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Radial n+–p+ junction solar cells composed of densely packed pillar arrays, 25-�m-tall and 7.5 �m
in diameter, fabricated from p-type silicon substrates with extremely short minority carrier diffusion
lengths are investigated and compared to planar cells. To understand the two times higher AM 1.5
efficiencies of the pillar array cells, dark and light I-V characteristics as well as spectral responses
are presented for the two structures. The higher pillar array cell efficiencies are due to the larger
short-circuit currents from the larger photon absorption thickness and the shorter carrier collection
length, with a significant additional contribution from multiple reflections in the structure. © 2010
American Institute of Physics. �doi:10.1063/1.3432449�

There is growing interest in developing device architec-
tures for enhancing the performance of solar cells fabricated
using inexpensive materials that are suitable for cost-
effective, large-scale integration.1,2 Radial p–n junction
structures composed of vertically aligned micro- or nanopil-
lar arrays are of interest because they may allow cell fabri-
cation with materials having short minority carrier diffusion
length.3,4 Unlike planar cells, where the light absorption and
carrier collection are in competition, the radial junction ar-
chitecture offers the advantage of decoupling the processes.
In this case, cells can be thick in the direction of incident
light to maximize absorption of solar radiation, while at the
same time being thin in the direction of carrier collection to
facilitate efficient extraction of light-generated carriers. Us-
ing such a geometry, photoelectrochemical studies on Cd-
�Se,Te� showed more efficient carrier collection in nanowire
arrays than in planar photoelectrodes.5 Moreover, recent
work indicates that radial junction micro- and nanowires are
also promising candidates for low-cost photovoltaics.6,7

Pillar array structures can be designed to optimize solar
cell efficiency by varying the diameter, the length, and the
distance between pillars. Energy conversion efficiencies of
various pillar array cells have been estimated theoretically3,8

and several light trapping strategies have been proposed.9–11

Recently, Kayes et al.12 studied radial junction arrays
fabricated from a lightly doped n-type Si substrate ��1
�1015 cm−3;2–8 � cm� with a minority carrier diffusion
length, Ln�100 �m, and reported photovoltaic properties
for two different pillar diameters �5 �m,50 �m� including
the effect of increased junction area on open-circuit voltage
�Voc�. Here, we report a comparison of etched radial n+–p+

junction pillar array solar cells and corresponding planar
cells that were fabricated using heavily doped p-type Si sub-
strates with Ln�10 �m and �1 �m.13 Such short minority
carrier diffusion lengths are expected in inexpensive materi-

als such as polysilicon and hot wire-grown Si thin films14 as
well as vapor-liquid-solid grown Si nanowires,15 which can
be integrated onto glass or flexible substrates. Cells with pil-
lar array and planar geometries were characterized with dark
and light current-voltage �I-V� measurements as well as their
spectral response. The direct and quantitative comparison of
these cells offers important insight for the design optimiza-
tion of radial junction pillar array solar cells that are made
using emerging low-cost materials and processes.

Hexagonally packed arrays of nominally 7.5 �m diam-
eter and 25 �m tall pillars were etched in p+ crystalline
�100� Si substrates with resistivities of �0.02 � cm �A� and
�0.005 � cm �B�, corresponding to doping concentrations
of �5�1018 cm−3 �Ln�10 �m� and �7�1019 cm−3 �Ln

�1 �m�, respectively. The center-to-center distance be-
tween the pillars is 10.7 �m, giving a pillar filling fraction
of �38%. The pillar array cells were fabricated by defining a
SiO2 hard mask using optical lithography and reactive ion
etching. The mask pattern was transferred into the p+ Si sub-
strates using a Bosch deep reactive ion etching �DRIE�
process,16 and the resulting polymeric coating on the pillar
sidewalls was removed using an O2 plasma followed by a
Piranha �H2SO4:H2O2=1:1� wet clean. The sidewall rough-
ness and damage introduced during DRIE were significantly
reduced by incorporating two successive thermal oxidation
and strip cycles prior to dopant diffusion, as shown in the
inset of Fig. 1�a�. After a standard wet chemical clean, n+–p+

junctions were formed by gas phase diffusion �1000 °C, 13
min� from phosphorus oxychloride �POCl3�, giving a surface
doping concentration of �1020 cm−3 and a junction depth of
�0.3 and 0.2 �m in the A and B substrates, respectively.
The measured pillar diameters for different devices fabri-
cated on the same p+ Si substrate varied slightly from 7.3 to
7.8 �m.

To account for edge effects, pillar array solar cells with
two different active areas of 2.7�2.7 mm2 and 5.2
�5.2 mm2 were fabricated and characterized. For both cell
areas, the square pillar array was surrounded by a 0.2 mm
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wide planar junction. Thus, the small area cell has total of
�105 pillars, while the larger area cell has �4�105 pillars.
Ohmic contacts were formed to the backside of the p+ Si
substrates by annealing an evaporated Al film. The frontside
contacts to the n+ diffused layers were formed with indium
dots on the four corners of the cell. Figure 1�a� shows a field
emission scanning electron microscope �FESEM� image of a
small portion of an etched pillar array cell. The high magni-
fication FESEM image of one pillar, shown as an inset, high-
lights the region at the base of each pillar. The light I-V
characteristics of the pillar array and planar cells were mea-
sured using a solar simulator with an Air Mass 1.5G �AM
1.5G� source. The external quantum efficiencies �EQEs�
were obtained using a broad-spectrum xenon light source
and a monochromator.

The light I-V characteristics for the small area planar and
pillar array solar cells are shown in Fig. 1�b�. The cells were
illuminated through a 2.7�2.7 mm2 opaque aperture to de-

fine the active area. The efficiencies ���, fill factors �FFs�,
open-circuit voltages �Voc�, and short-circuit current densities
�Jsc�, for cells fabricated using substrates A and B are listed
in Table I. As expected, the planar cell efficiencies scale with
the minority carrier diffusion length of the p+ substrate, and
are 4.6% for substrate A �NA=5�1018 cm−3 ,Ln�10 �m�
versus 1.7% for substrate B �NA=7�1019 cm−3 ,Ln

�1 �m�. The significantly lower efficiency of the planar
cell fabricated from the most heavily doped p+ Si substrate is
due to all three solar cell parameters being inferior as a con-
sequence of the higher carrier recombination
�degrades Jsc ,FF� and the higher J0 �degrades Voc� of these
junctions. In comparison, the pillar array cells have FF and
Voc values that are very similar to the corresponding planar
devices, indicating that the electrical quality of the etched
junctions is comparable to that of the planar junctions. No-
tably, the factor of 2 higher efficiencies measured for both
types of pillar array cells is due to more than a doubling in
the Jsc from 9.6 to 20 mA /cm2 for substrate A ��=8.7%�
and from 4.7 to 11.7 mA /cm2 ��=3.7%� for substrate B.
The larger area pillar array cell had nearly identical values of
Jsc and efficiency, which confirms that the observed increase
in efficiency is primarily due to light absorption and collec-
tion within the pillar array.

The dark current density �J�-V characteristics obtained
on the small area pillar array and planar cells fabricated us-
ing substrate A �NA=5�1018 cm−3� are shown in Fig. 2�a�.
Both cells show well defined diode characteristics but with
significant differences. The planar device has a diode quality
factor of n=1.1, while the pillar array has a higher n=1.49.
The saturation current density J0 of the planar device is J0
=3.0 pA /cm2, which is much lower than the pillar array
J0=0.9 nA /cm2. The reverse bias leakage current is nearly
voltage independent for the planar device but varies roughly
as the square root of voltage for the pillar array device. These
differences all point to the lower electrical quality of n+–p+

junctions in the pillar array cells, possibly due to residual
sidewall damage introduced by the DRIE process. Neverthe-
less, as shown in Table I, the Voc values are quite similar
because the increase in Jsc from the pillar array architecture
offsets the reduction in Voc due to the increase in J0. Not
unexpectedly, as summarized in Table I, the diode properties
of the planar and pillar array cells fabricated using substrate
B �NA=7�1019 cm−3� are inferior to those of substrate A,
with higher values of n, J0, and reverse bias leakage. The
degradation in diode properties together with the lower val-
ues of Jsc explains the correspondingly lower efficiency for
these cells.

The EQEs for the small area planar and pillar array solar
cells fabricated using substrate A �5�1018 cm−3� are shown
in Fig. 2�b�. The integration of the quantum efficiencies with

FIG. 1. �Color online� �a� FESEM image of a portion of the 2.7
�2.7 �m2 etched radial n+–p+ junction pillar array cell that is composed of
�105 pillars that are 7.5 �m in diameter and 25 �m tall. Inset shows the
sidewall profile at the base of a pillar. �b� Light J-V characteristics of planar
and etched radial junction pillar array solar cells. Sample A is formed by
diffusing an n+ junction in a p+ Si substrate with NA=5�1018 cm−3, Ln

�10 �m while sample B is formed using the same diffusion conditions in
a p+ Si substrate with NA=7�1019 cm−3, Ln�1 �m.

TABLE I. Photovoltaic properties of the 2.7�2.7 mm2 active area planar and pillar array cells. Sample A is formed using a p+ Si substrate with NA=5
�1018 cm−3, Ln�10 �m while sample B is formed using a p+ Si substrate with NA=7�1019 cm−3, Ln�1 �m.

Device n
J0

�nA /cm2�
I0,cell

�nA�
Jsc

�mA /cm2�
Voc

�V�
FF
�%�

Efficiency
�%�

A �planar� 1.08 0.003 0.0002 9.6 0.59 80.8 4.6
A �pillar� 1.49 0.90 0.4 20.0 0.56 78.1 8.7
B �planar� 1.54 0.8 0.06 4.7 0.53 71.5 1.7
B �pillar� 1.72 22.0 10.3 11.7 0.48 71.4 3.7
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AM 1.5G spectra17 confirmed the measured Jsc values deter-
mined from the light I-V measurements �Table I�. Specifi-
cally, assuming a specular reflection at each planar Si/air
interface and no absorption of the light reflected at the base
of the pillars, �9 mA /cm2 of the total 20 mA /cm2 can be
attributed to the absorption of light incident on the top planar
surface of the pillars �38% of the active area, complete col-
lection of photogenerated carriers in the pillar�, with an ad-
ditional �4 mA /cm2 that arises from the planar surfaces at
the base of the pillars and at the edges of the cell �62% of
active area�. These two contributions account for a maximum
of �13 mA /cm2 of the measured light current.

A more detailed optical analysis of the pillar array cell
indicates that the additional �7 mA /cm2 light current can
be attributed to multiple specular reflections within the struc-
ture. As shown in the inset of Fig. 1�a�, the DRIE process
used to fabricate the array creates a ledge around the base of
the pillars at an angle of �30° relative to the planar surface.
Importantly, the shallow slope of this ledge reflects normally
incident light onto nearby pillars, where a fraction of light is
absorbed. The reflected light that is not initially absorbed in
the pillar as well as the light that escapes the pillar at each
reflection can be absorbed in the adjacent pillars in subse-
quent reflections until it is scattered out of the structure.
These multiple reflections lead to an effective absorption
length much greater than 25 �m. Thus, the contribution
from the multiple reflections within the pillars and between
adjacent pillars results in similar behavior to optical en-

hancement observed in other high-aspect-ratio cell
structures.9,18

In summary, planar and pillar array solar cells were fab-
ricated using p+ crystalline Si substrates with short minority
carrier diffusion lengths of Ln�10 �m and 1 �m. In both
cases, more than a twofold increase in the AM 1.5 conver-
sion efficiency was measured for the radial n+–p+ junction Si
pillar array solar cells as compared to the corresponding pla-
nar cells. The large improvement in efficiency of the pillar
array cells with values of Voc and FF that are comparable to
the planar cells is due to the much higher values of Jsc. The
primary factors that contribute to the higher Jsc are the in-
crease in the effective absorption length of the light that is
incident on the top planar surface of the pillars as well as the
additional contribution from multiple reflections within the
pillar array structure. These results demonstrate that the ra-
dial junction pillar array architecture is effective for enhanc-
ing the conversion efficiency of solar cells fabricated using
cost-effective materials and fabrication processes. Further
optimization of the pillar array design �e.g., diameter, height,
filling geometry, and fraction� for Si with short Ln,p is ex-
pected to give even larger improvements in cell performance.
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