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Recombination and resistive losses at ZnO/a-Si:H/c-Si interfaces
in heterojunction back contacts for Si solar cells
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We investigate resistive losses at p-type crystalline Si/hydrogen passivated Si:H/ZnO:Al
heterojunction back contacts for high efficiency silicon solar cells. A low tunneling resistance for the
�p-type� Si:H/�n-type� ZnO part of the junction requires deposition of Si:H with a high hydrogen
dilution rate RH�40 resulting in a highly doped microcrystalline ��c� Si:H layer. Such a �c-Si:H
layer if deposited directly on a Si wafer yields a surface recombination velocity of S�180 cm/s.
Using the same layer as part of a �p-type� c-Si/Si:H/ZnO:Al back contact in a solar cell results in
an open circuit voltage VOC=640 mV and a fill factor FF=80%. Insertion of an undoped amorphous
�i� a-Si:H layer between the �c-Si:H and the wafer leads to a further decrease of S and, for the
solar cells, to an increase of VOC. However, if the thickness of this intrinsic layer exceeds a threshold
value of 4–5 nm, resistive losses degrade the fill factor FF of the solar cells. Temperature dependent
measurements of the contact resistance unveil activation energies in a range of 0.49–0.65 eV, which
we attribute to the valence band offset between a-Si:H and c-Si. The balance of FF losses and VOC

gains determines the optimum �i� a-Si:H interlayer thickness for �i� a-Si:H/ �p� �c-Si:H double
layer or �i� a-Si:H/ �p� a-Si:H/ �p� �c-Si:H triple layer back contacts. © 2007 American Institute
of Physics. �DOI: 10.1063/1.2803749�

I. INTRODUCTION

Heterojunction solar cells from crystalline Si �c-Si� and
amorphous hydrogenated Si �a-Si:H� are a promising alter-
native to conventional solar cells from c-Si with diffused
emitters.1 One advantage of the heterojunctions is the much
lower process temperatures required for the deposition of the
a-Si:H layers as compared to those needed for dopant indif-
fusion. In addition, the thin intrinsic �i� a-Si:H layer intro-
duced between the doped a-Si:H layers of the front and the
back contacts and the c-Si absorber leads to a very low in-
terface recombination velocity at both interfaces.1–6

When using a-Si:H/c-Si heterojunctions for the con-
tacts to c-Si solar cell absorbers, the band alignment between
the two materials plays a crucial role. There is wide agree-
ment in literature on the fact that the a-Si:H/c-Si band offset
mainly shows up in the valence band. Using different char-
acterization methods, Refs. 7–11 report valence band offsets
�EV=0.44–0.71 eV, whereas the conduction band offset
�EC is found to be �EC�0.15 eV in all cases. Because of
this asymmetry in the band offsets, it is obviously much
easier to extract electrons from the c-Si absorber into an
a-Si:H contact than it is to extract holes. Sanyo’s successful
heterojunction with intrinsic thin layer �HIT� solar cell1 uses
a n-type doped c-Si absorber, an emitter consisting of an
intrinsic and a p-type doped a-Si layer, and a corresponding

i /n-type structure as the back contact. All these layers are
deposited using plasma enhanced chemical vapor deposition
�PECVD�. In this structure, extraction of electrons, i.e., the
majority carriers, into the back contact poses no problem
because of the small value of �EC. In contrast, upon using
p-type c-Si absorbers, the extraction of holes into the p-type
a-Si:H back contact becomes a challenge due to the large
band offset �EV in the valence band. Despite of this draw-
back, Ref. 4 reports highly efficient solar cells produced us-
ing p-type c-Si absorbers and a three-layer sequence �i�
a-Si:H/ �p� a-Si:H/ �p� �c-Si:H combined with ZnO as the
back contact. Nevertheless, the optimization of the a-Si:H
heterojunction back contact on p-type c-Si needs a better
understanding and a closer experimental investigation, espe-
cially the simultaneous requirement for a low recombination
velocity of electrons and for a low contact resistance for
holes realized by the same contact.

This paper presents a detailed study on resistive losses
that occur during hole transport across the �p� c-Si/ �i�
a-Si:H heterojunction contacts and during transport across
the �p+� �c-Si:H/ �n� ZnO tunnel junction. We demonstrate
that a low tunneling resistance for the latter interface is
achieved if the silicon is deposited by PECVD with a hydro-
gen dilution above a certain threshold value. We argue that
this threshold dilution coincides with the threshold for mi-
crocrystalline growth.12–16 We show further that the conduc-
tance of the �p� c-Si/ �i� a-Si:H heterojunction critically de-
pends on the �i� a-Si:H layer thickness. Since a certain
thickness di of the �i� a-Si:H layer is necessary for the mini-
mization of the interface recombination velocity for elec-
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trons, optimization of di for solar cells requires a compro-
mise between the increase of series resistance and the
decrease of recombination. This optimization problem is fi-
nally demonstrated by an investigation of the fill factors FF
and the open circuit voltages VOC of c-Si solar cells with
various di within their back contact structure.

II. TUNNEL JUNCTION „p… Si:H/ZnO

This section concentrates on the relation between the
bulk conductivity of the PECVD-deposited �p-type� Si:H
layer, on the one side, and the tunneling resistance between
the thin �p-type� Si:H and the n-type ZnO:Al, on the other
side. For the characterization of the Si:H films, we measure
their dark conductivity � and the corresponding activation
energy Ea. The junctions are analyzed by measuring the re-
sistance R of a test structure. Both measurements are per-
formed as a function of the hydrogen dilution ratio RH during
the deposition of the Si:H layers.

The conductivity samples consist of a 100 nm layer of
boron doped Si:H deposited on Corning® borosilicate glass.
For this deposition step, we use a gas mixture of 2% B2H6 in
SiH4 and vary the hydrogen dilution ratio RH=H2/SiH4. The
plasma frequency �p during PECVD deposition is �P

=80 MHz �VHF�. The samples are finished by evaporation
of Al contacts through shadow masks directly onto the Si:H
surface, producing coplanar, 1 cm wide electrodes with a gap
of 1 mm. The inset of Fig. 1�a� shows a cross section of the
samples. For the measurement, we vary the sample tempera-
ture T and measure the current I at constant applied voltage
V between two electrodes, using a Keithley 617 electrometer.
From the known geometry of the sample and the measured
values of I, we derive the temperature dependent dark con-
ductivity ��T�=�0 exp�−Ea /kT�, with the preexponential
factor �0, the activation energy Ea, and the thermal energy
kT. Because of the temperature dependence of the activation
energy, we use the method of Ref. 17 with a value of �0

=200 S/cm to extract the value Ea �T=300 K� at room tem-
perature.

Figure 1�a� shows the dark conductivity � at room tem-
perature T=300 K and the activation energy Ea �T=300 K�
depending on the hydrogen dilution ratio RH of the samples.
We observe a significant step of more than four orders of
magnitude in conductivity � when the hydrogen dilution ex-
ceeds a threshold at RH�40. At the same time, the activation
energy Ea decreases due to a higher doping and/or a higher
fraction of activated boron atoms in the Si:H layer. This be-
havior and the increased conductivity suggest a transition
from amorphous to microcrystalline growth of the Si:H
layer under high hydrogen dilutions and VHF plasma
frequencies.13 For dilution ratios RH�40, the conductivity �
increases further and reaches values up to ��20 S/cm. This
finding is consistent with earlier results on the crystallinity of
PECVD Si:H films deposited under similar conditions,
where the authors report an increased crystalline fraction for
increased hydrogen dilutions during deposition.13,14

Next we investigate the resistance of samples consisting
of a tunneling contact between hydrogen diluted Si:H and
n-type ZnO. For this purpose, we use a test structure �see
inset of Fig. 1�b�� consisting of 40 nm layer of boron doped
Si:H directly deposited onto the surface of highly doped ��
�10–20 m� cm� p-type c-Si wafers. All deposition param-
eters are chosen identical to those used for the conductivity
samples, and we again vary the hydrogen dilution ratio RH

during PECVD deposition. The test devices are finished by
sputter deposition of a 40 nm ZnO:Al layer and by evapora-
tion of Al contacts on both sides of the wafer. The Al contact
on the back of the wafer is a full area contact, whereas the Al
contact on top of the Si:H is evaporated through a shadow
mask onto areas of 0.1 cm2. Subsequently, we remove ZnO
between the contact pads by a short etch in 1% HCl solution.
An annealing step of 10 min at 220 °C completes the proce-
dure. We measure the current-voltage curve of the samples
using a Keithley 2400 source measurement unit and obtain
the resistance R from the derivation of the curve.

Figure 1�b� shows the functional dependence of the zero-
bias resistance R of the tunnel junction test device on the
hydrogen dilution ratio RH. For the resistance R we observe a
significant step by more than three orders of magnitude when
the hydrogen dilution exceeds the threshold value of RH

�40. This matches well our results from dark conductivity
measurements and supports the theory of microcrystalline
growth associated with higher effective doping. For dilution
ratios RH�40 the resistance decreases down to R
�10−3 � cm2. This value is by far low enough to avoid any
significant resistive losses in heterojunction solar cells. In
contrast, for dilution ratios RH�40, the contact resistance is
pronouncedly too high for usage in a solar cell.

III. HETEROJUNCTION c-Si/„i…a-Si:H

Insertion of an �i� a-Si:H interlayer between the highly
doped �c-Si:H and the c-Si absorber is desirable to reduce
interface recombination.3,5,6 However, this layer also intro-
duces additional resistive losses that finally require a trade-
off between low recombination and low contact resistance.
In order to study the effect of interlayer thickness di on the
contact resistance of the c-Si/ �i� a-Si:H/�c-Si:H/ZnO het-

FIG. 1. �a� The room temperature dark conductivity � and activation energy
Ea of the conductivity samples exhibit a marked transition to higher � and
lower Ea values when the hydrogen dilution RH during PECVD deposition
of the Si:H layers exceeds a value of RH=40. �b� Similarly, the resistance R
of the tunnel junction test device drops by more than three orders of mag-
nitude above RH=40. The insets show the cross section of the respective
sample structure.

094507-2 Einsele et al. J. Appl. Phys. 102, 094507 �2007�



erojunction, we fabricate samples with various deposition
times tdep of the �i� a-Si:H layer. The test structures as
shown in the inset of Fig. 2 are essentially the same as those
for analyzing the Si:H/ZnO tunnel resistance except for the
�i� a-Si:H interlayer.

For the deposition of the �i� a-Si:H layers, we use either
no H2 added to the process gas �type I� or a hydrogen dilu-
tion ratio of RH=2.5 �type II� and the standard rf plasma
frequency of �P=13.56 MHz. The deposition rates measured
from approximately 100 nm thick films grown on glass sub-
strate are rI�7.5 nm/min for type I and rII�5.5 nm/min for
type II films. In all these test structures, a 40 nm thick
�c-Si:H layer grown with hydrogen dilution RH=100 war-
rants a low tunneling resistance to the ZnO back contact.

Figure 2 shows the contact resistance R as a function of
the deposition time tdep for the two different films. For depo-
sition times tdep	30 s, we obtain resistances R
�10−2 � cm2 for both types of contacts, i.e., values that are
well suited for a low-Ohmic back contact in a solar cell. At
tdep=35 s �type I� and 50 s �type II�, the resistance R remains
below 10−1 � cm2 before rather abruptly exceeding
10 � cm2 and, thus, leaving the range of a reasonably low
series resistance for a solar cell.

By using the growth rates extrapolated from the growth
of thicker films on glass substrates, we deduce the critical
thickness to be di�4–5 nm for both types I and II of �i�
a-Si:H deposition. We have to keep in mind, that the growth
rate of a-Si:H on a c-Si substrate is likely to be larger than
on a glass substrate.18 In addition, the conditions for the
growth of the first monolayers differ from those for bulk
growth, resulting in a thickness-dependent deposition
rate.19,20 However, the good agreement of the critical thick-
nesses obtained for the different types of �i� a-Si:H substan-
tiates the value of about di�4–5 nm.

In order to gain insight into the nature of the resistive
losses that arise from thicker �i� a-Si:H layers, we measure
temperature dependent current/voltage �J /V� characteristics
of the heterojunction back contact samples. These measure-
ments are conducted in a nitrogen-cooled cryostat. For the

analysis we differentiate the J /V characteristics to obtain the
conductance G=dJ /dV as a function of voltage V and tem-
perature T.

Figures 3�a� and 3�b� display such G�V� characteristics
of two samples having an �i� a-Si:H layer deposited without
hydrogen dilution �type I�. The samples correspond to depo-
sition times tdep=80 s �Fig. 3�a�� and 200 s �Fig. 3�b��. For
both samples, we clearly see a diodelike asymmetry with the
forward direction given by the negative polarity applied to
the Al contact on the c-Si wafer. Thus, injection of holes
from the �c-Si:H layer over the �i� a-Si:H interlayer into
the c-Si wafer is easier than the extraction of holes from the
wafer. This finding indicates that the barrier between the
highly doped c-Si wafer and the �i� a-Si:H interlayer is
higher than that between �c-Si:H and the �i� a-Si:H layer.
Since the Fermi energies EF in both highly doped Si materi-
als �the c-Si wafer and the �c-Si:H layer� are close to the
valence band energy EV, we may identify the barrier at either
side of the �i� a-Si:H layer with the respective valence band
offsets �EV. As can be seen from the comparison of Figs.
4�a� and 4�b�, the larger band offset �EV at the c-Si/ �i�
a-Si:H interface compared to �EV at the �c-Si:H/ �i�
a-Si:H interface explains the asymmetry of the G�V� char-
acteristics in Fig. 3.

To separately investigate the �c-Si:H/ �i� a-Si:H inter-

FIG. 2. The resistance R of the heterojunction back contact increases
sharply if a critical deposition time tdep of the passivating �i� a-Si:H inter-
layer is exceeded. The critical time depends on whether only silane �type I�
or an additional hydrogen dilution �type II� is used. The lines are guides to
the eye. The inset sketches the device geometry.

FIG. 3. Conductance G vs voltage V characteristics of heterojunction back
contacts at different temperatures T=320, 300, 280, 260, and 240 K. The
deposition times tdep for the �i� a-Si:H interlayer �type I, without additional
H2� are tdep=80 s �a� and tdep=200 s �b�. The polarity corresponds to the
voltage applied to the Al contact on the c-Si wafer �cf. inset of Fig. 2�.

FIG. 4. Band diagram �valence band energy EV only� of the c-Si/ �i�
a-Si:H/�c-Si:H heterojunctions from Figs. 2 and 3. The forward direction
of the current flow �a� corresponds to a negative bias applied to the c-Si
wafer. Here the Fermi energy EF on the c-Si side is above that on the
�c-Si:H side, such that holes travel from the right to the left. In reverse
direction �b� the hole current from the c-Si side is hampered by the valence
band offset �EV between the c-Si wafer and the �i� a-Si:H interlayer. This
band offset is higher than �EV between the �c-Si:H and the �i� a-Si:H.
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face, we fabricate structures that contain an additional 40 nm
thick �c-Si:H layer between the c-Si substrate and the �i�
a-Si:H interlayer. As sketched in the inset of Fig. 5, the �i�
a-Si:H layer �deposition time tdep=150 s� is sandwiched be-
tween two �c-Si:H layers. The corresponding G /V charac-
teristics in Fig. 5 are more symmetric than the corresponding
curves in Fig. 3. However, the conductance is markedly
higher when injecting holes from the �c-Si:H layer adjacent
to the ZnO �cf. inset in Fig. 5�. Obviously, the deposition
sequence has a non-negligible influence on the electronic
properties of the respective interfaces.

To investigate the barrier heights for the heterocontact
systems of Figs. 3�a�, 3�b�, 5�a�, and 5�b�, we analyze the
thermal activation of the zero-bias conductance G0 for these
samples. Figure 6�a� depicts an Arrhenius plot of G0 of
c-Si/ �i� a-Si:H/�c-Si:H samples �inset of Fig. 3� for
a-Si:H interlayer deposition times tdep=50, 80, and 200 s.
From the fits to the data, we obtain the activation energies
Ea=0.49, 0.57, and 0.65 eV, respectively. If we identify Ea

with the valence band offset �EV between the c-Si wafer and
the �i� a-Si:H interlayer, this result corresponds reasonably
well to the band offset data reported earlier.8–11 In view of

such a high band offset it appears impossible to achieve a
low-Ohmic contact without the support of additional trans-
port paths. In fact, back contacts with tdep
35 s and R

10−1 � cm2 at T=300 K �cf. Fig. 2� exhibit nonlinear or
only partially linear Arrhenius plots �not shown in Fig. 3�a��,
where no distinct value for Ea can be extracted. Here, several
possible processes offer an explanation and are possibly su-
perimposed: �i� quantum-mechanical tunneling through the
few nanometer thin potential barrier; �ii� lateral inhomogene-
ities of the �i� a-Si:H layer due to initially insular growth of
the amorphous intrinsic layer13 resulting in laterally inho-
mogenous tunneling probabilities and/or uncovered domains;
�iii� hydrogen etching of the �i� a-Si:H layer during deposi-
tion of the �c-Si:H, known in literature as preferential etch-
ing of the amorphous phase21–23 that would have similar con-
sequences.

Figure 6�b� shows the Arrhenius plot of the zero-bias
conductance G0 versus T−1 obtained from the data in Fig. 5
exhibiting an activation energy Ea=0.53 eV. This value is
smaller than Ea obtained from the asymmetric structures with
comparable deposition times for the �i� a-Si:H layer in Fig.
6�a�. Thus, we conclude that the valence band offset between
�i� a-Si:H and c-Si is about 100 meV larger than the one
between �i� a-Si:H and �c-Si:H. This difference explains
the asymmetry of the G /V characteristics in Fig. 3. Using the
transitivity rule, we additionally conclude that the valence
band offset �EV between �c-Si:H and c-Si is about
100 meV. A value of �EV�100 meV also explains that the
resistance measurements depicted in Fig. 2 exhibit no trans-
port barrier between c-Si and �c-Si:H.

IV. LIFETIME MEASUREMENTS

This section studies the influence of the �i� a-Si:H depo-
sition time tdep on the surface recombination velocity of
250 �m thick, 100 mm diameter, p-type float-zone Si wafers
with resistivity ��1 � cm. The inset of Fig. 7 sketches the
cross section of these samples being passivated one side with
30 nm thick �i� a-Si:H and on the other one with �i� a-Si:H
layers of various deposition times followed by the highly
doped �c-Si:H layer �RH=100, �P=80 MHz�.

FIG. 5. Conductance G vs voltage V characteristics of a
�c-Si:H/ �i� a-Si:H/�c-Si:H structure as shown in the inset. The measure-
ments are performed at temperatures T=320, 300, 280, 260, and 240 K. The
deposition times tdep for the �i� a-Si:H interlayer �type I, without additional
H2� is tdep=150 s.

FIG. 6. �a� The Arrhenius plots of the zero-bias conductance G0 of the
heterojunction back contacts demonstrate an increase of the activation ener-
gies Ea with increasing deposition time tdep of the �i� a-Si:H layer. �b�
Arrhenius plot for G0 of a �c-Si:H/ �i� a-Si:H/�c-Si:H sandwich structure
as sketched in the inset of Fig. 5 exhibiting an activation energy Ea

=0.53 eV.

FIG. 7. The effective lifetime �eff increases with increasing deposition time
tdep for the �i� a-Si:H passivating interlayer between the crystalline wafer
and the �p+��c-Si layer. The inset sketches a cross section of our samples
with a 30 nm of passivating �i� a-Si:H layer on the back side. The straight
line is a guide to the eye.
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The effective minority carrier lifetime �eff=1±0.1 ms is
determined by the quasi-steady-state photoconductance
method24 for reference wafers covered with �i� a-Si:H layers
of 30 nm thickness on each side. Assuming negligible bulk
recombination, we derive a surface recombination velocity
S�13 cm/s using the model of Sproul.25 For the asymmetric
structures depicted in the inset of Fig. 7, the effective life-
time increases from 100 �s �for no �i� a-Si:H interlayer� up
to 600 �s �after a deposition time tdep=60 s�. Accepting S
�13 cm/s for the side passivated with 30 nm �i� a-Si:H, we
find values between S=180 cm/s and S=30 cm/s for the
side passivated with the �i� a-Si:H/ �p� �c-Si:H double
layer. First of all, there seems to be a reasonable surface
passivation quality for any thickness of the �i� a-Si:H layer
and even when omitting it. This result is in contrast to the
work of de Wolf and Beaucarne26 who found that the passi-
vation quality of 3 nm thin �i� a-Si:H layers is destroyed by
deposition of an additional �p� a-Si:H layer grown without
hydrogen dilution. The high hydrogen dilution RH=100 to-
gether with the VHF plasma frequency �p=80 MHz that we
use for our doped �c-Si:H layers obviously makes this dif-
ference. From the present results we see that increasing the
deposition time for the �i� a-Si:H interlayer decreases the
surface recombination velocity. Whether or not the simulta-
neous increase of the contact resistance compensates the ex-
pected efficiency gain is investigated in the next section.

V. SOLAR CELLS

To study the influence of the �i� a-Si:H thickness on the
performance of a-Si:H back contacts for solar cells, we use
test devices fabricated from 250 �m thick p-type Si wafers
�resistivity ��1 � cm� with a diffused emitter and a random
pyramid texture at the front surface. For the �i� a-Si:H layer
we use no hydrogen dilution �type I in Fig. 2�, and we again
vary the thickness of this interlayer.

Figure 8 depicts the open circuit voltages VOC and fill
factors FF of the completed cells as well as the product FF
�VOC. Firstly, we see from Fig. 8 that already without an �i�
a-Si:H interlayer, we obtain a VOC=640 mV. Insertion of
the �i� a-Si layer between the �c-Si:H and the wafer leads to
an increase of VOC with increasing interlayer thickness �ex-
pressed as deposition time tdep in Fig. 8�. A maximum VOC

=687 mV is achieved after a deposition time tdep=40 s.
However, the intrinsic layer leads to a decrease of the fill
factor FF with increasing thickness di. As can be seen from
Fig. 8, the fill factor drops dramatically from 78.7% to below
60% between tdep=20 s and tdep=30 s. This loss clearly over-
compensates the simultaneous gain of few millivolts in VOC.
We use the product FF�VOC as a figure of merit because the
variations of the short circuit current density JSC due to slight
differences in the optical properties of the different cells are
too large to allow us the use of the output power P=JSC

�FF�VOC for the same purpose. As can be seen from Fig.
8, the product FF�VOC does barely change from tdep=0 to
tdep=20 s and drops steeply for larger values of tdep because
of the decline of the fill factor.

From Fig. 8, we conclude that there is no real benefit
from the �i� a-Si:H interlayer when directly combined with
the �c-Si:H contact layer. In contrast, our best back contacts
use an additional �p� a-Si:H layer prepared at RH=80 and
�P=13.56 MHz �Ref. 4� in between the intrinsic passivation
layer and the �c-Si:H contact layer. Figure 9 depicts the
dependence of VOC, FF, and FF�VOC on the intrinsic layer
deposition time. Here, the increase of VOC with increasing
tdep is more pronounced than in Fig. 4, whereas the decline of
FF at tdep�20 s is less dramatic as for the two layer system.
For the �i� a-Si:H/ �p� a-Si:H/ �p� �c-Si:H three-layer sys-
tem of Fig. 9, we actually find a maximum for FF�VOC

around tdep=30 s that combines a high VOC=680 mV with a
high fill factor FF=78.7% corresponding to a confirmed ef-
ficiency 
=21%, as reported in Ref. 4.

VI. CONCLUSIONS

The present study on resistive losses at �p� c-Si/ �p�
Si:H/ �n� ZnO heterojunction back contacts for high effi-
ciency silicon solar cells has demonstrated that a low tunnel-
ing resistance for the �p� Si:H/ �n� ZnO part of the junction
requires deposition of Si:H with a high hydrogen dilution
RH�40 resulting in a highly doped �c-Si:H layer. Such a
�c-Si:H layer if deposited directly on a Si wafer yields al-
ready a relatively low surface recombination velocity of S
�180 cm/s. Thus, using the same layer as part of a �p�
c-Si/ �p� Si:H/ �n� ZnO back contact in a solar cell results in

FIG. 8. Open circuit voltage VOC and fill factor FF of solar cells with a �i�
a-Si:H/ �p� �c-Si:H double layer heterostructure back contact depending
on the �i� a-Si:H deposition time tdep. The product VOC�FF for the double
layer back contact exhibits no maximum for a finite deposition time tdep.

FIG. 9. Open circuit voltage VOC and fill factor FF of solar cells with a �i�
a-Si:H/ �p� a-Si:H/ �p� �c-Si:H triple layer heterostructure back contact
depending on the �i� a-Si:H deposition time tdep. The product VOC�FF for
the triple layer system exhibits a clear maximum at a deposition time tdep

=30 s.
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an open circuit voltage VOC=640 mV and a fill factor FF
=80%. Insertion of an additional �i� a-Si:H layer between
the �c-Si:H and the wafer leads to a further decrease of S
and, for the solar cells, to an increase of VOC. However, if the
thickness di of this intrinsic layer exceeds a threshold of di

�4–5 nm, resistive losses cause a degradation of the fill
factor FF of the solar cells. These FF losses overcompensate
the VOC gain such that there is no real benefit of the �i�
a-Si:H interlayer for the overall solar cell performance when
using an �i� a-Si:H/ �p� �c-Si:H double layer. In contrast,
the triple-layer system �i� a-Si:H/ �p� a-Si:H/ �p� �c-Si:H
used for our earlier solar cells4 exhibits a maximum perfor-
mance at a nonzero �i� a-Si:H interlayer thickness. The rea-
son for the critical dependence of the series resistance and
the fill factor of the solar cells on the �i� a-Si:H layer lies in
the relatively large valence band offsets �EV at the c-Si/ �i�
a-Si:H interface ��EV�650 meV� and at the �c-Si/ �i�
a-Si:H interface ��EV�530 meV�.
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