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The impact of defects on the performance of p- and n-side illuminated microcrystalline silicon solar
cells is investigated. The absorber layer spin density Ng is controlled over some two orders of
magnitude by electron bombardment and subsequent annealing steps. At increased Ng (between
3% 10" and 10'® cm™?), performance of n-side illuminated cells is much more strongly reduced
relative to p-side illuminated cells, particularly with regard to short circuit current density. Quantum
efficiency measurements indicate a corresponding strong asymmetry in wavelength-dependence,
which has been successfully reproduced by numerical device simulations. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4756907]

The electronic quality of the absorber layer critically
affects the performance of thin film silicon solar cells. In
general, an increase in the number of defects in the absorber
layer, such as dangling bonds, impairs the extraction of the
photo-generated charge carriers and therefore reduces the
photovoltaic performance of a solar cell. These defects can
act as recombination centers, influencing the electronic trans-
port of electron and holes and thereby the collection effi-
ciency. Solar cells with amorphous silicon (a-Si:H) absorber
layers are illuminated through the p-side for optimum stabi-
lized performance. In the common view, this is the optimum
configuration as the hole mobility is much lower than the
electron mobility, and, furthermore, space charge arising
from charged ambipolar defects gives rise to a low electric
field in a large part of the intrinsic layer. The latter is particu-
larly relevant for the degraded state, where the defect density
is high.' In contrast, it was reported that solar cells with
microcrystalline silicon (uc-Si:H) absorber layers can be
illuminated from either p- or n-side without any significant
impact on their performance.* It was suggested that in such
case, the electron and hole mobility-lifetime products are
both larger and more symmetrical than those found in amor-
phous silicon materials.*> The possibility to illuminate the
cell with pc-Si:H absorber from n-side was successfully
explored by applying highly transparent n-type alloys, such
as SiC°® or SiO,’ as window layers. The reported high short
circuit current densities above of 25mA/cm?® for 1 um thick
solar cells exceed the typical Ji. values obtained in p-side
illuminated uc-Si:H solar cells.

The comparison of the performance of p- and n-side illu-
minated solar cells can provide additional information on the
electronic properties of the absorber layer material and prin-
ciples of the device operation. In the present report, we focus
on the impact of defects on the performance of p- and n-side
illuminated uc-Si:H solar cells. This is of interest for the fun-
damental understanding of the device physics, as well as
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relevant for possible industrial applications, where an
increased deposition rate may lead to the reduction in mate-
rial quality and thus device performance.® The results of this
study are also important to evaluate the potential for the
improvement in the performance of solar cells, if the
absorber layer defect density is further reduced.

In our previous work,9’1° we have shown that 2 MeV elec-
tron bombardment combined with stepwise annealing may be
used to vary the defect density of the absorber layer in p-side
illuminated thin film solar cells over several orders of magni-
tude in a particular device, which, in the case of uc-Si:H, is not
achievable with light-soaking. The here applied high energy
electron bombardment at low temperatures leads to a spatially
homogeneous increase in the defect density. Furthermore, the
created defects can be annealed out at temperatures below
the deposition temperature."! We have shown before’ that
although every layer of the solar cell is exposed to the MeV
electron beam, the dose of irradiation only has a noticeable
influence on the absorber layer. In the present work, we show
that while the “initial” (Ng=7 x 10" cm_3) performance of
p- and n-side illuminated cells is quite similar, it is dramati-
cally reduced, most strongly in J,, in the case of n-side illumi-
nated devices when the defect density of the absorber layer is
increased. We performed numerical device simulations, dem-
onstrating that the known difference in electron and hole mobi-
lities alone cannot explain the observed asymmetry between
p- and n-side illuminated cells. However, we found that the
observed asymmetry is reproduced in simulations if the mean
energy of the defect distribution is placed slightly above the
mid-gap, which results in different electric field strengths at p-i
and n-i interfaces. The asymmetric electric field distribution
makes the case of p-side illumination more favorable for
separation of excess charge carriers.

In the present work, both p-side and n-side illuminated
single junction pc-Si:H solar cells were prepared in substrate
configuration,'? i.e., in the n-i-p or p-i-n deposition sequence,
respectively, and illuminated from the film side. The nominal
thickness of the absorber layers was 1 um. Doped and intrinsic
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thin film silicon layers were prepared by PECVD using opti-
mized standard deposition conditions and deposited directly on
transparent conducting oxide (TCO), so no metal back reflector
was used. The crystallinity of puc-Si:H absorber layers,
evaluated from Raman measurements, is around 70%. The per-
formance of the cells has been investigated by current/voltage
(/-V) measurements in dark and under AM 1.5 illumination and
external quantum efficiency (EQE) measurements. In order to
correlate the variations in the device parameters with defect den-
sity in the absorber layer, we measured electron spin resonance
(ESR) on intrinsic uc-Si:H. For the ESR measurements, we use
uc-Si:-H powder samples, deposited under identical deposition
conditions to the absorber layers in solar cells."' Subsequently,
both solar cells and intrinsic material (ESR samples) were
treated with identical irradiation-annealing procedure, enabling
a variation in the spin density N, of over 2 orders of magnitude,
between 7 x 10'°... 10"® cm . Additional experimental details
can be found elsewhere.”'*

Fig. 1 summarizes J-V characteristics of p-side and
n-side illuminated uc-Si:H solar cells, as a function of N,
varied between 7 x 10" to 1.3 x 10" cm ™. It can be seen
that both types of solar cells show reduction in all J-V pa-
rameters (17, V., FF, and J.) with increased Ny. Much stron-
ger degradation is evident for n-side illuminated cells: the
open circuit voltage V. is reduced from 520mV down to
around 275mV and 142mV (by around 50% and 72%) in
the case of p-side and n-side illuminated cells, respectively,
when the N increases from 7 x 10" up to 1.3 x 10"® cm 3.
Over this range of N, the FF is reduced by 24% and 48% in
the case of p-side and n-side illuminated cells, respectively.
The strongest effects are observed in J., which is reduced
roughly 4 times in the case of p-side illumined cell and 40
times in the case of n-side illumination (from 14 mA/cm?
down to the 0.35mA/cm? in the later case). We note that
since no metal back reflector was used in the cells, the initial
cell efficiencies have relatively low values originating from
reduced short circuit current density Jgc. As a matter of spec-
ulation, extrapolation of our results suggests prospects of
higher efficiency of microcrystalline silicon solar cells pro-
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FIG. 1. J-V characteristics of p-side and n-side illuminated uc-Si:H solar

cells,

plotted as a function of Ng. The lines are to guide the eye.

Appl. Phys. Lett. 101, 143903 (2012)

vided the absorber layer defect density is reduced below
Ny=5x10"cm™.

The effects of defects on the short circuit current were
further investigated with EQE measurements. The results are
presented for p-side and n-side illuminated puc-Si:H solar
cells in Fig. 2. For the p-side illuminated solar cell, a reduc-
tion of EQE is observed in the longer wavelength part of the
spectrum, while the EQE curves at 21<400nm are not
affected by changes in N,. This is in agreement with our pre-
vious observations.” The picture is qualitatively different for
the n-side illuminated solar cell: an increase in the absorber
layer N results in the reduction of the EQE curves over the
entire wavelength range. The results of EQE measurements
suggest that the hole limiting transport is responsible for the
reduction of EQE with increasing N in long wavelength
range in the case of p-side illumination and in entire wave-
length range in the case of n-side illumination.

The effects of the spin density of the absorber layer on
the performance of p-side and n-side illuminated solar cells
were further investigated with computer simulations using
the software package Advanced Semiconductor Analysis
(ASA).13 The simulation parameters were taken from Ref. 14.
The simulation parameters include the defect density, varied
between 1.4x10'°cm ™ and 2.5%10"®cm™>. As only neutral
defects contribute to the spin density, we need to relate a
given spin-density to a defect density. For each measured
spin-density, we iteratively determined the corresponding
defect density such that the simulated concentration of neu-
tral defects in a single intrinsic layer is equal to the measured
spin-density. Note that the relation between the number of
neutral defects and total defect density depends on several
simulation parameters, such as the mean energy and width of
the Gaussian distribution of defects. We find that in the sim-
ulations, the difference in carrier mobilities (we assumed 50
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FIG. 2. Experimental EQE curves for p-side and n-side illuminated pc-Si:H
solar cells with varied Ng of the absorber layer. The spin density values Ng
from top to bottom are: 7.6x10'3, 1.8x 10", 2.3x10', 1.8x10'7, 3.4x10"7,
and 1.3x10"® cm 2.
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FIG. 3. Simulated EQE curves for p-side and n-side illuminated puc-Si:H
solar cells with varied Ng of the absorber layer. The sequence of spin density
values Ny is the same as shown in Fig. 2.

and 15 cm?/Vs for electrons and holes, respectively) cannot
explain the observed differences between p- and n-side illu-
minated devices. However, if we set the center of the Gaus-
sian distribution of dangling bonds at 0.2 eV above mid-gap,
we obtain a good agreement with experimental J-V curves
and EQE measurements, as shown in Fig. 3. This shift in
position of the dangling bonds is schematically illustrated in
Fig. 4. Shifting the mean energy for the defect distribution to
above mid gap makes the material slightly n-type. This in
turn results in a higher electric field near the p-i interface at
the expense of the electric field near the i-n interface.

Note that the reference parameter set from Ref. 14 was
carefully calibrated using temperature dependent dark J-V-
curves, illuminated J-V-curves and EQE measurements and,
furthermore, is consistent with experimental data from a
large body of literature. For this reason, we took care not to
deviate too far from the reference parameter set. The only
difference with the reference parameter set is a small change
in the mean energy of the defect distribution and, of course,
the defect density as it was varied in our experiments. For
low defect densities, this shift in mean energy has virtually
no influence on the results, i.e., for low defect densities, our
parameter set is equivalent to the reference parameter set.

In summary, key differences in the performance for
p-side and n-side illuminated pc-Si:H solar cells are observed
when the absorber layer defect density increases above
Ny=3x10"cm ™. Reduced performance of n-side illumi-
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FIG. 4. Density of states used in the simulations for intrinsic uc-Si:H with
Ns=7.6 x 10" cm ™. Shown are the distributions of valence band tail states
(VBT), the conduction band tails states (CBT), and the distribution of am-
photeric dangling bond states, where Db” " represents the +/0 transition
level and Db”~ the 0/— transition level. The center of the dangling bond dis-
tribution is located 0.2 eV above mid-gap (with mid gap at 0eV).

nated cells (relative to p-side illuminated devices), particularly
in Jg., suggests that the high quality pc-Si:H absorbers are
necessary for improved performance. The results of computer
simulation demonstrate that the observed asymmetry in per-
formance can be explained by the assumption that the center
of the Gaussian defect distribution is 0.2 eV above mid-gap.
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