J

A|CIS

COMMUNICATIONS

Published on Web 04/28/2010

High-Performance Silicon Nanohole Solar Cells
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Photovoltaic (PV) solar energy conversion represents a promising
approach to green, renewable energy. Despite its advantages and
continuing advances, PV technology remains non-cost-competitive
against traditional fossil fuels and thus has not yet been mass-
deployed. Recent research has focused on developing new PV
systems that incorporate optically active nanostructures such as
nanoparticles,® quantum dots,®> nanotubes,® nanorods,** and
nanowires,®*° which offer substantial potential for new device
structures. Functional PV devices based on conformal radial p—n
junction nanowires (alos called coaxial core/shell nanowires) are
of particular interest as an optimal way to decouple light absorption
from minority carrier collection.®~*® Tian and co-workers have
reported a single coaxia silicon nanowire (SINW) solar cell with
a short-circuit current density (Ji) of 23.9 mA/cm? and a power
conversion efficiency of 3.4% under 1 sun AM1.5G illumination.*®
Most of the current PV research on nanowires has focused on arrays
of nanowires with solid-state radial p—n junctions.**~*¢ For
example, scalable SINW-based solar cells with radial p—n hetero-
junctions have been fabricated with vapor—liquid—solid grown™?
and electrolessly etched SINW arrays.*® Unfortunately, all of those
attempts thus far have yielded unsatisfactory results. The poor
performance is predominantly attributed to large shunting across
the cells and excessive surface or junction recombination |osses.
More recently, Garnet and Yang reported SINW solar cells with
an efficiency above 5% and short-circuit photocurrents higher than
those of planar control samples® In this work, we report the
fabrication of a novel Si nanohole solar cell incorporating radial
p—n junctions via thermal phosphorus dopant diffusion. Such a
nanohole geometry exhibits superior mechanical robustness in
comparison with free-standing nanowire counterparts, which are
fragile and easily cracked. Moreover, the nanohole array structures
display superior optical absorption ability resulting from effective
optical coupling between the nanohole array and the incident light
as well as a large density of waveguide modes.®*

The wafer-scale ordered Si nanohole array was fabricated by
the combination of deep ultraviolet lithography (UVL) and metal-
assisted Si etching in aqueous oxidizing hydrofluoric acid (HF).?2
Figure S1 in the Supporting Information illustrates the fabrication
process. Figure 1 shows typical scanning electron microscopy
(SEM) images of Si nanoholes produced from a p-type Si(100)
wafer with a resistivity of 8—12 Q cm in an aqueous solution of
HF and H,0,. The concentrations of HF and H,O, were 10 and
0.6%, respectively. The pore diameters and wall thicknesses were
defined by a chromium mask and deep UVL, while the nanohole
depths were adjusted by the etching time. Figure 1ais a top-view
SEM image of the ordered, shallow, flat-bottomed pitsin Si formed
during the initial etching stage, where a silver film can be clearly
seen. These shallow pits would grow into deep holes upon
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Figure 1. SEM images of silicon nanoholes produced in an 8—12 Q cm
p-Si(100) wafer. (a) Top-view SEM image of ordered, shallow, flat-bottomed
pitsin S formed during the initial etching stage. Silver is seen at the bottom
of these pits. (b, ¢) Top-view SEM images of ordered silicon nanoholes
with large depths after prolonged immersion in HF and H,0, solution. (d)
Cross-sectional view of silicon nanoholes; the hole channels are cylindrical
and vertical with respect to the Si surface.

prolonged immersion in the oxidizing HF solution. Figure 1b,c
shows top-view SEM images of large-area silicon nanoholes. They
show that the holes are regularly distributed on the Si surface and
that the thicknesses of the hole walls are 280 and 880 nm for the
first-neighbor and second-neighbor holes, respectively. Figure 1d
is a SEM image of a cross section of the holes, showing that the
channels are cylindrical and vertical with respect to the wafer
surface.

Figure 2 illustrates the fabrication process of the radial p—n
junctions in our Si nanohole solar cell. The Si nanohole sample
was first washed with excess deionized water, and silver was
removed with concentrated nitric acid. RCA cleaning was carried
out to further eliminate the residual metal and organic species, after
which Si oxide was removed with a buffered HF solution. Next, a
continuous thin n* layer ~150—200 nm in thickness was formed
on the exposed external and internal surfaces of the Si nanoholes
via phosphorus dopant diffusion at 910 °C for 20 min using aliquid
POCI; source. After removal of the phosphorosilicate glass layer
in a diluted HF solution, an aluminum layer was evaporated onto
the rear surface and treated at 980 °C to remove the rear parasitic
p—n junction and concurrently form a back-surface field on the
back side of the wafer. Afterward, a 200 nm aluminum layer and
Ti/Pd/Ag grid contacts were deposited onto the rear and front sides
of the Si nanoholes, respectively. Good Ohmic contacts were
achieved by annealing at 380 °C. A prototype Si nanohole solar
cell was created after removal of the circumferential parasitic p—n
junction, as shown in Figure S2. Such a nanohole solar cell offers
severa distinct advantages associated with its unique geometry.
First, it consists of well-separated functional radial p—n junctions,
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Figure 2. Sectional elevation of the process of fabricating the Si nanohole
solar cell with radial p—n junctions viathermal phosphorus dopant diffusion.
The n* layer is shown in purple bronze, the p-Si substrate in gray, and the
rear electrode in red; the front Ti/Pd/Ag grid electrode is not shown here.
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Figure 3. (@) |-V curvesfor Si nanohole solar cellsin the dark and under
AML5 illumination. (b) |-V curvesfor solar cells with different geometries
fabricated under identical conditions.

because the thin walls between the first-neighbor pores are fully
depleted, while the thick walls between the second-neighbor pores
remain quasi-neutral for efficient channeling of holes to the p-type
substrate (Figure 2b). Such vertically configured p—n junctions
enable photogenerated minority carriers to travel only short
distances to junctions for efficient carrier collection. Second, our
solar cell made of radial p—n junction arrays with a common n*
layer forming an interconnecting porous structure provides superior
mechanical robustness, far better than in the fragile structure of a
free-standing nanowire radial p—n junction solar cell. Third, the
homojunctions via thermal diffusion facilitate migration of photo-
excited minority carriers across interfaces and reduce interfacial
recombination. An additional advantage is that the interconnecting
nanohole geometry would ease electrode fabrication while avoiding
breakdown of the radial p—n junctions. This feature is particularly
important since it circumvents the fragility problem of the free-
standing nanowire geometry in electrode fabrication, which has
seriously impeded applications.

The PV properties of the Si nanohole solar cells were investigated
under an ORIEL solar simulator with 1 sun AM1.5G illumination.
Figure 3a shows the output characteristics of atypical Si nanohole
solar cell with hole depths of ~2 um. The dark current—voltage
(I-V) curve of the device shows | -V characteristics similar to those
of an ideal diode. Under illumination, the device exhibits an open-
circuit voltage (Vo) of 566.6 mV, a Jg. of 32.2 mA/cm?, and afill
factor of 0.522, giving an energy conversion efficiency (1) of 9.51%,
which is much higher than the values reported for SINW radial
p—njunction solar cells. Figure 3b shows the output characteristics
of differently shaped solar cells fabricated under identical condi-

tions. The Si nanohole device shows a substantively larger Js. and
efficiency than its counterparts based on planar Si, pyramid-textured
Si, and SINWs, demonstrating that nanohole arrays are better than
other geometrical textures in PV performance improvement and
thus represent a meritorious and viable approach for efficient solar
PV's. This observation is supported by recently theoretical results.**
According to the mask used for the front electrode, 20% of the
front surface area of the nanohole device was covered by the front
contact; thus, the effective Jg. for the nanohole solar cell is40 mA/
cm? after exclusion of the front contact area. Figure S3 shows the
external quantum efficiency (EQE) for the nanohole solar cell,
which exhibits a spectrally broad EQE response. We expect device
optimization (e.g., improved coupling of light into the device),
surface passivation, and better contacts to further enhance the
performance of the Si nanohole solar cell.

In summary, we have demonstrated the fabrication of a silicon
nanohole solar cell consisting of three-dimensiona radia p—n
junctions. Under 1 sun AM1.5G illumination, the nanohole solar
cell exhibited a V. of 566.6 mV, aJg. of 32.2 mA/cm?, and a power
conversion efficiency of 9.51%, which are superior to those of its
counterparts based on SINWSs, planar Si, and pyramid-textured Si.
The nanohole array geometry holds great potential for cost-efficient
PV solar energy conversion.
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