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ABSTRACT

Amorphous/crystalline silicon heterojunction solar cells,
TCO/a-Si:H(n)/c-Si(p), are investigated by means of numerical
computer simulation. The influence of (1) the a-Si:H(n) emitter
thickness, (2) the defect density of the emitter/wafer interface
and (3) the TCO/emitter front contact system on the solar cell-
performance is studied and compared with experimental re-
sults. The use of an intrinsic a-Si:H(i) buffer layer and of a
p-doped a-Si:H(p) back surface field layer is addressed, mod-
elling TCO/a-Si:H(n)/a-Si:H(i)/c-Si(p)/a-Si:H(p) solar cell
structures. Some general design criteria for a-Si:H/c-Si het-
erojunction solar cells are derived, suggesting an optimum
emitter thickness for a given (measured) front contact
TCO/emitter built-in potential.

1. INTRODUCTION

Solar cell devices, based on amorphous/crystalline sili-
con heterojunctions (a-Si:H/c-Si) have raised considerable
interest. Thin film a-Si:H layers are deposited by plasma en-
hanced chemical vapor deposition on both sides of a high-
quality c-Si wafer, thus realising the solar cell emitter and the
back surface field (BSF-layer) of the solar cell. Due to the
comparatively low conductivity of doped a-Si:H, the further
use of a transparent, conductive layer (TCO) on top of the
a-Si:H emitter is required. The high potential of such a tech-
nology has been recently demonstrated by Sanyo reaching
20.7 % cell efficiency in the laboratory and 15% for a commer-
cial module [1]. While in Japan the work concentrates on using
n-type c-Si wafers, the work in Europe mainly uses p-type c-Si
wafers predominantly. To our knowledge, so far the highest
efficiency of 16.2 % on a p-type c-Si wafer has been obtained
on a flat, unstructured FZ-Si <111> substrate [2].

The performance of these kind of solar cells not only
critically depends on the a-Si:H-emitter thickness, but also on
the properties of the three additional interfaces: (1) emit-
ter/wafer interface, (2) TCO/emitter interface, and (3) wa-
fer/BSF-layer interface. The cell properties can be varied by
changing the quality and type of the thin film silicon material
used [3], by incorporation of an undoped a-Si:H(i) buffer layer,
and by using either n- or p- type c-Si wafer material [4].

By means of modelling and numerical computer simu-
lation, the influence of an intrinsic a-Si:H(i) buffer layer, of the
TCO/emitter front contact and of a BSF-layer on the solar cell
performance (efficiency, open-circuit voltage, short-circuit
current, fill factor and internal quantum efficiency) is investi-

gated for p-type wafer material. It is the aim of this work to
improve the understanding of this device and to derive argu-
ments for design optimisation.

2. MODELLING

We used AFORS-HET for solving the one dimensional
semiconductor equations based on Shockley-Read Hall recom-
bination statistics. AFORS-HET is a simulation tool, which
was developed in our group and will be distributed for public
use [5]. For the individual semiconducting layers, as well as
for the interfaces between them, particular defect state distri-
butions have to be specified.

Considering the crystalline c-Si(p) absorber, a doping
concentration of 31610 5.1 −= cmNa  and a constant defect state
distribution of 1311  10 −−= eVcmD  throughout the bandgap was
assumed. This corresponds to a high quality FZ wafer (1 Ωcm)
with a minority carrier diffusion length of mLe µ500= , a value
which is larger than the wafer thickness of 300 µm.

For the amorphous silicon layers, a-Si(n), a-Si(i) and
a-Si(p) a band gap of eVEg  72.1=  and an electron affinity of

eV 8.3=χ  was assumed. For the doped films the doping con-
centration was set to 31910 −= cmNd . The defect-state distribu-
tions within the band gap are exponential band tail states and
Gaussian dangling bond states. The corresponding data is taken
from literature [6,7], adapted to our own measurements [8],
and sketched in Fig. 1. The parameters result in an activation
energy EA=EC-EF of eVEA  25.0=  in case of n-doped a-Si(n),

eVEA  82.0=  in case of intrinsic a-Si(i) and eVEA  32.1=  in
case of p-doped a-Si(p).

For modeling the a-Si/c-Si interface, a constant defect
state distribution ][cm-2 eVDit  throughout the c-Si bandgap is
assumed, leading to an integrated total interface state density

][cm-2
itN . If there is an intrinsic buffer layer, the thickness of

the intrinsic layer is assumed to be equal to the thickness of the
doped layer. The TCO front contact is modeled by specifying
the TCO/emitter surface recombination velocity frontS  and the
TCO/emitter built-in potential frontqφ . A built-in potential of

eVq front 0=φ  corresponds to no additional band bending (flat-
band condition) due to the front contact, 0>frontqφ  corre-
sponds to a depletion of the emitter. A measured reflection and
absorption loss of the incident solar AM1.5 radiation crossing
the 80 nm thick TCO front contact has been incorporated, as
shown in Fig. 2b.



All results shown in this paper have been calculated for
flat, untextured substrates in order to be able to compare these
simulations to our own experimental results [2,9], which led to
cell efficiencies in the 16 % region. Using in addition a BSF-
layer and surface texturing, the simulated solar cell efficiencies
exceed 20 %.

Fig. 1: Sketch of the acceptor-like (A) and donor-like (D) de-
fect-state distributions within the bandgap, Eg = 1.72 V, of
a-Si:H(n), a-Si:H(i) and a-Si:H(p), used in the simulation.

3. INFLUENCE OF THE EMITTER THICKNESS

In a first approximation we neglected defect states at
the emitter/wafer interface and the influence of the
TCO/emitter front contact (flatband condition).

   
300 400 500 600 700 800 900 1000 1100

0.0

0.2

0.4

0.6

0.8

1.0

straight lines: 
TCO/a-Si(n)/c-S i(p)
dotted lines: 
TCO/a-Si(n)/a-S i(i)/c-S i(p)

em itter
thickness
circles:      5 nm
triangles: 20 nm  

 

IQ
E

wavelength [nm ]

   
300 400 500 600 700 800 900 1000 1100

0.0

0.2

0.4

0.6

0.8

1.0

emitter thickness

front contact

circles:      5 nm
triangles: 30 nm

TCO/a-Si:H(n)/c-Si(p)

ab
so

rp
tio

n 
/ r

ef
le

ct
io

n

IQ
E

wavelength [nm]

0.0

0.2

0.4

0.6

0.8

1.0

Ref

Abs

 Reflection
 Absorption

 

Fig. 2: (a) Simulated and (b) measured internal quantum effi-
ciency of a-Si:H(n)/c-Si(p) heterojunction solar cells. Parame-
ter is the thickness d of the emitter layer. Also shown is the
measured absorption and reflection loss of the 80 nm thick
TCO front contact, which was incorporated in all simulations.

The simulated results of Fig.2 and Fig.3 suggest to
keep the a-Si:H emitter as thin as technologically possible:
Since a-Si:H is much more defective than c-Si, most carriers
generated in the emitter recombine. The diffusion length of

holes in the emitter is in the range of a few nm only. A thinner
emitter will therefore enhance the internal quantum efficiency
in the short wavelength region (300 nm to 650 nm), where
emitter absorption is significant (Fig.2). This enhancement of
IQE with decreasing d is due to two effects: With decreasing d
the absorption within the defect-rich emitter will be reduced
and a larger portion of the minority carriers can cross the het-
erojunction. For d = 5 nm, the IQE at low wavelengths
(< 350 mn) is restricted due to the TCO absorption and no
longer due to the a-Si:H emitter.
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Fig. 3: (a) Simulated and (b) measured short-circuit current
density iSC and open-circuit voltage VOC as a function of the
emitter thickness d.

These findings are in agreement with the behavior of
jSC and VOC shown in Fig.3. With decreasing d the short-circuit
current is strongly enhanced while the VOC is influenced only
little. The experimental data follow these trends down to
d = 5 nm. For smaller d of 3 nm, however, there is a sudden
drop in VOC of 23 mV. There is experimental believe, that this
is not due to pinholes within the ultrathin emitter layer [5], as a
5 nm thick a-Si(n)/a-Si(i) emitter also shows this drop in VOC,
see table 1. We attribute this experimentally observed voltage
drop to a non-negligible TCO/a-Si:H built-in potential qφfront.
So, for ultrathin emitters, the properties of the TCO/emitter
front contact can no longer be neglected. The simulations
shown in Fig.5.a (chapter 6) suggest that indeed carrier deple-
tion within the thin a-Si:H layer due to the TCO/a-Si:H(n)
contact will result in such voltage drops.

Furthermore, the measured open-circuit voltage is
lower than expected from the simulation (638 mV instead of
643 mV). We assign this difference to the non-negligible
TCO/a-Si:H built-in potential qφfront and to the influence of
interface states at the emitter/wafer interface.
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4. INFLUENCE OF AN INTRINSIC BUFFER LAYER

Comparing a-Si:H(n) and a-Si:H(n)/a-Si:H(i) emitters
of the same total thickness, experimentally, an increase of VOC
with the introduction of a buffer layer is observed, if the emit-
ter layer is thick enough (10 nm, Table 1). However, for a
thinner emitter, there is a decrease of VOC (5 nm, Table 1). This
behavior is not observed in the simulation if one neglects the
influence of the emitter/wafer and of the TCO/emitter interface.

The increase in VOC  is attributed to a better defect pas-
sivation of the emitter/wafer interface, using intrinsic a-Si:H(i)
instead of doped a-Si:H(n), compare Fig.4, chapter 5. The
decrease in VOC is attributed to the non-negligible TCO/a-Si:H
built-in potential qφfront, compare Fig. 5a, chapter 6.

cell structure  Voc [mV]
80nm TCO / 10nm a-Si:H(n) / c-Si(p) 638
80nm TCO / 5nm a-Si:H(n) / 5nm a-Si:H(i) / c-Si(p) 642
80nm TCO / 5nm a-Si:H(n) / c-Si(p) 638
80nm TCO / 2.5nm a-Si:H(n) / 2.5nm a-Si:H(i) / c-Si(p) 600

Table 1: Experimental VOC of a-Si:H/c-Si heterojunction solar
cells with different emitters.

According to the simulation, we find that the inclusion
of a buffer layer results in an enhancement of iSC, if one again
compares emitters of the same total thickness, and neglects
defects at the emitter/wafer interface (see Fig.3.a). As already
discussed, for ultra thin emitter layers, the emitter is not elec-
trically dead. As a-Si:H(i) is less defective compared to a-Si(n),
more holes created within the buffer layer will be collected.
Thus the blue response of the internal quantum efficiency is
enhanced (see Fig.2.a). However, the main effect of the intrin-
sic buffer layer is to ensure a better emitter/wafer interface
passivation.
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Fig. 4: Simulated dependence of the open-circuit voltage on
the emitter/wafer interface state density, with and without us-
ing an intrinsic buffer layer. The emitter thickness is 10 nm, the
influence of the TCO/emitter contact has been neglected (flat-
band conditions).

So far interface states at the emitter/wafer interface
have been neglected. Such states will significantly reduce the
open-circuit voltage of the solar cell (Fig.4). The reduction in

open-circuit voltage is due to additional interface recombina-
tion and can be partially suppressed by ensuring a strong band
bending in the crystalline absorber [4]. According to Fig.4, the
total concentration of interface defects should be less than
Nit ≈ 1011 cm-2. This appears possible making use of the excel-
lent surface passivation that can be achieved with intrinsic
a-Si:H(i) [10]. Using an intrinsic a-Si:H(i) buffer layer, there
are probably less defects at the a-Si:H/c-Si interface, which
leads to the increase in open-circuit voltage mentioned above.

6. INFLUENCE OF THE TCO/EMITTER
     FRONT CONTACT

The front contact TCO/a-Si:H(n) built-in potential
qφfront is expected to be somewhere in the range 0.2 – 0.4 eV
[3,11]. As a result of this, the TCO/emitter front contact will
drive the a-Si:H(n) emitter into depletion. Taking the
TCO/emitter front contact into consideration, for
qφfront ≥ 0.3 eV there is now a significant decrease in open-
circuit voltage, if the a-Si:H emitter gets too thin (Fig.5). The
critical emitter thickness at which the decrease in VOC starts, is
larger if an intrinsic a-Si:H(i) buffer layer is used (Fig.5). With
a negligible front contact built-in potential, 0≤ qφfront ≤ 0.2 eV,
VOC increases slightly with decreasing d, independent from the
emitter type (Fig.5 and Fig.3a).
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Fig. 5: Simulated (a) VOC and (b) fill factor of a-Si:H/c-Si het-
erojunction solar cells with or without a buffer layer as a func-
tion of the emitter thickness d. The parameter is the
TCO/emitter built-in potential qφfront.



A non-negligible front contact TCO/emitter built-in
potential can thus explain the experimentally observed de-
crease of VOC for thin emitter layers, mentioned in chapter 3
and chapter 4. In the measured thickness dependence of VOC in
Fig.3b, there is a voltage drop of 23 mV, as the emitter gets
thinner than 5 nm. For a 5 nm thick emitter, the use of an in-
trinsic buffer layer leads to a voltage drop of 38 mV, like stated
in table 1. According to the results of the simulations shown
above, this corresponds to a front contact TCO/a-Si:H(n) built-
in potential somewhere between 0.3 - 0.4 eV.

In order to shield the electric field imposed by the front
contact built-in potential, the depletion zone within the a-Si:H
emitter would be approximately 10 nm thick. If the emitter gets
thinner than 10 nm, additional carriers from the absorber and
recharged defects from the emitter have to be used to shield the
electric field. This considerably alters the band bending in the
crystalline absorber and leads to a strong decrease of the fill
factor and of VOC (Fig.5a and b) [3]. The critical emitter thick-
ness, at which this decrease starts, is larger when an intrinsic
buffer layer is used, because in this case there are less carriers
from the emitter available in order to shield the electric field.

There exists now an optimum emitter thickness, de-
pending on the front contact TCO/a-Si:H(n) built-in potential
and on the type of the emitter used. As long as qφfront ≤ 0.2 eV,
the influence of the TCO/emitter front contact is negligible and
the emitter should be deposited as thin as technologically pos-
sible. For 0.3 eV ≤ qφfront ≤ 0.4 eV, the optimum emitter thick-
ness is about 5-7 nm (no buffer layer) and 10-15 nm (with
buffer layer) respectively.

7. INFLUENCE OF THE BSF-LAYER

So far, no interface passivation at the back side of the
solar cell has been assumed (Sback = 107 cm/s), in analogy to
the solar cells processed. In order to reach higher efficiencies,
excellent interface passivation at the back contact and light
trapping due to surface texturing is necessary.
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Fig. 6: Influence of an a-Si:H(p) BSF-layer on the solar cell
performance of a-Si:H/c-Si heterojunction solar cells. Simu-
lated solar cell efficiency as a function of the back contact
a-Si:H(p)/TCO built-in potential qφback. The parameter is the
thickness of the BSF-layer.

Using a p-doped a-Si:H(p) back-surface field (BSF)
layer, and assuming a sufficient interface passivation (interface
trap density smaller than 1011 cm-2), the open-circuit voltage
can be enhanced by 30 mV, from 643 mV to 673 mV, and the

corresponding solar cell efficiency will rise from 16.5 % to
18.1 % (Fig.6). In this simulation no light trapping due to tex-
turing has been taken into account. The influence of the thick-
ness of the BSF-layer on the solar energy performance is not as
critical as compared to the emitter layer. However, the influ-
ence of the back contact a-Si:H(p)/TCO built-in potential qφback
is much more severe, see Fig.6. One has to ensure that
qφback ≤ 0.1 eV, in order to enhance the solar cell efficiency.

8. CONCLUSION

Some general design criteria for amorphous/crystalline
silicon heterojunction solar cells have been found: (I) Ensure a
good a-Si:H/c-Si interface passivation (optimum value:
Nit ≤ 1011 cm-2). If the incorporation of an intrinsic a-Si:H(i)
buffer layer enhances VOC for thick emitters it should be used,
otherwise it should be omitted. (II) Measure and minimize the
front contact TCO/a-Si(n) built-in potential (optimum value:
qΦfront ≤ 0.2 V, however this value will probably be higher, i.e.
0.3 V ≤qΦfront ≤ 0.4 V). (III) Minimise the emitter thickness to
an extent that the band bending of the crystalline absorber at
the emitter/wafer interface is not lost. This critically depends
on the front contact TCO/emitter built-in potential qφfront and
of the type of emitter used. For qφfront = 0.3 eV the optimum
emitter thickness is roughly 10 or 5 nm, using or not using an
intrinsic buffer layer. For a lower/higher qφfront the optimum
emitter thickness is lower/higher. If qφfront ≤ 0.2 eV, the emitter
should be deposited as thin as technologically possible. (IV) An
a-Si:H(p) BSF-layer is only helpful if the back contact
a-Si:H(p)/TCO built-in potential is small, i.e. qφback ≤ 0.1 eV.
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