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Effects of contact electrode size on the characteristics of polycrystalline-Si p–i–n
solar cells
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Abstract: The effects of contact electrode size on the photo-voltaic characteristics of polycrystalline-Si p–i–n
solar cells have been studied, with respect to a unit-cell pitch size of 1�mwidth. For the non-transparent Al contact
electrode with a contact width of 0.05–0.2�m, the short-circuit current is obviously reduced with increasing contact
width, due to a larger area of optical reflection by the electrode. On the other hand, even when using a transparent
ITO (indium-tin-oxide) electrode, a larger width of contact electrode may also cause a smaller short-circuit current,
due to a larger area of optical absorption by the electrode. However, for this ITO electrode, the contact electrode of
0.05 �mwidth causes a smaller short-circuit current than that of 0.1 �mwidth, primarily ascribed to a smaller area
for collecting carrier and a larger contact resistance. As a result, while using the ITO contact electrode to enhance
the conversion efficiency of the solar cell, a proper width of contact electrode should be employed to optimize the
photo-voltaic characteristics.
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1. Introduction

Since the price of petroleum is getting higher, the clean and
almost unlimited solar energy is considered a good substitute
energy source. Several technologies in fabricating solar cells
have already been developedŒ1�5�. Polycrystalline or multi-
crystalline silicon solar cells have become a strong contender
for terrestrial applicationsŒ6�10�. In recent years, there has been
substantial improvement in the quality of polycrystalline sili-
con substrates. The effective minority carrier diffusion length
has been increased from 80–100 �m to 150–200 �m. How-
ever, due to the presence of grain boundaries, subgrain bound-
aries and impurities, there remains a substantial gap in the ef-
ficiency of polycrystalline silicon solar cells when compared
with that of single crystalline cellsŒ9; 10�.

In addition, since an internal electric field is needed to sep-
arate carriers more efficiently, the p–i–n structure has gener-
ally been applied in the device structure of solar cells. For the
p–i–n structure, the top emitter layer of a heavily doped nC or
pC layer would considerably absorb the incident light. Hence,
a thin top emitter layer is generally employed to increase the
short-circuit current. However, for a thin emitter layer, the lat-
eral parasitic series resistance would be considerably enhanced
as a small width of contact electrode is employed.

In this study, the effects of contact electrode size on the
photo-voltaic characteristics of polycrystalline-Si p–i–n solar
cells have been studied. Various widths of the contact elec-
trodes have been investigated. Moreover, both the transparent
indium-tin-oxide (ITO) electrode and the non-transparent Al
electrode have been examined.

2. Device scheme

A typical fabrication process flow of a polycrystalline-Si

p–i–n solar cell was carried out. The nC poly-Si substrate was
heavily arsenic-doped with a concentration of 1 � 1019 cm�3.
The poly-Si i-layer was phosphorus-doped with a low concen-
tration of about 1 � 1014 cm�3 and with a thickness of about
20 �m. Then, the pC layer of about 0.1 �m thickness was
formed by heavily boron-doping the poly-Si layer to a con-
centration of about 1 � 1019 cm�3. The unit-cell pitch size
was 1 �m wide, and the longitudinal length of the device was
100 �m. The front contact electrode was formed by the evapo-
ration of 100-nm ITO or Al films onto the wafer, and then the
lift-off techniquewas used for delineation of the contact region.
Various front-contact widths of 0.05–2.0 �m were formed to
examine the effect on the electrical characteristics of the solar
cell, and the contact length was defined as 100 �m.

In addition, the back contact was formed by evaporating
Ti/Ag (50-nm/50-nm) on the top of the A1 back-surface-field
(BSF) contact region. Figure 1 shows the resultant structure
of the polycrystalline p–i–n solar cell. The samples were then
annealed in a forming gas ambient for 30 min at 400 ıC. Sub-
sequently, a silicon oxide layer of about 100 nm thickness was
deposited on the upper surface for passivation of the solar cell.
All of the resultant solar cells were electrically characterized
by light measurements. The current–voltage (I–V ) measure-
ments were performed with an AM 1.5 g sun simulator under
standard conditions (25 ıC, 100 mW/cm2/ to examine the out-
put voltage and the short-circuit current. In addition, the max-
imum conversion efficiency of the solar cells was calculated
from the resultant I–V curve.

3. Results and discussion

The short-circuit current is significantly dependent on the
width of the contact electrode. Figure 2 shows the dependence
of the short-circuit current on the width of the contact electrode
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Fig. 1. Resultant structure of the polycrystalline-Si p–i–n solar cell.

Fig. 2. Dependence of short-circuit current on the width of contact
electrode for devices with Al and ITO electrodes, respectively, and
with a pC layer of 0.1�m thickness and an i-layer of 20�m thickness.

for the devices with the Al and the ITO electrodes, respectively.
For the Al electrode, the short-circuit current is obviously re-
duced with increasing width of the contact electrode. The con-
tact resistivity between the Al electrode and the p+ poly-Si is
estimated to be about 6���cm2, and the resultant contact resis-
tance is only about 120�, even for a contact width of 0.05�m.
Hence, in terms of the Al electrode, for this short-circuit cur-
rent of the order of about 10 nA, the resultant I � R (cur-
rent�resistance) voltage drop would be only several�V, which
implies that the effect of contact resistance on the characteris-
tics of the solar cell is very small. Accordingly, the above re-
sult for the short-circuit current would be caused mainly by the
fact that much more light is reflected by the Al electrode with
a larger area. Thus, the light energy absorbed by the poly-Si
layer would be smaller for a larger width of contact electrode.

Fig. 3. Carrier photo-generation rate as a function of depth for the de-
vices with and without a transparent contact electrode on the Si layer,
respectively.

Since the ITO electrode is much more transparent to light
than the Al electrode, the ITO electrode can lead to a much
larger short-circuit current than the Al electrode. In addition, as
compared to the Al contact electrode, the ITO contact electrode
causes much less variation in the short-circuit current with the
contact width, due to much better transparency. However, even
for the ITO electrode, a large contact width may also slightly
degrade the short-circuit current, ascribed to a larger area of
optical absorption by the ITO layer. By using MEDICI simula-
tionŒ11�, the carrier photo-generation rate has been calculated.
Figure 3 shows the carrier photo-generation rate as a function
of depth for the devices with and without a transparent contact
electrode on the Si layer, respectively. As a result, even though
using the ITO transparent electrode, the carrier generation is
slightly reduced. Accordingly, even for the ITO electrode, a
small contact width would also facilitate enhancement of the
light absorption in the i-layer of the solar cell.

On the other hand, however, a smaller contact width would
be worse for collecting the photo-generated carrier, due to a
smaller area for the collecting carrier, which may also substan-
tially cause a larger lateral parasitic series resistance. In addi-
tion, the contact resistivity between the ITO electrode and the
pC poly-Si is estimated to be about 30 m��cm2, and the re-
sultant contact resistance is about 600 and 300 k� for a con-
tact width of 0.05 and 0.1 �m, correspondingly. For this short-
circuit current of the order of about 10 nA, the resultant I � R

voltage drop can be several mV, which may slightly degrade
the resultant short-circuit current and the characteristics of the
solar cell. Hence, for the ITO electrode, a smaller contact width
may cause more serious current crowding and also a larger
I � R voltage drop, thus degrading the short-circuit current.
As a result, in spite of the more photo-generated carrier, the
ITO contact electrode of 0.05�mwidth causes a smaller short-
circuit current than that of 0.1 �m width. Hence, for the trans-
parent contact electrode of width smaller than 0.1�m, both the
resultant carrier collection area and the contact resistance may
be more dominant in affecting the short-circuit current than the
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Fig. 4. Dependence of open-circuit voltage on the width of the contact
electrode for the devices with Al and ITO electrodes, respectively, and
with a pC layer of 0.1�m thickness and an i-layer of 20�m thickness.

optical absorption by the electrode.
In addition, Figure 4 shows the dependence of open-circuit

voltage on the width of the contact electrode for the devices
with the Al and ITO electrodes, respectively. In the p–i–n struc-
ture, a forward bias voltage should be provided for inducing
dark current. Therefore, a larger forward bias is required to
balance a larger short-circuit current, which eventually yields a
larger open-circuit voltage. As a result, for the Al electrode, the
open-circuit voltage is decreased with increasing width of the
contact electrode, which is attributable to the reduced short-
circuit current. Similarly, in terms of the ITO electrode, the
open-circuit voltage shows a slight decrease with increasing
width of the contact electrode, for a width of 0.1–0.2 �m. For
a contact width smaller than 0.1 �m, the contact electrode of
0.05�mwidth would cause a smaller open-circuit voltage than
that of 0.1 �m width, primarily ascribed to a smaller short-
circuit current.

In addition, Figure 5 shows the dependence of maximum
conversion efficiency on the width of the contact electrode for
devices with Al and ITO electrodes, respectively. The devia-
tion in the experimental results is also shown in the illustration.
The ITO electrode is found to exhibit larger fluctuation of solar-
cell characteristics than the Al electrode, attributable to the
worse contact characteristics. Nevertheless, as a result, for the
Al contact electrode of 0.05–0.2�m, the maximum conversion
efficiency is increased with reducing contact width. However,
for the ITO contact electrode, a proper contact width of about
0.1 �m should be employed to optimize the maximum con-
version efficiency, which causes relatively high short-circuit
current and open-circuit voltage. Hence, while employing the
transparent contact electrode to enhance the performance of the
solar cell, the width of the contact electrode should be properly
chosen to optimize the photo-voltaic characteristics.

4. Conclusions

The effects of contact electrode width on the photo-voltaic

Fig. 5. Dependence of maximum conversion efficiency on the width
of the contact electrode for devices with Al and ITO electrodes, re-
spectively, and with a pC layer of 0.1 �m thickness and an i-layer of
20 �m thickness.

characteristics of polycrystalline-Si p–i–n solar cells have been
studied, with respect to a unit-cell pitch size of 1 �m width.
For the Al contact electrode of 0.05–0.2 �m width, the photo-
voltaic characteristics of the solar cell are improved by reduc-
ing the contact electrode width, due to a smaller area of op-
tical reflection by the electrode. Even though using the trans-
parent ITO contact electrode with a width of 0.1–0.2 �m, the
short-circuit current is slightly increased with reduced contact
width, due to a smaller area of optical absorption by the elec-
trode. However, the contact electrode of 0.05 �m width would
cause a smaller short-circuit current than that of 0.1 �mwidth,
ascribed to a smaller area for collecting carrier and a larger
contact resistance. For the variation in the open-circuit voltage
with the contact width, the results show a trend similar to that
of the short-circuit current. Consequently, while employing the
ITO contact electrode to enhance the conversion efficiency of
the solar cell, a proper width of contact electrode should be
employed to optimize the photo-voltaic characteristics.
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