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Three-dimensional nanojunction device models for photovoltaics
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A model is developed to describe the behavior of three-dimensionally nanostructured photovoltaic
devices, distinguishing between isolated radial pn junctions and interdigitated pn junctions. We
examine two specific interdigitated architectures, the point-contact nanojunction and the extended
nanojunction, which are most relevant to experimental devices reported to date but have yet to be
distinguished in the field. The model is also applied to polycrystalline CdTe devices with inverted
grain boundaries. We demonstrate that for CdTe/CdS solar cells using low-quality materials, the
efficiency of the extended nanojunction geometry is superior to other designs considered. © 2011
American Institute of Physics. 关doi:10.1063/1.3595411兴
Predicated on the promise of enhanced charge
collection,1 extensive efforts have been made to fabricate
efficient nanostructured photovoltaic devices. Despite good
experimental progress,2–7 fundamental analysis of carrier diffusion and collection in such geometries is limited. Previous
three-dimensional 共3D兲 analyses considered only isolated radial pn junctions pillars,1,7,8 which do not accurately reflect
works involving interdigitated, non-isolated pn junctions. In
an interdigitated geometry, photogenerated carriers within a
unit cell can diffuse to any one of the nearby junctions, not
just the junction in the unit cell. As one of the primary purposes of nanostructuring is to reduce the charge collection
distance, a complete analysis should include this effect. Here
our modeling demonstrates that interdigitated junctions can
offer superior performance over that of isolated radial junction and planar geometries.
Existing theoretical studies on the interdigitated geometry has not fully accounted for the 3D behavior of devices.
For analyses in two-dimensions,2,9 the geometrical effect of
three-dimensions on depletion width, dark current, and space
charge recombination are not properly treated. Studies that
cylindrically integrate two-dimensional numerical simulations suffer the same limitations, as well as having unit cell
boundary conditions that do not properly represent an interdigitated device.7,8 Although full 3D analysis has not been
practical numerically due to the computational resources required, here we take an analytical approach to best represent
nanostructured photovoltaic geometries under experimental
consideration today.
The two device architectures for interdigitated designs
used in prior experiments are shown in Figs. 1 and 2.2,3 We
term them the point-contact nanojunction and the extended
nanojunction. Previous studies do not distinguish between
the two designs, but the difference in device performance is
non-trivial. In both designs the absorber material is typically
p-type, i.e., the base. It serves as the primary absorber material due to its greater minority carrier diffusion length in
comparison to the heavily-doped n-type emitter. The emitter’s main function is to aid carrier collection by producing a

built-in field extending into the absorber. It is preferably a
high-band gap material and occupies as small a volume as
practicable to minimize parasitic absorption while maintaining the full built-in potential. Emitter contact for the extended device may occur on the entire top side, e.g., via a
transparent conductor, whereas for the point-contact device it
is made locally at each vertical junction. Together the base
and emitter comprise a matrix of interdigitated nanojunctions
that we model.
We begin with an effective medium approximation to
model the effect of interdigitated junctions on the minority
carrier diffusion in the base.10 The minority carrier transport
and collection properties in a cylindrical unit cell of radius a
can be calculated by considering the charge collection probability .  is defined as the fraction of photogenerated minority carriers at a point r which diffuse to a depletion edge,
get collected, and contribute to photocurrent.11 The value of
 embodies the response of the device to local low-level
carrier generation. Furthermore,  obeys its own diffusion
equation according to the reciprocity theorem,12
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where 1 is the solution within the unit cell 共r ⱕ a兲 and 2 is
the solution outside 共r ⱖ a兲. The minority carrier diffusion
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FIG. 1. 共Color online兲 The point-contact nanojunction design and relevant
components of each unit cell.
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TABLE I. Properties used to model high- and low-quality CdTe.
Property
Acceptor doping, Na 共cm−3兲
Electron mobility, n 共cm2 / V s兲
Electron lifetime, n 共ns兲
Diffusion length, Ln 共m兲
Absorber thickness, h 共m兲

transparent conductor

High

Low

2 ⫻ 1014
320
1
0.910
3.0

1 ⫻ 1017
100
1 ⫻ 10−2
0.050
1.0

n+ emitter
rd
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back contact

h

a

FIG. 2. 共Color online兲 The extended nanojunction design and relevant components of each unit cell.

length L1 in the cylindrical unit cell can be used to model the
effective minority carrier diffusion length L2 outside by selfconsistent averaging. Once 1 is known, the reciprocal relationship between dark carrier distribution and photogenerated carrier collection enables us to calculate the
photocurrent, ideal dark current, and depletion region recombination current. Hereon the latter two together normalized
to the illumination area will be called Jdark. We then superimpose these contributions to obtain the overall J-V curves
共Fig. 3兲. For more details, see Ref. 13.
While there are many parameters to explore in a photovoltaic device, we restrict ourselves to two extreme cases—
high- and low-quality materials—and in our case, we consider CdTe/CdS devices. We assume that for high-quality
CdTe, which is desirable for planar cells, the acceptor doping
concentration Na is relatively low and the minority carrier
lifetime n and mobility n are both higher than the lowquality case 共Table I兲.2,8,14,15 This requires that the effect of
defects between vertical junctions be represented by those
variables.
There is evidence that CdCl2 vapor treatment of polycrystalline CdTe induces inversion at grain boundaries 共GBs兲
which aids photogenerated electron collection.16 This effect
would be negligible for the point-contact and extended nanojunction models due to the length scale difference between
vertical junctions and GBs. Nevertheless, a different architecture involving vertically extended junctions at the GBs,
here termed inverted GBs, can be described. Using the modeling approach presented above, we have included J-V
curves 共Fig. 3兲 of inverted GB devices with 4 m diameter
grains,17 each grain interior having properties of Table I.
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FIG. 3. Optimized performance
of 共a兲 high quality and 共b兲 low quality
CdTe/CdS solar cells of various device
geometries under AM 1.5G illumination. All properties are equal aside
for those specified in Table I. Inset:
legend with efficiencies. For comparison, 3 m-thick low-quality devices
are 12.7%, 11.9%, 6.0%, and 9.0%,
respectively.

inverted GB, 6.9%

-10

planar, 20.0%

J [mA/cm2]

J [mA/cm2]

Previous studies suggest that polycrystalline CdTe 共Ref.
16兲 and CIGS 共Refs. 18–20兲 devices outperform their corresponding single crystal ones because the inverted GB interior
is higher quality than the large single crystal. Our results are
corroborative in that the high-quality inverted GB device is
shown to outperform the low-quality planar device. The
point-contact and extended junction designs are nevertheless
important to examine, as the fortuitous GB inversion and
gettering observed in CdCl2-treated CdTe does not occur in
all materials. Moreover, our results show that the nanojunction architectures outperform the inverted GB device when
low quality CdTe is used.
Consider first the high-quality devices in Fig. 3共a兲.
While the extended junction design provides higher collection probability throughout the device than the other geometries, it also leads to higher Jdark as apparent in its lower
open-circuit voltage Voc. As for short-circuit current, the extended junction geometry does not make a significant difference because of high L1 and the field-assisted carrier collection that already exists in the horizontal depletion region. In
other words, the depletion width extending into a highquality planar CdTe absorber over the biases of interest is
already comparable to the average photon absorption depth.
On the other hand, Voc for the point-contact geometry is
greater than that of the extended case, an effect due to the
reduced junction interfacial area giving rise to Jdark. Unfortunately, a virtual shunt caused by the field-dependent carrier
collection reduces the fill-factor. This is expected since the
photogeneration intensity exponentially decays with depth
while the photogenerated carriers diffuse laterally to be collected. For these reasons, planar devices are superior for
high-quality CdTe.
Considering next the low-quality devices in Fig. 3共b兲, we
note that the depletion region is substantially reduced because of the heavier base doping. The average photon absorption depth is now greater than the depletion width of the
planar device. The diffusion length is also now much shorter.
The enhanced collection probabilities of the nanojunction geometries here play a pivotal role in terms of efficiency. In
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FIG. 4. Low-quality CdTe/CdS solar cell efficiencies for various device
architectures as a function of spacing between vertical nanojunctions. The
unit cell radius a is normalized to the equilibrium depletion radius rd on the
horizontal axis.

order to maintain high collection probabilities throughout the
device, the vertical junctions need to be positioned closer to
one another than the high-quality case above. This increase
in junction interfacial area increases Jdark, an undesired consequence that can be mitigated by making the vertical junctions shorter. The absorber layer can then be as thin as possible to maintain adequate absorption. The nanojunction
devices outperform the planar one given a 3 m thick absorber but are even more advantageous with a reduction to
1 m. In both cases the nanojunction devices have lower
Voc than the planar one but can produce more photocurrent.
Figure 4 plots low-quality CdTe/CdS solar cell efficiencies calculated for various device architectures as a function
of the spacing between vertical nanojunctions. The ideal case
of zero surface recombination and 100% packing factor is
assumed for the isolated radial pn junction array devices. For
all of the architectures, the optimal condition is when the
nanojunctions are close enough for neighboring depletion
edges in the vertical direction to meet, thereby maximizing
the field-assisted carrier collection. It is necessary to space
the vertical junctions as close as possible because the minority carrier diffusion length is only 50 nm 共see Table I兲. The
increase in Jdark due to the higher density of vertical junctions does not overshadow the efficiency gains. Compared to
other nanojunction device studies that accounted for radial
variation,1 the efficiency advantage over the planar device
does not rely on operating in full depletion nor assume a
higher lifetime in the depletion region than that of the
quasineutral region.
As the unit cell radius a increases to large values in
comparison to the minority carrier diffusion length L1, Fig. 4
shows that the performance of the extended junction device
approaches that of the planar one. Before reaching this limit,
the extended junction device always outperforms the planar
one. On the other hand, the efficiencies of the point-contact
and isolated radial pn junction pillars approach zero as a
becomes large. This is to be expected, as there is almost no
charge collection area in this limit. Therefore the extended

junction device appears to be a more robust design for lowquality CdTe/CdS solar cells.
In conclusion, we demonstrate through our model that
for CdTe/CdS solar cells the nanojunction devices are advantageous for low-quality absorbers with higher doping and
lower minority carrier mobility and lifetime. The extended
junction architecture consistently outperforms all other devices considered for various vertical junction densities.
These results have important implications for proper design
of high-performing solar cells made of inexpensive and lowquality materials, especially for previously examined and
emerging solar cell materials without the option of inverted
GBs or gettering. With increasing attention in highly nanostructured devices, such as extremely thin absorber cells,21
the analytical approach presented will be useful for modeling
various geometries and materials systems. Applications beyond photovoltaics include diffusion-based devices such as
photoelectrochemical cells and photocatalytic devices.
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