced. Secondly, the gas molecules dissociate at the fila-
ment and more electric power is necessary to heat the fila-
ment to a certain temperature. At a filament temperature of
1600 °C, the presence of H2 at a pressure of 5 Pa leads to the
same TS as TF=1400 °C at the presence of SiH4, while TF

=1600 °C at the presence of SiH4 leads to an approximately
50 °C higher TS because more power is needed to heat the
filament due to the heat transfer by SiH4 or reactions at the
surface of the filament.

B. Silane concentration and substrate temperature

1. Deposition rates

Figures 2 and 3 show the deposition rates rd for the
material grown from SiH4/H2 mixtures as a function of the
silane concentration �SC�, substrate temperature TS, and fila-
ment temperature TF. In Fig. 2 the deposition rates are plot-
ted versus SC for different substrate temperatures and fila-
ment configurations. For all conditions, a nearly linear
increase of rd with SC is observed. At TS=185 °C and TS

=220 °C, the substrate was solely heated by the radiation
from the filaments, i.e., the substrate heater on the backside
of the substrate was switched off. At TS=185 °C only two
filaments were used, which leads to about 50% lower depo-
sition rates. For the films prepared at higher TS, additional

heat was provided by the substrate heater. Similar deposition
rates for fixed SC are observed for TS	220 °C. For the films
prepared at higher TF, other filament geometries �larger
filament-substrate distance, shorter filaments� were used,
thus compensating the increase of rd expected for higher TF.
The influence of the substrate temperature and filament tem-
perature on the deposition rate for fixed SC is depicted in
Fig. 3. An increase of TF leads to an increase of the deposi-
tion rate which can be attributed to a more efficient gas de-
composition at higher filament temperatures.23–25 A least-
square fit to the data gives an activation energy for the
deposition rate of 130±30 kJ/mol. The substrate tempera-
ture shows the opposite effect and has a much weaker influ-
ence on rd, showing a decrease from 2.3 Å/s at TS=270 °C to
1.8 Å/s at TS=450 °C using three filaments at TF=1650 °C.

Furthermore, the geometry of the chamber and the fila-
ments has a strong influence on the deposition rate. rd is
proportional to the filament surface area and decreases with
increasing filament-substrate distance.10,47 However, large
filament surface areas and small filament-substrate distances
dSF lead to an enhanced heating of the substrate, too. Addi-
tionally, small dSF require small filament-filament spacings to
obtain a homogeneous deposition rate and substrate
temperature.15,28,48 Thus, radiation of the filaments limits the
deposition rate at low TS.

2. Raman spectroscopy

The semiquantitative measure IC
RS for the crystallinity of

the material—defined by the Raman intensity ratio of the
integrated peak intensity of the crystalline peaks at 520 and
500 cm−1 to the total scattering intensity of the amorphous
and crystalline peaks—is shown in Fig. 4 as a function of the
silane concentration SC. The spectra were taken with an ex-
citation wavelength of 488 nm from the film surface side in
order to minimize the contributions of the nucleation layer
often observed at the substrate/film interface. For all relevant
temperatures, TF and TS, IC

RS decreases monotonously with
increasing SC. Depending on TS, the transition from amor-
phous to microcrystalline growth occurs at different SC. For
higher TS or TF, the transition shifts to higher SC.

FIG. 1. Substrate temperature TS as a function of the heater temperature TH

for different filament temperatures TF, three or four filaments, and additional
process gases at a pressure of 5 Pa.

FIG. 2. Deposition rates as a function of the silane concentration SC for
different substrate temperatures TS with three filaments at a filament tem-
perature of TF=1650 °C if not otherwise noted. Two filaments were used at
TS�185 °C. The deposition pressure was 5 Pa for all films.

FIG. 3. Deposition rates as a function of the filament temperature
TF �� :TS�350 °C� and substrate temperature TS �� :TF=1650 °C�. The si-
lane concentration is 5%.
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Many material properties �e.g., conductivity and hydro-
gen content� depend on the structural composition of the
films. The structural composition can be very different for
material prepared with similar SC under different deposition
conditions, which makes the comparison of the material
properties difficult. For this reason, the material properties of
the films prepared with different deposition conditions are
compared on the basis of the Raman intensity ratio IC

RS. In the
course of this article, the term “�c-Si:H/a-Si:H transition”
will be used repeatedly and, therefore, is now defined more
precisely: The �c-Si:H/a-Si:H transition is the point, where
the crystalline peak disappears in the Raman spectra. The
silane concentration at this point is denoted with SCt for each
given combination of other parameters. This point can easily
be extrapolated from the plots of IC

RS vs SC due to the steep
slope near the transition. The term “near” or “close to” the
�c-Si:H/a-Si:H transition denotes material prepared with SC
slightly smaller than SCt, typically leading to films with
IC

RS
0.5.

3. Infrared spectroscopy

Infrared spectroscopy is applied to gain information
about the hydrogen content and the hydrogen-bonding struc-
ture. IR-absorption spectra for a sample series prepared at a
high TS of 450 °C are shown in Fig. 5. We identify all the
well-known absorption modes of SiHn �n=1–3� in amor-
phous or microcrystalline silicon. The SiH wagging mode at

630 cm−1 is found in all samples. Its intensity increases with
increasing SC and the position shifts to 640 cm−1 in the
amorphous sample with SC=31%. For material prepared
with SC=5%–22%, the characteristic SiH-stretching doublet
of SiH on internal crystalline surfaces at 2100 cm−1 can be
seen.49 The stretching mode at 2000 cm−1 develops at the
cost of the doublet at 2100 cm−1 with increasing SC, indicat-
ing increasing amorphous contributions. At SC=31%, the
SiH surface doublet has completely disappeared. The SiO
absorption bands, between 960 and 1150 cm−1, which are
considered as an indication for porous material, are particu-
larly strong in material with high crystalline volume fraction.
The peak at 2250 cm−1, originating from HSiO3, is visible in
these films too. The sharp feature at �1100 cm−1, clearly
visible in the films prepared with SC=16%–31% originates
from the crystalline silicon substrates which are covered with
a native oxide. The transmission spectra of different pieces
from a single wafer show deviations exactly in this region
which interfere with the absorption spectra of the films.

At lower substrate temperatures, shown in Fig. 6 for
�c-Si:H films prepared near the transition to amorphous
growth, the intensity of the 630-cm−1 SiH wagging mode
increases continuously with decreasing TS. The intensity of
the SiH stretching mode at 2000 cm−1 increases, while the
stretching mode at 2100 cm−1 decreases, indicating a more
compact structure of the material prepared at lower TS. Si-
multaneously, the SiO absorption modes disappear at sub-
strate temperatures below 300 °C. The width of the SiH
modes increases with decreasing substrate temperature. The

FIG. 4. Raman intensity ratio IC
RS as a function of the silane concentration

SC evaluated from Raman spectra for different substrate temperatures TS.
�a� shows the results for TF=1650 °C, �b� shows the results for TF

=1800 °C.

FIG. 5. Infrared absorption spectra of �c-Si:H films prepared at TS

�450 °C with different SC. The individual spectra are shifted for clarity.

FIG. 6. Infrared absorption spectra of �c-Si:H films close to the transition
to a-Si:H-growth prepared with different substrate temperatures TS between
185 and 450 °C. The individual spectra are shifted for clarity.
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trends upon a variation of SC described for TS=450 °C �Fig.
5� are observed for all other substrate temperatures, too.

4. Hydrogen content

The hydrogen content cH was estimated from the inten-
sity of the absorption line at 630/640 cm−1 using the evalu-
ation method developed for a-Si:H and extended for the ap-
plication in �c-Si:H.43,50 Figure 7 shows cH as a function of
the Raman intensity ratio IC

RS for films prepared with various
SC at different substrate temperatures TS. In this way, the
comparison of films with similar structural composition is
possible, e.g., material near the �c-Si:H/a-Si:H transition or
highly crystalline films can be compared with each other,
although they are prepared with very different silane concen-
trations. For a constant substrate temperature, the hydrogen
content increases with decreasing IC

RS, i.e., the hydrogen con-
tent increases with an increasing amorphous volume fraction
in the material. At TS=185 °C �450 °C�, cH increases from 3
at. % �0.8 at. %� in a highly crystalline film to 12.5 at. % �3
at. %� in an amorphous film. For a fixed Raman intensity
ratio IC

RS, cH decreases with increasing TS. Below TS

=250 °C only small changes of cH are observed, at TS above
285 °C, cH decreases rapidly. �c-Si:H containing only about
1 at. % hydrogen is obtained at TS=450 °C. Note, that this
method only determines the amount of bonded hydrogen.
There are, however, indications for a considerable amount of
molecular hydrogen in �c-Si:H.43,50

5. Microstructure factor R

The substrate temperature determines not only the total
amount of bonded hydrogen, TS has also a strong influence
on the bonding structure and the location of the hydrogen,
which can be deduced from the distribution of the SiH
stretching modes. The microstructure factor R, defined by the
ratio of the SiH stretching mode at 2100 cm−1 to the total
intensity of the stretching modes �2000 and 2100 cm−1�, can
be used as a measure for the bonding structure and location
of hydrogen. The evaluation of R is difficult as the width and
position of the peaks depend on the deposition conditions, in
particular, on TS.51,52 Thus, the width �full width at half
maximum �FWHM�� of the 2000-cm−1 peak increases from
50 cm−1 at TS=450 °C to 100 cm−1 at TS=220 °C, and the
width of the 2100-cm−1 peak from 30 to 65 cm−1 �see Fig.

6�. For this reason, the width of the two peaks was deter-
mined from a purely amorphous sample with a low R for the
2000-cm−1 mode and from a highly crystalline sample with a
high R for the 2100-cm−1 mode for each substrate tempera-
ture. These values were then used for the fit for all samples at
each substrate temperature.

The results are displayed in Fig. 8 as a function of the
Raman intensity ratio IC

RS for material prepared at different
substrate temperatures. The microstructure factor R increases
with increasing IC

RS for all substrate temperatures. The amor-
phous films have a significantly lower R than any microcrys-
talline film prepared at the same TS. R remains nearly con-
stant for �c-Si:H with low crystallinity �0� IC

RS�0.6� and
shows a strong increase at high crystallinities �IC

RS�0.6�.
Compared to low TS, R increases significantly at higher TS

�TS=330 and 450 °C�, independent of IC
RS. The strong in-

crease of R, observed for high crystallinities, is shifted to
lower IC

RS�0.5 at TS=450 °C.

6. Optical absorption

The optical absorption of the �c-Si:H films prepared at
various silane concentrations and substrate temperatures was
investigated by PDS measurements. Figure 9�a� shows the
obtained absorption spectra for samples prepared at TS

=285 °C with silane concentrations between 3% and 10%,
covering the range from highly crystalline samples �SC
=3%� to fully amorphous �SC=10%�. These spectra are cor-
rected for interference effects with a procedure that removes
the fringes completely for homogeneous films. The remain-
ing fringe patterns in most of the spectra are caused by struc-
tural inhomogeneity in growth direction. All microcrystalline
samples �SC=3%–8.8%� have the typical shape of �c-Si:H,
little difference between the samples is observed in the range
from 1.2 to 1.8 eV. At higher photon energies the absorption
coefficient 
 increases systematically with SC, mainly due to
an increasing amorphous fraction in the material until the
absorption of a-Si:H is reached, like in the film prepared
with SC=10%. The absorption below the crystalline band
gap remains nearly unchanged for these �c-Si:H films, only
at SC=3% a pronounced increase of the absorption coeffi-
cient occurs, indicating a significant increase of the defect

FIG. 7. Hydrogen content cH as a function of the Raman intensity ratio IC
RS

of films prepared at different substrate temperatures TS. FIG. 8. Microstructure factor R as a function of the Raman intensity ratio
IC

RS of �c-Si:H films prepared at different substrate temperatures TS.
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density. The behavior of the subgap absorption is reflected in
the spin densities obtained from ESR, shown in Fig. 10
versus IC

RS.
The influence of the substrate temperature TS is demon-

strated in Fig. 9�b�. For this purpose, films were prepared
with that crystallinity, where usually the lowest subgap ab-
sorption was observed for a certain TS by adjusting SC, i.e.,
SC was selected in a way such that still crystalline films, but
close to the �c-Si:H/a-Si:H transition were obtained. A sig-
nificant decrease of 
 below the silicon band gap is observed
for a reduction of TS. By reducing TS from 450 to 285 °C,

�0.8 eV� decreases by more than one order of magnitude
and values of 
�0.8 eV� �1 cm−1 are obtained. A reduction
of TS to 185 °C reduces the absorption in the subgap region
further.

7. Electron spin resonance

The spin densities NS obtained from numerical integra-
tion of the ESR spectra �i.e., without deconvolution into in-
dividual line contributions� are summarized in Fig. 10 in a
plot versus IC

RS. The highest spin densities are usually found
in a material with the highest crystalline fraction. Material
prepared with medium IC

RS shows only small changes of NS at
a given TS. The strong increase of NS observed at high IC

RS for
some samples �e.g., TS=285 °C or TS=250 °C� could be par-
tially caused by the exposure to water and air during the
sample preparation procedure �etching of the Al foil with
HCl, rinsing the remaining powder in de-ionized water and
drying in ambient air�. Samples prepared on molybdenum
instead of aluminum did not show such a strong increase of
NS.53 Unlike for PECVD material,18 no further decrease of
NS occurs by the transition to amorphous material. Indepen-
dent of the crystallinity of the material, a very significant
decrease of NS by about two orders of magnitude occurs
upon a decrease of TS from 450 to 185 °C. The lowest spin
density of NS=4�1015 cm−3 for �c-Si:H prepared by
HWCVD is obtained at TS=185 °C and IC

RS�0.5. Under
similar conditions, solar cells with record efficiencies of �
=9.4% were obtained �see Fig. 19 and Ref. 21�. The spin
densities observed for low TS are similar to those previously
measured in �c-Si:H prepared by PECVD.8,54 The increase
of NS for high TS was observed for PECVD material too.8,18

The subgap absorption and NS show a similar behavior upon
a variation of TS or SC, suggesting a direct correlation be-
tween the subgap absorption and NS.

8. Conductivity

Dark and photoconductivities of SC series prepared at
different substrate temperatures are shown in the lower graph
of Fig. 11 versus the Raman intensity ratio IC

RS. For all TS, a
weak increase of �Dark with increasing IC

RS is observed for
microcrystalline films with IC

RS�0.2. At lower IC
RS, �Dark

drops by several orders of magnitude to values below
10−10 S/cm, typical values for amorphous material. �Photo

FIG. 9. Optical absorption measured by PDS of films prepared �a� at TS

�285 °C with different silane concentrations between 3% and 10% and �b�
at different TS near the transition to amorphous growth.

FIG. 10. Spin densities measured by ESR vs Raman intensity ratio IC
RS for

samples prepared at various substrate temperatures TS.

FIG. 11. Dark and photoconductivities �Dark �full symbols� and �Photo �open
symbols� of material prepared at various TS as a function of the Raman
intensity ratio IC

RS. The upper graph shows the resulting photosensitivities
�Photo /�Dark.
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shows also a continuous increase with increasing IC
RS, but the

magnitude is much smaller compared to the change of �Dark.
This results in the highest photosensitivities �Photo /�Dark for
�c-Si:H near the transition to amorphous growth, as shown
in the upper graph of Fig. 11.

The observed dark conductivities of most �c-Si:H
samples are comparable to that of crystalline silicon. How-
ever, the typical electron mobilities of �c-Si:H are only a
few cm2/V s �compared to �c−Si=1500 cm2/V s�,55,56 thus
the dark conductivities are much higher than what one would
expect for intrinsic �c-Si:H. This enhanced dark conductiv-
ity is probably caused by unintentional doping.57 In spite of
the large scatter of the samples, systematically lower values
for �Dark are found only for TS=450 °C and for TS=185 °C.
In the case of the high-temperature material, the reduced
�Dark is probably due to the pinning of the Fermi level by the
much lighter defect density, as detected by ESR and optical
absorption. The high defect density leads also to a reduction
of the photogenerated charge-carrier lifetime, which cause
the low photosensitivity. The low �Dark of the material pre-
pared at TS=185 °C cannot be attributed to a high defect
density. Instead, a lower impurity level or a lower mobility
caused by grain boundaries has to be considered.

The drop of �Dark around IC
RS=0.2 fits well to the expec-

tations of percolation transport,58,59 predicting a microcrys-
talline transport behavior for crystallinities above 30% and
the transition to an amorphous silicon like behavior at lower
IC

RS.

C. Influence of the deposition pressure and the
filament temperature

Low substrate temperatures were identified as a prereq-
uisite for high material quality in Sec. III B 6. However, the
deposition rates at low substrate temperatures were limited
by the thermal radiation of the filaments. Therefore, the in-
fluence of the deposition pressure pD and the filament tem-
perature TF was investigated in order to obtain higher depo-
sition rates. For this purpose, the substrate temperature was
kept constant by selecting two different filament configura-
tions which result in comparable radiation, i.e., two filaments
were used at TF=1800 °C and three filaments were used at
TF=1650 °C. The deposition pressure has only a minor in-
fluence on TS: at the highest pD, the obtained TS was approxi-
mately 10 °C lower than at low pD. The influence of different
filament configurations was recently investigated in another
study47 and is not addressed here.

1. Deposition rates

The influence of the deposition pressure on the deposi-
tion rates is shown in Fig. 12. For constant SC, a monotonic
increase of rd with increasing pD is observed. A saturation of
rd is not seen in the investigated pressure range between 3
and 20 Pa as it was previously observed for the deposition of
a-Si:H.60 The dependence on the deposition pressure is
stronger for low SC, at SC=2% a nearly linear relation oc-
curs. At SC=6% a relation according to rd��pD is found as

observed for a-Si:H deposition.28 A higher TF of 1800 °C
results in higher rd at the same SC despite the smaller fila-
ment surface area used here.

With increasing pressure, a structural transition from
�c-Si:H to a-Si:H growth occurs for a given SC, that means
lower SC must be applied at higher pD in order to grow
�c-Si:H. Therefore, the increase of the deposition rate ob-
tained by the increase of pD is partly compensated by the
lower SC. The deposition rates achieved for �c-Si:H near the
transition to amorphous growth are shown in addition �full
symbols�. Note that these points were obtained with different
SC �compare also next paragraph�. Only small increases of rd

are achieved by an increase of pD, whereas an increase of TF

from 1650 to 1800 °C leads to a significant increase of rd

despite the use of only two filaments.

2. Raman spectroscopy

pD and TF have a similar effect on the crystallinity of the
material as previously observed for a variation of TS �com-
pare Fig. 4�. This is shown in Figs. 13�a� and 13�b� for vari-
ous pD and TF=1650 °C and TF=1800 °C, respectively. As
one can see, IC

RS decreases with increasing pD for a constant
SC. Thus, the �c-Si:H/a-Si:H transition is shifted to lower
SC for higher pD at both TF. An increase of TF, on the other
hand, increases the crystallinity of the material prepared with
the same pD and SC as the comparison of Figs. 13�a� and
13�b� shows. Therefore, the �c-Si:H/a-Si:H transition is
shifted to higher SC at higher TF. The deposition rate rd for
�c-Si:H-growth increases only weakly with pD, whereas rd

strongly increases for constant SC. The shift of the �c-Si:H/
a-Si:H transition to lower SC at higher pD nearly compen-
sates the gain of rd obtained at higher pD, thus only a small
increase of rd can be obtained by the higher pD.

3. Infrared spectroscopy

The IR-absorption spectra of �c-Si:H films prepared
near the transition to amorphous growth with different depo-
sition pressures at TS=220 °C and TF=1650 °C are shown in
Fig. 14. For that purpose, SC was adjusted accordingly for

FIG. 12. Double logarithmic plot of the deposition rates as a function of the
deposition pressure pD for constant silane concentrations �SC=2%, 3%, and
6%� at TF=1650 °C and three filaments �open symbols� and SC=6% at
TF=1800 °C and two filaments ��� and for �c-Si:H near the
�c-Si:H/a-Si:H transition for two different filament temperatures �full sym-
bols�. The substrate temperature was 220 °C for all samples.
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each deposition pressure. The intensity of the SiH wagging
mode remains almost constant in these films, indicating a
constant hydrogen content independent of pD. The films pre-
pared at low pD �3 and 5 Pa� show no signs of a porous
material structure, i.e., the SiH-stretching modes are domi-
nated by the 2000-cm−1 peak, originating from SiH in a com-
pact environment, and the SiO absorption peaks are almost
absent. At higher pD, the quality of the microcrystalline and
amorphous material deteriorates, the SiH stretching mode at
2100 cm−1 grows at the expense of the 2000 cm−1, and the
intensity of the SiO modes rises drastically. At pD=10 Pa,
the oxygen-related SiH stretching mode at 2250 cm−1 is
emerging and is getting significantly stronger at pD=20 Pa.
Furthermore, the significant increase of the SiH2 scissor
mode at pD=10 and 20 Pa is evidence for a growing amount
of SiH2 groups in the material. These observations lead to the
assumption that a very porous structure with many voids is
obtained at high pD. This is true for all films prepared at high
pD, independent of SC and hence of the crystallinity.

4. Hydrogen content

Figure 15 shows the hydrogen content cH for different
deposition pressures pD and filament temperatures TF at a
constant substrate temperature of TS=220 °C. The hydrogen
content decreases linearly with increasing IC

RS, independent
of changes in pD or TF. cH of �c-Si:H increases from 3.5
at. % in the material with the highest crystallinity to
�8 at. % in a material close to fully amorphous growth. A
hydrogen content of 11±1 at. % is found in purely amor-
phous films. Some samples which appear fully amorphous in
the Raman spectra have cH�8%. Near the �c-Si:H/a-Si:H
transition, the substrate dependence of IC

RS is particularly
strong, i.e., films showing an entirely amorphous spectrum
on glass could have some crystalline fraction if grown on a
silicon substrate. However, even very small IC

RS lead to sig-
nificantly lower cH than observed in a-Si:H.

Only the cH values obtained for pD=20 Pa at TF

=1650 °C are systematically lower. A possible reason for this
lower hydrogen content could be a lower refractive index of
these samples, due to the high oxygen content and the result-
ing higher A640, which should then be used.43 Another reason
for a higher R could be changes of the dipole moment of the
SiH bond due to the negative charge of the oxygen back-
bond.

5. Microstructure factor R

Figure 16 displays the microstructure factor R of films
prepared with TF=1650 °C and TF=1800 °C and various

FIG. 13. Raman intensity ratio IC
RS as a measure of the crystallinity vs SC for

different deposition pressures pD and a filament temperature of �a� TF

=1650 °C and �b� TF=1800 °C.

FIG. 14. Infrared absorption spectra of �c-Si:H films prepared with differ-
ent deposition pressure pD between 3 and 20 Pa at TS�220 °C. The indi-
vidual spectra are shifted vertically for clarity.

FIG. 15. Hydrogen content cH as a function of the crystallinity IC
RS of films

prepared with different pD at TS�220 °C.

FIG. 16. Microstructure factor R as a function of the Raman intensity ratio
IC

RS of the �c-Si:H films prepared with different deposition pressures pD at
TS�220 °C.
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deposition pressures as a function of IC
RS. R is always lowest

for fully amorphous material and increases continuously with
pD. At medium crystallinity �IC

RS�0.6�, material with low R
�below 0.2� can be obtained at pD=3 and 5 Pa for both TF.
For TF=1650 °C, an increase of R is found for highly crys-
talline material at pD=10 Pa, while the material prepared at
pD=20 Pa exhibits high R for all crystallinities, even for
completely amorphous material. At TF=1800 °C and pD

=10 Pa, much higher R values are obtained for all IC
RS.

In spite of the similar behavior of R for increasing pD

and TS, there is still a systematic difference in the IR-
absorption spectra of these samples. The SiH2 scissor modes
around 850 cm−1 �compare Fig. 14� increase drastically with
increasing deposition pressure but do not show any signifi-
cant change for an increasing substrate temperature �see Fig.
6�. The intensity of these SiH2 scissor modes was found to be
almost independent of the silane concentration and hence of
the crystalline fraction of the material.

6. Optical absorption

The influence of the deposition pressure pD on the opti-
cal absorption is demonstrated in Fig. 17. For that purpose,
films with a moderate crystallinity �the same films as for the
IR spectra in Fig. 14� were selected, because the lowest sub-
gap absorption is typically obtained for such films near the
�c-Si:H/a-Si:H transition. A significant decrease of 
 below
the crystalline silicon band gap is observed for a reduction of
pD. By reducing the deposition pressure from 20 to 3 Pa,

�0.7 eV� decreases from 9 to 0.9 cm−1 for films prepared
with TF=1650 °C at TS=220 °C. A similar behavior was ob-
served for films prepared with TF=1800 °C and for films
prepared at TS=450 °C. The latter show a decrease from 

=40 cm−1 at 10 Pa to 
=3 cm−1 at 2 Pa. Simultaneously, the
spin density of these films increases from 2.3�1017 to 3.4
�1018 cm−3 at 10 Pa.

D. Properties of solar cells

The development of thin-film solar cells is the main ap-
plication for our �c-Si:H research, therefore the performance
of the prepared material in thin-film solar cells is of great
relevance. Solar cells are very sensitive to the material prop-

erties and small changes of, e.g., spin density or microstruc-
ture, are reflected in large changes of the solar cell param-
eters, in particular, the dark saturation current density j0 or
the open circuit voltage Voc. Therefore, additional informa-
tion on the electronic properties can be obtained by a careful
analysis of solar cell parameters.

1. Influence of the silane concentration

The electrical parameters under illumination for two se-
ries of p-i-n solar cells are shown in Fig. 18 as a function of
the silane concentration SC. The short circuit current densi-
ties jsc reach values around 20 mA/cm2 for solar cells pre-
pared with low SC and sharply decrease at the transition to
amorphous growth, taking place at SC�7% with TF

=1650 °C and at SC�9% with TF=1750 °C �compare Fig.
18�d��. The deposition time for the low SC values �particu-
larly 4% and 6%� at TF=1750 °C was not sufficiently ad-
justed, resulting in too thin devices with low jsc and �. The
efficiency � �Fig. 18�a�� and the fill factor �FF� �Fig. 18�c��
increase with SC, reach a maximum, and decrease at the
highest SC of each series, while the open circuit voltage
�Fig. 18�b�� increases almost linearly with SC over the entire
SC range. Voc of around 560 mV were obtained in solar cells
with the highest efficiency for both filament temperatures at
deposition rates of 1.5 and 2.5 Å/s, respectively. The lower
absolute FF values for the cells prepared with low TF prob-
ably originate from the slightly higher substrate temperatures
arising by the radiant heat of the three filaments, leading to a
deterioration of the p / i interface. J-V measurements with
blue and orange filters support this interpretation of the low
FF. With the blue filter, emphasizing the generation at the p / i
interface, the FF is further reduced, while the use of the
orange filter, creating a homogeneous generation across the i
layer, improves the FF to 69%.

The same trends upon a variation of SC as described
above were observed for many other SC series which were
prepared in different deposition regimes, applying lower sub-
strate temperatures, different filament temperatures, and dif-
ferent deposition pressures. At TS�185 °C and low deposi-
tion pressure, solar cells with the highest efficiencies, Voc up
to 600 mV, and FF above 72% were obtained.22

FIG. 17. Optical absorption measured by PDS of �c-Si:H films prepared
near the transition to amorphous growth with different pD at TS�220 °C and
TF=1650 °C.

FIG. 18. Electrical parameters of 1-�m-thick p-i-n solar cells prepared with
filament temperatures of TF=1650 °C and TF=1750 °C at a substrate tem-
perature of TS�220 °C and TS�210 °C, respectively as a function of SC.
�a� efficiency �, �b� open circuit voltage Voc, �c� fill factor FF and �d� short
circuit current-density jsc. Lines are guide to the eye.
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2. Thickness dependence

The excellent performance of solar cells prepared at low
substrate temperatures is demonstrated in Fig. 19, showing
the J-V parameters of p-i-n and n-i-p solar cells as a function
of the i-layer thickness. The p-i-n solar cells reach very high
efficiencies of ��9.4%. The high � mainly result from the
extraordinary high Voc of 589 mV in a 1-�m-thick cell and
562 mV in a 2.6-�m-thick cell, together with the high jsc.
The general behavior is similar for the p-i-n and n-i-p cells.
Voc �Fig. 19�b�� and FF �Fig. 19�c�� decrease upon increasing
thickness, while jsc �Fig. 19�d�� increases as a result of the
higher absorption in thicker cells. jsc in the p-i-n cells is
approximately 4 mA/cm2 higher than in the n-i-p cells due
to the better light-trapping structures of the applied p-i-n
substrates. Voc is approximately 40 mV higher in the p-i-n
cells of the same thickness, but only �12 mV can be attrib-
uted to the higher photocurrent in the p-i-n cells.22 The com-
bination of all these effects results in a weak thickness de-
pendence of the efficiency � �Fig. 19�a�� between 1 and
3 �m with maximum efficiencies of 9.4% and 7.4% for p-i
-n and n-i-p solar cells, respectively, at an i-layer thickness
of about 1.5–2 �m.

3. Influence of the deposition pressure

The strong effect of the material quality on the solar cell
parameters is demonstrated by means of the influence of the
deposition pressure on the i-layer material properties. The
same deposition conditions as for the samples in Sec. III C
were applied for the i-layer deposition.

Solar cells with i layers grown near the �c-Si:H/a-Si:H
transition, i.e., where the best solar cell efficiency is ob-
tained, were prepared for various TF and pD. A similar be-
havior upon a variation of SC as described in Fig. 18 was
observed for all series. However, the maximum of FF and �
occur at different SC for each series and the corresponding
Voc are difficult to compare. A direct comparison of the dif-
ferent deposition regimes is possible by the plot of the FF
and jsc vs Voc in Fig. 20. In order to stress the bulk proper-
ties, jsc was measured using AM 1.5 illumination with an
additional og590 filter, generating a more homogeneous ab-
sorption profile across the i layer.

The short circuit current density jsc remains constant at
low Voc for all TF and pD �i.e., depositions with low SC� and
starts to decrease at the transition to amorphous growth. The
fill factor first increases at low Voc then drops at the same Voc

as jsc. The drop of jsc and FF occurs at higher Voc for lower
deposition pressures and the absolute values of jsc and FF are
also higher for lower pD. At pD=3 Pa, a Voc of 550 mV is
obtained at full jsc and maximum FF, while at pD=5 Pa only
525 mV can be obtained. At higher pressures �10 or 7 Pa�,
the observed fill factors and short circuit current densities are
low over the entire Voc range, so that no maximum of the fill
factor or a drop of jsc can be determined.

The dark J-V properties, i.e., the dark saturation current
density j0 and the diode quality factor n, are directly related
to the material properties and to Voc by the diode equation.
Thus, the dark J-V measurements can help to better under-
stand the performance under illumination. j0 and n are shown
in Fig. 21 as a function of Voc for the same solar cells as in

FIG. 19. J-V parameters of p-i-n �closed symbols� and n-i-p �open symbols�
solar cells prepared with a HW i layer at TS�185 °C and TS�260 °C,
respectively. �a� efficiency �, �b� open circuit voltage Voc, �c� fill factor FF,
and �d� short circuit current-density jsc. Lines are guide to the eye.

FIG. 20. J-V parameters of p-i-n solar cells prepared with different TF and
pD at TS�220 °C as a function of the open circuit voltage Voc. The short
circuit current-density jsc �top� and fill factor FF �bottom�, measured under
AM 1.5 illumination with an og590 filter, is displayed for solar cells pre-
pared at TF�1650 °C on the left and TF�1800 °C on the right. Lines are
guide to the eye.
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Fig. 20. The dark saturation current density j0 decreases ex-
ponentially with increasing Voc for all deposition conditions.
No significant difference is found for the solar cells prepared
with pD=3 Pa, but at different TF. At pD=5 Pa, the observed
j0 are somewhat higher, especially for the solar cells which
have still high FF and jsc �around 520 mV�. The diode qual-
ity factors n, shown in the right graph of Fig. 21, decrease
with increasing Voc for the cells prepared with pD=5 Pa and
below. The increase of n at high Voc for the individual series
is linked to the high amorphous fractions in these cells.
Again no significant difference of n is observed in the solar
cells prepared with different TF at 3 Pa, the low values of n
around 1.4 indicate that the recombination in the bulk of
these solar cells might not be the dominant recombination
mechanism. At pD=5 Pa, the observed n are higher �n
�1.6�, indicating that the recombination in the bulk of the i
layer is becoming more important. At pD=10 Pa very high
values for n are found, caused by the poor material quality
and high defect density which is obtained at this pressure.

4. Influence of the crystallinity

Figure 22 shows the open circuit voltage Voc versus the
Raman intensity ratio IC

RS of the solar cells of the previous
paragraph prepared at TS=220 °C and for some solar cells
prepared at TS=185 °C. For a fixed deposition pressure �and
substrate temperature� Voc decreases continuously with in-
creasing IC

RS, at first decreasing slowly for IC
RS�0.4, then

more strongly for IC
RS�0.5. On the other hand, jsc is almost

constant at high IC
RS and decreases strongly at low IC

RS. The
FF decreases at low and high IC

RS �not shown�. Thus, high FF
and jsc are obtained at intermediate IC

RS between 0.3 and 0.6,

restricting the range of good solar cell performance. At a
given IC

RS, e.g., at IC
RS=0.4, Voc decreases for increasing pD

caused by a higher j0 due to the higher defect density. Or, the
other way around, at lower pD a certain Voc can be obtained
with higher IC

RS, e.g., Voc=500 mV is obtained already in a
highly crystalline cell at pD=3 Pa, but at pD	7 Pa the same
Voc can only be obtained in a nearly amorphous cell.
Thereby, higher jsc and FF at higher Voc are possible at lower
pD. A further increase of Voc at a constant IC

RS can be
achieved by reducing the substrate temperature to 185 °C.
The increase of Voc at fixed IC

RS is correlated to the decrease
of j0, which can be attributed to an improved material qual-
ity, as the comparison with the material properties indicates.

These solar cells prepared by HWCVD exhibit excep-
tionally high Voc which are accompanied by a high amor-
phous volume fraction in the i layer. Despite the low crys-
tallinity, no detrimental effects on the charge-carrier
extraction are observed for freshly prepared solar cells. How-
ever, upon light soaking, a Staebler-Wronski-like61 degrada-
tion is observed in solar cells with high Voc, while highly
crystalline solar cells prepared by HWCVD, or by PECVD,
show only very little degradation.62–64

IV. DISCUSSION

High deposition rates, while maintaining the high mate-
rial quality, are of major interest for industrial solar cell pro-
duction. To achieve this, an improved understanding of the
deposition processes is necessary. A study of the influence of
the individual deposition parameters on the deposition rate rd

and the corresponding material and solar cell properties can
provide valuable knowledge about the processes involved.
The deposition rate strongly depends on the dissociation of
silane, the crystallinity on the hydrogen dissociation, and the
material quality on reactions in the gas phase. The deposition
of high-quality �c-Si:H solar cell requires the optimization
under these boundary conditions. The comparison of the ma-
terial and solar cell properties demonstrates the effect of
structure and defects on the device performance and shows
how solar cells can be applied as sensitive device to judge
the material quality.

A. Deposition rates

The deposition rate rd is determined by the amount of
radicals impinging on the substrate and the sticking probabil-
ity on the growing film surface. Consequently, rd is a result
of the amount of radicals produced at the filaments as well as
the transport of radicals and, thus, the geometry of the cham-
ber.

According to this, the deposition rate can thus be ap-
proximated by the following equation:

rd �
psilane

��2�mkBTG�
e−EA

Si/kBTF, �5�

with psilane the partial pressure of silane, m the molecular
mass of the growth radicals, kB Boltzmann’s constant, TG the
gas temperature, and EA

Si the activation energy of the silicon
dissociation. The first term includes the collision rate of SiH4

molecules with the filament according to kinetic gas theory,

FIG. 21. Dark J-V parameters of p-i-n solar cells prepared at different pD

and TF at TS�220 °C. Dark saturation current-density j0 on the left and
diode quality factor n on the right are shown as a function of the open circuit
voltage Voc. Lines are guide to the eye.

FIG. 22. Open circuit voltages of p-i-n solar cells as a function of the
Raman intensity ratio IC

RS prepared with various pD and TF at substrate
temperatures of TS�220 °C �open symbols� and TS�185 °C ����.
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the second term gives the dissociation probability of SiH4.24

The partial pressure of silane linearly depends on SC and pD.
For this reason, a linear increase of rd is expected at constant
TF. In fact, a nearly linear dependence of rd on SC was
observed for all conditions. A linear pressure dependence
was observed at low SC of 2% or 3%. The collision rate is
also proportional to the filament area and the enlargement of
the filament surface led to the expected increase of the depo-
sition rate. An increase of the filament temperature increases
the dissociation probability of the silane molecules at the
filament surface. The activation energy for the deposition
rate of 1.35±0.3 eV is in good agreement with the dissocia-
tion enthalpy EA

Si of silane26,65 and the TF dependence of rd

can thus be explained by the silane dissociation.
However, such a simple model neglects the influence of

mass transport, reactions in the gas phase and at the film
surface, and the presence of large amounts of molecular hy-
drogen, which can explain the deviations from the predicted
behavior. A sublinear increase of rd at SC=6% was observed.
Similar observations for the deposition of a-Si:H from pure
silane were previously attributed to limitations by mass
transport60 if the mean free path ��mfp� is of the order of the
chamber dimensions. Furthermore, reactions of Si radicals
with silane become more frequent at higher psilane and pro-
duce less reactive precursors, e.g., Si2H2 instead of Si. At
high filament temperatures �TF�2000 °C� a saturation of the
deposition rate was observed for amorphous silicon, caused
by the dissociation probability approaching unity. But not
only the dissociation of silane, but also the hydrogen disso-
ciation increases with increasing TF. This can lead to two
opposite effects: �i� the etching due to atomic hydrogen in-
creases and the deposition rate decreases and �ii� the abstrac-
tion of hydrogen from SiH4 leads to additional film precur-
sors and thus higher deposition rates.

Within the examined temperature range �TS

=185–450 °C� the substrate temperature has only a minor
influence on rd. The temperature dependence of the reaction
probability or an increase of silane desorption from the film
surface might account for this effect. Etching due to atomic
hydrogen can be excluded because the etching rates decrease
for increasing TS.

Moreover, the geometry of the chamber and the fila-
ments has a large impact on the deposition rate. For low
pressures ��mfp
dSF�, where dSF is the distance between a
point source and a point on the substrate, it was shown that
the flux follows a 1/dSF

2 dependence, and the total flux can be
obtained from integration along the filaments.24 Thus, large
filament areas close to the substrate would be best for high
deposition rates. For a homogeneous deposition, a minimum
density of filaments is required which is half of the filament-
substrate distance.15 However, such conditions also lead to
substantial heating of the substrate which is detrimental for
the material quality �see next sections�.

B. Microcrystalline material growth

Besides the deposition rate, the regime of crystalline ma-
terial growth is of great interest for high rate deposition of
�c-Si:H. The crystallinity is often adversely affected by a

variation of a deposition parameter which increases rd. The
regime of crystalline material growth is limited to lower SC
for lower TF or higher pD as shown in Fig. 13. This suggests
that a certain amount of atomic hydrogen is required for
microcrystalline silicon growth. The models describing the
growth of microcrystalline silicon have in common that
atomic hydrogen plays a crucial role although the specific
microscopic mechanisms are rather different for these
models.37,39,41

The relatively simple mechanism of radical production
for the hot-wire CVD process allows some speculations
about the flux of the involved radicals, namely, H and Si. As
reported by Umemoto et al.,26 the dissociation of H2 into H
atoms on the filament depends on the deposition pressure and
filament temperature and is in good agreement with the
chemical equilibrium concentrations. The reaction enthalpy
for hydrogen dissociation �228 kJ/mol� �Ref. 26� is about
two times higher than for silane dissociation �100 kJ/mol for
Ta� �Ref. 25� and thus much more temperature dependent.
By increasing the filament temperature, the dissociation of
H2 increases much stronger than the decomposition of silane.
Thus, a similar ratio of silane radicals and atomic hydrogen
is obtained at a higher silane concentration for higher TF.

The chemical equilibrium concentration of atomic �H�
and molecular hydrogen �H2� is given by the law of mass
action:

�H�2

�H2�
= K = e−�G/kBT, �6�

with the Gibbs free-energy �G�p ,T�. The concentration of
atomic hydrogen thus depends on TF and pD. The decompo-
sition of silane, on the other hand, is independent of the
deposition pressure.60 The experimentally observed dissocia-
tion probability kSi for silane with an activation energy25 of 1
eV and a dissociation probability of unity for 2000 °C inde-
pendent of the pressure24,28 is used for the following calcu-
lations. This yields kSi=0.4 at TF=1650 °C and kSi=0.6 at
TF=1800 °C. The ratio � of silane radicals to atomic hydro-
gen is then given by the following equation:

� =
kSi · SCt

kH�1 − SCt + 2SCt · kSi�
. �7�

SCt is the silane concentration for the �c-Si:H/
a-Si:H-transition. kH can be derived from Eq. �7� and the H2

concentration is 1−SCt plus the hydrogen produced by the
dissociated silane �2SCt�kSi�. For the actual calculation of
kH the online-calculator CHEMKIN was used.66 The results for
kH and � are given in Table II for the two filament tempera-
tures and different deposition pressures at TS=220 °C. � is
nearly identical for all pressures and exhibits only a small
variation with the filament temperatures. According to these
calculations, a minimum of 5.2 hydrogen atoms per pro-
duced silane radical is required for microcrystalline film
growth. The deposition pressure does not influence this ratio
significantly. At the higher TF of 1800 °C, the observed � are
approximately 25% lower, i.e., a higher atomic hydrogen
concentration is required for �c-Si:H growth. This trend is
confirmed by the results obtained from the evaluation of the
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material prepared at TS=330 °C �see Fig. 4�. There, 20%
lower � are obtained at the higher TF, too.

Based on these results, the reactions in the gas phase do
not seem to have a significant influence once on the film
crystallinity, although the mean free path decreases at higher
pressures and the reaction rates of atomic H and Si with
silane are high �close to the collision limit� and should lead
to more reactions of the produced radicals with the remain-
ing silane. However, the concentration of radicals is compa-
rably small and is approximately given by the ratio of the
filament surface area to the chamber surface area, estimated
to 0.1%, if the dissociation probability of silane at the hot
filament surface is high and the assumption that the radicals
vanish at the chamber wall. Thus, the gas phase reactions are
either not as important as one would expect from the reac-
tions rates, or the effects of the two main reactions �abstrac-
tion reaction �Eq. �3�� and insertion reaction �Eq. �4��� com-
pensate each other.

The smaller � at higher filament temperatures can be
qualitatively understood in the framework of the existing
models, too. For the higher filament temperature, the depo-
sition rates are higher �see Fig. 12� and more hydrogen atoms
are produced per silicon atom. As the rates are higher, the
impinging radicals have less time to form a crystalline lattice
and more hydrogen is needed, e.g., to chemically anneal the
silicon network or to etch the disordered material.

The substrate temperature has a strong influence on �, as
plotted in Fig. 23. With increasing TS � increases, i.e., for
higher substrate temperatures less atomic hydrogen is needed
to grow crystalline material. At TS=185 °C, about six to
seven hydrogen atoms have to be produced per silicon atom,
while at TS=450 °C only about two hydrogen atoms are re-
quired in order to obtain crystalline film growth.

C. Deposition rates of microcrystalline silicon

The best microcrystalline silicon solar cells are prepared
near the transition from microcrystalline to amorphous ma-
terial. Therefore, the SC shift of the �c-Si:H/a-Si:H transi-
tion influences also the deposition rates of �c-Si:H. High
filament temperatures are twofold beneficial for increasing
the deposition rate. First, the decomposition of silane is more
efficient and second, the transition point is shifted to higher
SC due to the stronger increase of the H2 dissociation. In-
creasing the deposition pressure has only a small beneficial
effect on the deposition rates as SC has to be reduced at
higher pD in order to maintain crystalline growth. An in-
crease of the substrate temperature overall results only in a
small increase of the deposition rate for �c-Si:H, because the
�c-Si:H/a-Si:H transition is shifted to higher SC, but rd

slightly decreases for increasing TS at fixed SC. However,
higher TS relax the constraints for the filament setup, i.e,
more filaments, smaller distances or higher TF can be used
which all lead to higher rd.

D. Material quality

An increase of TS, TF, or pD leads to an increase of rd for
�c-Si:H, but also affects the material quality. SC and accord-
ingly IC

RS have a systematic influence on most material prop-
erties, thus the comparison of the other properties, like the
microstructure factor R or optical subgap absorption, is con-
ducted as a function of IC

RS. Special attention is paid to ma-
terial near the �c-Si:H/a-Si:H transition, where usually the
best solar cells are obtained. The hydrogen content increases
monotonously with increasing silane concentration for any
TS, TF, or pD. As the plot versus crystallinity in Figs. 7 and
15 shows, cH increases linearly with amorphous fraction. Si-
multaneously, the microstructure factor R decreases and of-
ten a decrease of the defect density is observed, as evidenced
by the spin density or the subgap absorption. The dark and
photoconductivities decrease and the photosensitivity in-
creases with increasing amorphous fraction. These observa-
tions agree with the existing model of microcrystalline sili-
con, which is composed of crystallites arranged in columns,
surrounded by an amorphous matrix.67–69 The bonded hydro-
gen and the electronic defects are located on the surface of
the columns or inside the amorphous matrix, while the crys-
talline grains do not contain hydrogen. The tissue of high
quality a-Si:H around the crystalline grains thus leads to a
good passivation of the crystalline surfaces, a low defect
density and a compact material structure. In highly crystal-
line material prepared at low SC, on the other hand, the

TABLE II. Fraction of atomic hydrogen, silane concentration SCt at the �c-Si:H/a-Si:H transition, and ratio �
of hydrogen atoms and silane molecules near the filament for TF=1650 and 1800 °C.

TF=1650 °C TF=1800 °C

pD kH SCt � kH SCt �

3 Pa 0.16 7.5% 0.191 0.38 10% 0.155
5 Pa 0.125 6% 0.194 0.31 7.5% 0.143

10 Pa 0.09 4.2% 0.188 0.23 5.5% 0.142
20 Pa 0.065 2.9% 0.180

FIG. 23. Ratio � of silane radicals to atomic hydrogen produced at the
filament vs the substrate temperature TS. The data points have been calcu-
lated with Eq. �7� and the experimentally observed silane concentration SCt

of the �c-Si:H/a-Si:H transition.
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amorphous tissue might be etched away �or chemically an-
nealed to crystalline material� by the atomic hydrogen. Then
the grain boundaries are formed by hydrogen-passivated
crystalline silicon surfaces, as indicated, e.g., by the fine
structure of the 2100-cm−1 IR-absorption mode. Such mate-
rial exhibits a high porosity, evidenced by the in-diffusion of
atmospheric gases and the oxidation of the material.

A similar effect could have an elevated substrate tem-
perature, which favors the etching of amorphous material
and additionally reduces the hydrogen coverage of the grow-
ing film surface and of the film. This results in a lower hy-
drogen content, a higher microstructure factor R, and a
higher density of dangling bonds. The high R even at low IC

RS

might be interpreted by a spatial separation of amorphous
and crystalline regions, leading to a porous material structure
despite the presence of amorphous material.

In contrast to the previous effects, the increase of pD has
only little influence on the hydrogen content, but the inten-
sity of the absorption mode at 850 cm−1 and the microstruc-
ture factor increase drastically, even for purely amorphous
material. The absorption mode at 850 cm−1 originates from
�SiH2�n groups in amorphous silicon, thus the increase of R
at high pressures originates from a deterioration of the amor-
phous tissue around the crystalline grains.

Reactions of the film precursors in the gas phase might
be a possible reason for the material deterioration at higher
pD. In the previous section it was argued that the gas-phase
reaction do not have an influence on the crystallinity of the
film. Nevertheless, they can play an important role for the
defect density. This is illustrated by considering the number
of atoms involved. Typical defect densities in high quality
�c-Si:H are about 1016 cm−3, i.e., 1 in every 5�106 atoms
forms a defect state. For the crystallinity, however, nearly all
atoms are involved. Thus, if one in a million film precursors
�e.g., polysilanes� ends up in a defect, this will have a strong
effect on the defect density, but probably not affect the crys-
tallinity. Thus, already a small number of gas-phase reactions
can be important for the defect creation.

The insertion and abstraction reaction �Eqs. �3� and �4��
producing Si2H4 and SiH3 are the starting point in the reac-
tion chain to higher silanes. According to the reported reac-
tion rates,70 the probability for these reaction is close to
unity. The mean free path for a radical-silane reaction �H or
Si with SiH4� is smaller than the chamber dimensions—at 3
Pa, 5% silane, and a gas temperature of 500 K, the mean free
path for a H–SiH4 collision is about 4 cm—thus most radi-
cals produced at the filament will react with a silane mol-
ecule. These primary reaction products are considered to be
favorable for a high film quality because they have a high
mobility on hydrogen passivated silicon surfaces.

The reaction rate constants of the subsequent reactions
are also high,70 but as radical-radical reactions are involved,
much less reactions occur because the reaction rate is also
proportional to the radical densities ni:

dni

dt
= K · ni · nj . �8�

As the radical density is much lower than the density of
silane molecules, the mean free path for these reaction ex-

ceeds the chamber dimensions by at least two orders of mag-
nitude, i.e., much less than 1% of the film precursors will
originate from a radical-radical reaction. At higher pressures,
the subsequent reactions of the “good” radicals become more
important. SiH2 produced by further hydrogen abstraction
from SiH3 or higher silanes by the insertion of SiH2 or Si
into Si2H4 �Ref. 25� lead to a deterioration of the film quality,
as evidenced from the microstructure factor or SiH2 scissor
modes.28 This presence of the less mobile SiH2 radicals and
higher silanes could also account for the slightly lower IC

RS of
the film with the highest crystallinity at pD=20 Pa �see, e.g.,
Fig. 13�.

E. Solar cells

Using low substrate temperatures and deposition pres-
sures, �c-Si:H solar cells with high efficiencies can be pre-
pared. The initial efficiencies of 9.4% achieved with i layers
prepared by HWCVD are equal to the efficiencies obtained
with solar cells prepared entirely by PECVD. These solar
cells exhibit high fill factors and astonishingly high Voc

�compare Fig. 19�, up to 50 mV higher than in comparable
solar cells prepared entirely by PECVD with similar
efficiencies.20,71,72 The solar cell parameters behave very
similar upon a variation of SC as previously observed in
solar cells prepared by PECVD �compare Fig. 18 and Fig. 6
in Ref. 8�.

Figure 24 shows the direct comparison of J-V param-
eters for solar cells prepared by HWCVD and PECVD as a
function of the i-layer crystallinity IC

RS. The variation of IC
RS

values was achieved by adjusting the SC at the i-layer depo-
sition. Voc increases almost linearly with IC

RS for both types of
solar cells. The open circuit voltages of the solar cells with i
layers prepared by HWCVD are generally about 20 mV
higher as those of PECVD solar cells with the same IC

RS.
However, the highest efficiencies for HWCVD and PECVD
solar cells are obtained at different crystallinities �approxi-
mately 40% for HW and 60% for PECVD�, thus the differ-
ence in Voc for the best devices is about 50 mV.73 In the

FIG. 24. �a� Open circuit voltages and �b� short circuit current densities of
p-i-n solar cells as a function of the Raman intensity ratio IC

RS with i layers
prepared by HWCVD and PECVD.
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region of the highest solar cell efficiencies with IC
RS between

20% and 60%, the short circuit current densities are similar
for both types of solar cells. The difference of jsc at high IC

RS

is due to a slightly smaller i-layer thickness and to recombi-
nation losses for the highest crystallinity. Similar dark satu-
ration current densities are observed for both types of solar
cells, indicating similar defect densities of the i-layer
material.74 On the other hand, lower diode quality factors of
the PECVD solar cells point to an enhanced recombination at
the interfaces or in the doped layers as possible origin of the
lower Voc,

73,74 which may originate from defects created by
ion bombardment, inherent in the PECVD process.

The thickness dependence of the J-V parameters �Fig.
19� also shows the same trends as observed before in
PECVD solar cells.72,73 jsc increases with increasing i-layer
thickness as a result of the increasing absorption in the long
wavelength region. The fill factor and Voc decrease with in-
creasing i-layer thickness, caused by the increasing recombi-
nation in the bulk and the resulting larger j0. The j0 of the
HW cells are about five times lower than in solar cells of
corresponding thickness prepared by PECVD,22 thus ex-
plaining the 50 mV increase of Voc. The thickness depen-
dence of the J-V characteristics in the dark and under illumi-
nation indicates a correlation with the quality of the i-layer
material. The correlation between Voc, j0 and the material
properties, e.g., defect density or effective band gap, is ex-
pected by the diode theory,75 where Voc is given by

Voc =
nkT

e
ln	 jsc

j0
+ 1
 , �9�

where n is the diode ideality factor, kB the Boltzmann’s con-
stant, T the temperature, e the electron charge, and j0 the
dark saturation current density. In the case of dominant re-
combination in the bulk of the i layer which is indicated by
n�2, j0 is given by

j0 �
ni

�
� Nt · ni, �10�

with � the minority carrier lifetime, Nt the defect density, and
ni the intrinsic charge carrier density. n close to 1 on the
other hand, indicates dominant recombination near the inter-
faces. However, the validity of the superposition principle
for the dark current density and the photocurrent density has
not been proven yet for microcrystalline silicon solar cells.
Strong evidence that this concept can indeed be applied to
�c-Si:H solar cells is obtained from the experimental data,
e.g., by the correlation between Voc and j0 shown in Fig. 21.
The relationship between open circuit voltage and the dark
J-V parameters is given by Eq. �9�. The data points, which
show considerable scatter in Fig. 21, are replotted in Fig. 25
according to Eq. �9�. The good agreement with Eq. �9� is
evident. The fit to these data points gives a value for kBT /e
of 25 mV, almost identical to the theoretical value. Some of
the cells, in particular, those prepared at a high pressure,
show significant deviations from the theoretical value. These
solar cells exhibit untypically high diode ideality factors n,
probably caused by space-charge-limited currents and by re-
combination reduced photocurrents. Thus, the assumptions

for Eq. �9� are not valid for these pathological cells.
As shown by Fig. 25, the open circuit voltage is fully

determined by j0. For this reason it is now possible to ascribe
Voc to the material properties Nt and ni via Eq. �10�. The
increase of Voc by 100 mV �see Fig. 21� is caused by a
decrease of j0 by approximately two orders of magnitude.
According to Eq. �10�, Nt ·ni must then also decrease by two
orders of magnitude. However, the defect density measured
by ESR or PDS does not show such a strong decrease for
increasing SC. The intrinsic carrier density ni, on the other
hand, is expected to decrease as the amorphous fraction in-
creases because ni of a-Si:H is 104 times smaller than in
�c-Si:H. The crystalline fraction of �c-Si:H solar cells pre-
pared near the transition to amorphous growth is still at least
30%, according to the Raman spectra or the quantum effi-
ciency in the long wavelength region. Thus, the decreasing
crystalline fraction with increasing SC can only account for a
decrease of j0 by a factor of 3, at most. Furthermore, a shift
of the optical band gap is not observed in this material. So
the microscopic reason for the decrease of ni remains to be
resolved.

The influence of the defect density can be nicely dem-
onstrated by the solar cells and material prepared with dif-
ferent deposition pressure. The highest Voc, and thus also the
efficiency, which could be achieved in a SC series near the
�c-Si:H/a-Si:H transition decreases with increasing deposi-
tion pressure �Fig. 20� as a result of the increasing j0 �Fig.
21�. Again, an increase of ni or Nt could cause this increase
of j0. But as shown in Fig. 22, Voc decreases with increasing
pD for a fixed crystalline fraction determined by IC

RS. For a
fixed composition of amorphous and crystalline phase, how-
ever, there is no reason why ni should change. Consequently,
the decrease of Voc must originate from an increase of the
defect density. In fact, the material properties clearly indicate
a deterioration of the material quality with increasing depo-
sition pressure. The optical absorption in the subgap region
increases by one order of magnitude for an increase of pD

from 3 to 20 Pa. This increase of the optical absorption can
be interpreted as an increase of the defect density Nt, causing
the decrease of Voc. This demonstrates that the open circuit
voltage is a sensitive indicator for the material quality if the
structural composition is taken into account.

FIG. 25. Open circuit voltage normalized by the diode ideality factor n as a
function of the dark saturation current-density j0 for the solar cells of Fig.
20, assuming jsc=20 mA/cm2. The line gives the fit to Eq. �9�.
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By decreasing TS, a further increase of the achievable
Voc is observed, indicating an improvement of the material
quality. A change of TF, on the other hand, does not lead to a
significant change of Voc if low deposition pressures are
used. Increasing pD, however, leads to a faster and more
severe deterioration of the solar cell performance in case of
TF=1800 °C. These results show that low TS and pD are
essential in order to obtain �c-Si:H solar cells with high
efficiencies.

V. CONCLUSION

�c-Si:H prepared by the hot-wire CVD shows excellent
material properties and performance in solar cells if low sub-
strate temperatures and deposition pressures are used �TS

�285 °C, pD
5 Pa�. At TS=185 °C, �c-Si:H solar cells
with efficiencies ��=9.4%� similar to those obtained by
PECVD can be prepared.

The influence of various deposition parameters—SC, pD,
TS, and TF—on the deposition rate, crystallinity, and micro-
structure, as well as electronic defects and conductivity, was
investigated and led to a better understanding of the deposi-
tion process. The deposition rates for �c-Si:H material could
be explained by the arrival rate of silane molecules on the
filament and the temperature dependence of the silane disso-
ciation at the filament. The �c-Si:H/a-Si:H transition was
found to be determined by the flux of atomic hydrogen pro-
duced at the flilament. Consequently, the deposition rates for
�c-Si:H are limited by the thermal radiation of the filaments
if low substrate temperatures are desired. Hydrogen desorp-
tion during the film deposition leads to a deterioration of the
material quality at higher TS, i.e., high defect densities and a
porous material structure are observed. Besides the low TS,
also low deposition pressures are favorable to obtain material
of high quality. Secondary radical-radical reactions are pro-
posed as the origin for the deterioration of the material qual-
ity at higher pD.

Independent of the deposition conditions and deposition
method—HW or PECVD—the best material properties are
found at the onset of amorphous material growth, controlled
by adjusting the silane concentration. At low SC material
with high crystallinity but also high defect density and po-
rosity is obtained, while at high SC compact material with
considerable amorphous fractions, leading to excellent grain
boundary passivation, is obtained. Solar cells show an in-
creasing Voc with increasing SC and a maximum of the fill
factor and the efficiency at the onset of amorphous growth.
The same behavior has previously been observed for solar
cells prepared entirely by PECVD, but the Voc observed for
the HWCVD solar cells are considerably higher �up to 600
mV� and linked to higher amorphous volume fractions ho-
mogeneously distributed in the i layers. This could only be
achieved by HWCVD so far.
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