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Microcrystalline silicon carbide (uc-SiC) films were prepared using hot wire chemical vapor
deposition at low substrate temperature. The uc-SiC films were employed as window layers in
microcrystalline silicon (uc-Si:H) n-i-p solar cells. Quantum efficiency (QE) and short circuit
current density (Jg¢) in these n-side illuminated n-i-p cells were significantly higher than in standard
p-i-n cells. A high QE current density of 26.7 mA/cm? was achieved in an absorber layer thickness
of 2 um. The enhanced Jgqc was attributed to the wide band gap of the uc-SiC layer and a
sufficiently high hole drift mobility in uc-Si:H absorber layer. © 2007 American Institute of

Physics. [DOI: 10.1063/1.2739335]

With its wide optical band gap, silicon carbide (SiC) is a
good candidate as a solar cell window layer material. For
thin film silicon [amorphous silicon (a-Si:H) and microcrys-
talline silicon (uc-Si:H)] solar cells, using a cheap glass
substrate, low process temperatures, e.g., 200 °C are essen-
tial. However, high-quality SiC films were usually obtained
at high substrate temperatures, e.g., 700 oc.! Therefore, ef-
forts were made for a low-temperature growth of uc-SiC
films.”’ Recently, growth of uc-SiC films at substrate tem-
peratures lower than 400 °C was achieved by using hot wire
chemical vapor deposition (HWCVD).”” Although no dop-
ing gases were used during the depositions, the uc-SiC films
were found to be highly conductive. Hall effect measure-
ments revealed that the uc-SiC films were n type.6’7 Apart
from its low deposition temperature and high conductivity,
the high transparency of such uc-SiC films matches the re-
quirements of uc-Si:H or a-Si:H solar cell window layers
very well. For the typical film thickness of 20 nm, the ab-
sorption loss is less than 3% (0.3%) in the spectral region
where the absorption coefficient is less than 10* (10°) cm™,
respectively. In addition, its refractive index of about 2.5 is
advantageous for reducing the cell reflectivity.

It has been well established that a-Si:H solar cells need
an illumination through the p-type side in order to get opti-
mum stabilized performance. This is partially caused by the
fact that the hole drift mobility (HDM) in a-Si:H films is
two to three orders of magnitudes lower than the electron
mobility.8 Differently, the HDM in uc-Si:H films is much
higher than in a-Si:H films. Time-of-flight studies made on
pc-Si:H p-i-n diodes demonstrated that the electron and
hole drift mobilities in uc-Si:H films with crystalline vol-
ume fractions >0.35 were as high as 3.8 and 1.3 cm?/(V s),
respectively.g’lo Nearly identical quantum efficiency (QE)
curves were obtained for uc-Si:H solar cells under p- and
n-side illuminations, showing a symmetrical photocurrent
collection."' The high HDM and the high transparency of the
mc-SiC layers offer a high potential for an application of the
mc-SiC window layers in n-i-p uc-Si:H solar cells.
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In this letter we report an application of such HWCVD
grown, unintentionally doped uc-SiC films as window layers
in n-i-p uc-Si:H solar cells.

The wc-SiC films and uc-Si: H solar cells were prepared
in a “cluster-tool” system with three plasma enhanced chemi-
cal vapor deposition chambers and one HWCVD
chamber.>'? The gas mixture for the uc-SiC films growth
was 0.3% monomethylsilane diluted in hydrogen. For the
solar cells the wc-SiC films were deposited at a filament
temperature (T) of 2000 °C and a substrate temperature
(Ts) of 250 °C. The uc-SiC films were characterized with
Raman spectroscopy, Fourier transform infrared (FTIR) ab-
sorption spectroscopy, photothermal deflection spectroscopy
(PDS), secondary ion mass spectrometry (SIMS), and dark
electrical conductivity measurements.

n-i-p solar cells were prepared on textured glass/ZnO:Al
substrates' with a deposition sequence of
uc-SiC/ ue-Si:H(i)/ uc-Si: H(p). For means of comparison,
p-i-n uc-Si:H solar cells were also prepared using
pmc-Si:H(p) window layers. The active area of each cell was
1 cm? as defined by the geometry of the Ag back contact. For
a better light trapping, ZnO: Al/Ag back contacts were used
in some cells. The J-V characteristics of the solar cells were
measured under AM1.5 illumination at 25 °C. The p-i-n and
n-i-p solar cells were illuminated through the p and n sides
of the cells, respectively.

The presence of uc-SiC (in contrast to uc-Si embedded
a-Si;_,C) is proven by Raman spectroscopy which shows
two strong vibration modes at about 796 and 965 cm™', as-
cribed to the transverse optical mode and the longitudinal
optical mode of sic,>”’ respectively. In addition, FTIR ab-
sorption measurements exhibit a sharp peak around
800 cm™!, corresponding to a SiC stretching mode.’ Figure 1
shows a typical absorption spectrum of uc-SiC films with a
thickness around 150 nm deposited under the same condition
as those used in solar cells, measured by PDS. For a com-
parison, typical absorption spectra of n-type a-Si:H and
pmc-Si:H films are also plotted in Fig. 1. It can be seen that
the optical absorption edge of the uc-SiC film is shifted
considerably towards higher photon energy with respect to
those in n-type a-Si:H and wc-Si:H films approaching an
E,, (energy where the absorption coefficient « is 10* cm™")

© 2007 American Institute of Physics
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FIG. 1. Typical PDS curves of the uc-SiC films used as window layers in
me-Si:H solar cells as well as the n-type a-Si:H and uc-Si:H films.

of 2.8 eV. It is also shown in Fig. 1 that the subgap absorp-
tion of the uc-SiC and uc-Si:H films is high and increases
towards lower energy. This indicates the predominant ab-
sorption by free carriers masking the absorption by defect
states observed in films of lower doping level. Recent Hall
effect measurements revealed the n-type nature of such
uc-SiC films.” Nitrogen and oxygen are the dominant impu-
rities under the present deposition condition. It is known that
nitrogen is the most important shallow donor impurity used
in SiC crystal growth.14 SIMS measurements reveal that the
concentration of nitrogen ([N]~2.4X 10" cm™) in the
mc-SiC  films is higher than that of free -carriers
(n~1.7x10" cm™3). However, [N] decreases with increas-
ing T, while n increases. At T¢=400 °C, n becomes much
higher than [N]. Therefore, even if nitrogen is a doping
source in the uc-SiC films, a second doping source exists, in
particular, in films deposited at high 7. It has been reported
that oxygen can also contribute to the n-ty%)e doping in SiC
by forming oxygen related shallow donors. >1% One oxygen
related shallow donor can either be a cluster defect contain-
ing many oxygen atoms'>"7 or be an isolated oxygen impu-
rity on the carbon site (OC).18 According to the oxygen clus-
ter model, n should be one to two orders of magnitude lower
than [O]. However, the SIMS measurements indicate that in
most cases the concentration of oxygen [O] ranges is just
about two to three times of n. With respect to the values of n
and [O], the present experimental result prefers the Oc
model. Nevertheless, it is not clear now whether only the
oxygen or both the nitrogen and oxygen contribute to the
n-type doping. More effort is needed to identify the donors in
the uc-SiC films.

Figure 2 plots solar cell parameters of the p-i-n and
n-i-p solar cells (i-layer thickness=1 um) deduced from J-V
characteristics, i.e., efficiency #, fill factor (FF), short circuit
current density (Jgc), and open-circuit voltage (Voc), as a
function of silane concentration (SC) used for the deposition
of i layers. SC is defined by the ratio of the process gas
flows, i.e., SC=[SiH,]/([SiH,]+[H,]). For both types of
cells, 7 and FF increase upon increasing SC until a sudden
decrease appears at a certain SC. It is believed that at this SC
the columnar crystalline growth collapses and a considerable
amorphous volume fraction appears in the i layer and re-
duces the absorption in at long Wavelength.19 It is also found
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FIG. 2. J-V characteristics, 7, FF, Jgc, and Ve of uc-Si:H solar cells
plotted as a function of silane concentration (SC) used for the deposition of
uc-Si:H i layers. Without specific note, the absorber layer thickness of cells
is 1 um. The Jgc of the 2- um-thick nip cell was deduced by multiplying the
QE current with a factor of 1.05. The lines are guide to the eyes.

that Vo and Jgc evolve almost linearly in the investigated
SC regime. The similarity in the J-V characteristics of the
n-i-p and the p-i-n cells suggests that the cell performance
mainly depends on i-layer properties. It can also be seen in
Fig. 2 that the FF values for the n-i-p cells are lower than
those for p-i-n cells. It is not clear whether the low FF values
in the n-i-p cells compared to those in the p-i-n cells can be
attributed to a stronger incorporation of defects during a
growth of wc-Si:H i layer on uc-SiC layer instead of on a
mc-Si:H p layer. Despite of the lower FF values, the much
higher short circuit current densities are obtained for the
n-i-p cells, which lead to the higher % as compared to the
p-i-n cells. Solar cells have also been measured under the
illuminations of a modified AM1.5 spectrum with a red
cut-on filter OG590 (A >590 nm) or a blue band filter BG7
(with N around 480 nm), corresponding to charge carrier
generation profiles that are rather homogeneous over the i
layer or rather close to the window layer, respectively. It is
found that the FF values of the n-i-p cells illuminated under
the blue and red filters are always lower than those for p-i-n
cells. This observation indicates that the interface effect (be-
tween the n and i layers) is not the only effect deciding the
low FF value in n-i-p cells shown in Fig. 2. It is seen in Fig.
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FIG. 3. Short current densities (Jgc) for 1-um-thick p-i-n and n-i-p solar
cells plotted as a function of SC. The Jgc values are determined from J-V
measurements under an illumination of (a) AMI1.5 spectrum+blue filter or
(b) AM1.5 spectrum+red filter.
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FIG. 4. Quantum efficiency (QE) curves of one p-i-n cell and two n-i-p
cells. The QE curve for the p-i-n cell is taken from Ref. 10.

3 that the n-i-p cells show much higher Jgc values than the
p-i-n ones under both kinds of illuminations. This result in-
dicates that the enhanced light absorption for the n-i-p cells
occurs in the whole spectral regimes. This observation is in
accordance with the result of QE measurements. Figure 4
shows the QE curves of one p-i-n cell and two n-i-p cells.
ZnO:Al back reflectors are used in these cells for a better
light trapping. It is found that for the 1-um-thick cells, the
n-i-p diode shows much higher QE than the p-i-n structure
in the entire spectral region.

The high QE and Jgc observed in the n-i-p cell can be
attributed to two effects: (i) the higher transparency of the
uc-SiC films [compared to the uc-Si:H(p) films] and (ii) a
sufficiently HDM in the uc-Si:H i layer. The first effect
allows an enhanced light penetration through the window
layer and consequently a higher generation of photocurrent
in absorber layers of the n-i-p cells; the second one ensures
a sufficient diffusion length of holes and in turn an efficient
photocurrent collection. The enhanced short circuit current
densities in these n-side illuminated n-i-p cells provide an
experimental evidence for the symmetrical collection of car-
riers in uc-Si:H films as proposed in previous works.” ! In
addition, the good performance of the n-i-p solar cells veri-
fies that the n-type doping level in the uc-SiC films is high
enough to shift the Fermi level towards the conduction band
edge to build up a sufficient electric field.

Furthermore, it is shown in Fig. 4 that an increase of i
layer thickness from 1 to 2 um leads to a considerable en-
hancement of the spectral response of the n-i-p cells in the
spectral region with A >560 nm. With this strong spectral
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response, a very high QE current density of 26.7 mA/cm? is
achieved in an i-layer thickness of 2 um, which leads to a
solar cell efficiency of 9.1%.

In conclusion, unintentionally n-type doped uc-SiC
films grown with HWCVD at low substrate temperature have
been used as the window layers in uc-Si:H solar cells. Short
circuit current densities are significantly improved due to the
use of the uc-SiC window layers with a wide optical band
gap. The excellent cell performance shown by the n-side
illuminated n-i-p cells confirms a significantly enhanced
HDM in uc-Si:H films as compared to that in a-Si:H films.

The authors thank H. Stiebig, J. Wolff, H. Siekmann, J.
Hiipkes, J. Klomfass, W. Reetz, U. Zastrow, S. Haas, A.
Lambertz, C. Das, and M. Leotsakou for their contributions
in this work. The research is partially financially supported
by the Bundesministerium fiir Umwelt, Naturschutz und
Reaktorsicherheit (Contract No. 0329986).

'C. W. Lu and J. C. Sturm, J. Appl. Phys. 82, 4558 (1997).

23, Kerdiles, A. Berthelot, F. Gourbilleau, and R. Rizk, Appl. Phys. Lett.
76, 2373 (2006).

3s. Miyajima, A. Yamada, and M. Konagai, Thin Solid Films 430, 274
(2003).

T. Rajagopalan, X. Wang, B. Lahlouh, C. Ramkumar, P. Dutta, and S.
Gangopadhyay, J. Appl. Phys. 94, 5252 (2003).

5s. Klein, R. Carius, F. Finger, and L. Houben, Thin Solid Films 501, 169
(2006).

°A. Dasgupta, Y. Huang, L. Houben, S. Klein, F. Finger, and R. Carius,
Thin Solid Films (in press).

’s. Klein, F. Finger, R. Carius, and T. Bronger, Thin Solid Films (in press).
8M. Hack and M. Schur, J. Appl. Phys. 58, 997 (1985).

T, Dylla, S. Reynolds, R. Carius, and F. Finger, J. Non-Cryst. Solids 352,
1093 (2006).

9T, Dylla, F. Finger, and E. A. Schiff, Appl. Phys. Lett. 87, 32103 (2005).

HA. Gross, O. Vetterl, A. Lambertz, F. Finger, H. Wagner, and A. Dasgupta,
Appl. Phys. Lett. 79, 2841 (2001).

123, Klein, F. Finger, R. Carius, and M. Stutzmann, J. Appl. Phys. 98, 24905
(2005).

Bo. Kluth, B. Rech, L. Houben, S. Wieder, G. Schope, C. Beneking, H.
Wagner, A. Loffl, and H. W. Schock, Thin Solid Films 351, 247 (1999).

Yw. . Choyke, H. Matsunami, and G. Pensl, Silicon Carbide: Recent Ma-
Jjor Advances (Springer, Berlin, 2004), p. 163

5T, Dalibor, G. Pensl, T. Yamamoto, T. Kimoto, H. Matsunami, S. G.
Sridhara, D. G. Nizhner, R. P. Devaty, and W. J. Choyke, Mater. Sci.
Forum 264-268, 553 (1998).

1o, Dalibor, H. Trageser, G. Pensl, T. Kimoto, H. Matsunami, D. Nizhner,
O. Shigiltchoff, and W. J. Choyke, Mater. Sci. Eng., B 61-62, 454 (1999).

'70. Klettke, G. Pensl, T. Kimoto, and H. Matsunami, Mater. Sci. Forum
353, 459 (2001).

N Gali, D. Heringer, P. Dedk, Z. Hajnal, T. Frauenheim, R. P. Devaty, and
W. J. Choyke, Phys. Rev. B 66, 125208 (2002).

0. Vetterl, F. Finger, R. Carius, P. Hapke, L. Houben, O. Kluth, A.
Lambertz, A. Muck, B. Rech, and H. Wagner, Sol. Energy Mater. Sol.
Cells 62, 97 (2000).



