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Complete puc-Si:H p-i-n solar cells have been prepared by the very high frequency glow discharpe
method. Up to now, intrinsic pc-5i:H has never attracted much attention as a photovoliaic active
material. However, an efficiency of 4.6% and remarkably high short circuit current densities of up
to 219 mAjem?® due to an enhanced absorption in the near-infrared could be obtained. First
light-soaking experiments Indlcate no degradation for the entirely we-S1I'H cells. Voltage-dependent
spectral response measurements suggest that the carrier transport in complete pe-Si:H p-i-n cells

may possibly be cosupported by diffusion (in addition to drift).

Microcrystalline silicon (ue-Si:H) consists of small
ceystalline grains (10—500 A) embedded in an amorphous
silicon matrix. The deposition of pe-5i:H can be generally
implemented through strong hydrogen dilution of the silane
gas in a f glow discharge plasma at temperatures around
200-300 °C and at high power densities. Depending on the
deposition conditions, the crystalling fraction of the material
can be varied up to 80%~90%.

Doping experiments have shown gc-5i:H to be an ex-
cellent material for both {n}- and {p}-type contacts and bar-
tier layers in scmiconductor devices such as solar cells.
Compared to doped amorphous silicon or amorphous silicon
alloys, higher conductivities are achievable for gc-Si:H,
thanks to the more efficient doping of the crystalline
phase.!~*

The aim of the present siudy is to show that undoped or
slightly compensated pic-Si:H has the potential to be a very
interesting new photovoliaic thin film material, and that in
conirast with the established general viewpoint.

Different characterization methods as election spin reso-
nance (ESR),3* field effect measurements,” and others™ sug-
gest for the prc-8i'H a defect-rich region at the grain bound-
aries or amorphous zones, with defect densities in the order
of 10Y-5x10"¥ cm™? disiributed energy-wise over the
whole encrgy gap. These high defect densities probably hin-
dered up to now the use of undoped pc-SiH material for
solar cell applications. Very little work has been done con-
cerning undoped pe-Si:H in p-i-n cells. > However, in-
vesligalions on s led W e geseral recognition of e Gacl
that undoped or compensaled we-Si:H is more stable under
light expogure than 4-8i:H 351314

For the deposition of all types of pe-Si:H ({n), {p), and
(i} layers) we used a capacitively coupled very high fre-
quency glow discharge (VHF-GD) plasma reactor at an ex-
citation frequency of 70 MHz, as described elsewhere, S
Compared to conventional 13.56 MHz plasma excitation, the
VHF technique allows higher deposition rates for both
a-Si:H and pc-Si:H, Thus, typical deposition rates of 1 Afs
were obtained for the pe-Si:H (i} layer at a plasma power
density of 60 mW/cm?,

As-grown undoped pc-Si:H shows a rather {n)-type
character, probably due to oxygen and other contaminants
and possibly, also due to structoral effects. In previous

studies™ we have presented results on the properties of
compensated pc-S5i:H material, as obtained by adding small
traces of boron in the ppm range into the gas phase. Similar
results have been published by another group.'” These results
were used for the deposition of the (i) layer in the cells.
Recently developed {p)-window layers,™ less critical (n)
pe-SizH back contacts, together with compensated (i} lay-
ers have all been applied in the cell. For the transparent
conduction oxide (TCO)-coated glass substrate we used both
300, and ZoQ. The deposition temperatures for the layers
were 170 °C for the {p} and 220 °C for the {i} and {n}
layers, respectively. The thicknesses were 150 A for the (p)
layer, 1.7 um for the {i} layer, and 400 A for the {n)-layer.

As is well known, microcrystalline silicon shows a
weaker absorption for the short wavelengths than amorphous
silicon; however, in the near infrared it bas an enhanced ab-

~ sorption, as represented in the photothermal deflection spec-

troscopy (PIS) spectra of Fig. 1. Similar absorption s
for pe-Si:H have been published by other groups.'*'" We
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FIG. 1. Absorption spectra by PDS and transmission spectroscopy of a
compenzated 1.8-um-thick ge-Si-H flm in comparizon with the absorption
of crystalling and amorphous silicon. Also added are pec-Si:H absorption
data obtained by another group (Ref, 16).
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FIG. 2. Spectral response of a L.7-pm-thick entirely wc-Si:H p-i-n solar
cell in compariton with an a-SiH cell. The integration for AMIL.S condi
tions (100 mW/cm”) leads to a short circuit current density of 21.9 mA/em®.
(The pe-SEH cell is deposited on ZnO coated, the 2-51:H on Sn0y costed
glass),

found (see Fig. 1) a significantly lower subgap absorption for
our material as compared to that found by other groups. The
subgap absorption of the pc-5i:H reaches the one obtained
for good amorphous material in the annealed state.
Comparcd to a-Si:H, the gc-Si:II absorption upens a
potential of additionally making use of the suns spectrum of
the near infrared to a higher extent and, thus, increasing the
short circuit (J..); however, to this end, the {i}-layer thick-
ness has to be increased or more sophisticated light trapping
has to be applied as usual. Indeed, spectral response (SR)
measurements in Fig. 2 of our we-Si:H p-i-n cells confirm
clearly higher infrared absorption. As a surprising fact, we
found that also in cells with thicknesses as high as 1.7 um,
practically all photogenerated carriers can be collected,
which is in contrary not the case for a similar thick amor-
phous p-i-n cell. For AM1.5 conditions, we obtained a short
curcuit current density of 21.9 mA/ecm® which is significantly
higher than the highest value ever reported for amorphous
silicon solar cells and which fulfills the prediction of the
absorption spectra (Fig. 1}. The good collection saturation at
zero bias for the 1.7-pm-thick cell let us conclude that the
short curcuit current can be further increased by increasing
the {f)}-layer thickness. The best cells (1.7 um) showed an
efficiency of 4.6% (active area 5 mm?), whereas the obtained
open circuit voltages (V,.) were botween 340 and 389 mV
and the fill factors (FF) between 40% and 60%. The potential
in forther increasing the efficiancy lies in the optimization of
the p-i interface for achieving higher V, values. We have
previously shown? in a different study that V.. values as high
as 600 mV are feasible by introducing a-Si:H buffer layers.
In the following, the important problem of stability un-
der long-term lighi-soaking conditions was tested for our
new cell. The degradation procedure was taken out as it is
recommended from the Mational Renewables Eucipy Lalwra-
tory (NREL, USA) for amorphous silicon solar cells (100
mW/em?® AM1.5, 1000 b, 50 °C)."” The microcrystalline cells
were exposed to an AMLS light source of 90 mW/cm® (an
array of 5 Philips PL-L 24 W/95/4P lamps) over more than
640 h. The temperature was kept constant at 47+2 °C. The
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FIG. 3. Stability bebavior of an all ge-Si:H p-i-n solar cell under long-
term light exposure {~90 mW/em® AM1.5, T=47+2 *C}). Far comparison,
typical results of degraded a-Si:H single p-i-n cells (>10% efficiency)
oblained by the same degradation light source are also plotred.

surprising result is given in Fig. 3, where the normalized
values of J.., V., FF, and # are plotted over the exposure
time and compared with our typical standard amorphous
p-i-n solar cells of >10% efficiencies ({{}-layer thickness
~0.5 um). The precise characterization by SR and standard
currcnt voltage (7-V) measurcments of the micioorystalline
cells before and immediately after the degradation (without
an annealing) results in the following changes {(including
fluctuations of the apparatus): AV, <2%, AJ, <1%, AFF
<2%. Compared to the high efficiency amorphous calls,
there seems to be no desiructive light-soaking effect present
in the wc-Si:H solar cell devices, The stability of pe-Si:H
against light soaking has already been found from film deg-
radation studies. This comparison, however, might yet not be
deemed to be representative, as we only have a cell with
4.6% conversion efficiency, and as it is known, «-5i:H cells
with, i.e., 5% efficiencies are less affected by light soaking as
high efficiency cells (>10%). On the other hand, one has to
note that both the FF and the high value of Jg are not af-
fected by light soaking, whereas the limiting factor for our
cells is only the low V. value.

A closer look to the spectral response measurements
gives more insight in the transport mechanism of entirely
microcrystalline cells. While, for a-8i:H cells drift collection
is the predominated transport mechanism, carrier diffusion is
the governing wechanizm in crystalling silicon cells. The two
cases are represented in Fig. 4(b) for the normalized voltages
and currents. However, the we-SiiH p-i-» cell in Fig. 4(a)
shows a carrier collection behavior which seems to lie be-
tween a-SitH and c-Si. At bias voltages still far above the
Ve value for AM1.5, a positive SR signal can be measured
which should correspond, according to a general rule, to a
partly diffusion-supported carrier collection. The SR(V) col-
lection data have been obtained by the integration of the SR
al @ given voltage and the sun spectum AMIL.5. One more
indication for transport supported by carrier diffusion could
be deduced from the strong peripheral effect observed in the
mc-Si:H celis, which has to be carefully taken into account
for efficiency measurements. We soppressed for our effi-
ciency measurements the peripheral effect by illumination
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FIG. 4. Comparison of voltage-dependence collaction and illominated 117
characteristics of pc-5i:H, a-Si:H, and c-5i solar cells. The full points stand
for the caleulated current densities obtained by the SR collection at a given
voltage V and the solar spectrum AMILS.

through an orifice which eorresponds to the active area and
further we proved the existence of a strong peripheral con-
tribution by light beam induced current (LBIC) measure-
ments. Thus, special care is recommended when small active
cell areas have to be characterized. [f a large area light
source is applied, too high efficiencies are measured’*—as
the authors have not mentioned this problem—we assume
they did not take this effect into account.

The presented results have shown that pc-SitH has the
potential to become a new photovoltaic thin film material
which merits broader investigations. The entirely pc-5i:H

cell is the first thin film device, exclusively based on silicon
alone, that shows an enhanced sensitivity in the infrared
above 800 nim. The limits of the V., J,., and FF are siill far
from optimization and rest open. The highest potential in
further increasing the efficiency is related tn abtaining higher
Ve values, The pe-Si:H p-i-n cell could also contribute as
germanium-free more stable bottom cell in tandem struc-
tures. The transport properties and mechanism clearly need
further investigations.
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