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ABSTRACT
We present an analytical approach for modeling the
device physics of three-dimensionally nanostructured
devices. The approach for the first time describes threedimensional diffusion as well as distinguishes between
isolated and interdigitated pn junction devices. The
modeling technique can be applied to various device
architectures, including isolated radial pn junctions,
inverted
grain
boundary
junctions,
point-contact
nanojunctions, and extended nanojunctions. As a test
case, we use low quality material properties of CdTe to
show that the solar power conversion efficiencies of the
nanojunction designs are superior to that of the planar
junction, with the extended nanojunction geometry
performing the best.

Existing theoretical studies on 3D geometries have
cylindrically
integrated
two-dimensional
numerical
simulations [7,8], imposing unit cell boundary conditions
which do not represent an interdigitated device.
Additionally, such an approach may not accommodate
photogeneration profiles which are not cylindrically
symmetric or completely asymmetric profiles. Full 3D
analysis has not been practical numerically due to the
computational resources required. To address these
issues, we recently introduced an analytical approach for
studying 3D nanoarchitectures that can be broadly applied
to both isolated and interdigitated geometries of various
forms [9]. Two of the designs we considered are shown in
Fig. 1. Here we discuss in more detail the modeling and
performance of 3D nanojunction solar cells.
METHOD

INTRODUCTION
One of the major motivations for studying nanostructured
solar cells has been enhanced charge collection [1,9].
Despite increasing experimental work in threedimensionally (3D) nanostructured device structures for
solar cells [2-6], theoretical treatment of charge carrier
diffusion and collection in 3D has been limited. In 3D
interdigitated geometries, photogenerated carriers within a
unit cell can diffuse to any one of the nearby junctions, not
just the junction in the unit cell. A complete analysis
should include this effect, as reducing the charge
collection distance is a major advantage of
nanostructures.

The minority carrier diffusion and collection properties can
be calculated by first considering the charge collection
probability, ϕ . By definition, ϕ is the fraction of
photogenerated minority carriers at a point within the
device which diffuse to a depletion edge and contribute to
photocurrent [10]. According to the reciprocity theorem
[11], the relationship between dark carrier distribution and
photogenerated carrier collection implies that ϕ obeys its
own diffusion equation,
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Figure 2. In this schematic, a unit cell of the pointcontact geometry is shown to perceive the rest of the
unit cells as a homogenous and isotropic medium
surrounding it.

Figure 1. Two examples
nanoarchitectures modeled.

of

3D

978-1-4244-9965-6/11/$26.00 ©2011 IEEE

interdigitated

where ϕ1 is the solution within the unit cell, and ϕ 2 is the
solution outside (Fig. 2). The two solutions are necessary
for the effective medium approximation to be described
below. Exploiting the reciprocal relationship is a powerful
technique to simplify complicated calculations, especially
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since the reciprocity theorem applies to arbitrary 3D
geometries with arbitrary doping profiles and variable band
gap, including abrupt compositional changes, grain
boundaries and floating junctions [12]. Although we
discuss analytical approaches below, an explicit solution is
not necessary for the reciprocity theorem to apply.
Using an effective medium approximation for the minority
carrier diffusion in the base [13], we can model the effect
of neighboring junctions on charge carriers within each 3D
unit cell 1 of an interdigitated geometry by abstracting
away the rest of the unit cells 2 (Fig. 2). From the
perspective of a unit cell 1, the boundary conditions are
determined by the average effect of the rest of the unit
cells 2 of the device in which it is embedded. Unit cell 1
has a minority carrier diffusion length of L1 and interacts
with a medium 2 with an effective minority carrier diffusion
length L2. L1 can be used to calculate L2 by self-consistent
averaging, since the foregoing argument applies to each
and every unit cell of the device.

ϕ1 depletion = 1 .

The remaining boundary conditions depend on the specific
device geometry and surface assumptions made. Eqn. 1
reduces to an ordinary differential equation for the pointcontact nanojunction geometry assuming perfectly
selective contacts on the front and back surfaces. The
solutions ϕ1 and ϕ 2 then involve the zeroth order
modified Bessel functions. For the extended nanojunction
design, a special transformation is necessary to obtain an
ordinary differential equation.
Next we apply the definition of effective diffusion length
[14], equating the photocurrent of the nanostructured cell
under uniform photogeneration rate G0 to that of a
hypothetical homogenous and isotropic material with
minority carrier diffusion length, Le:
N  ai h


=
G
ϕ
dV
∑i  ∫ ∫ G0ϕ1dz 2πrdr 
∫V 0 planar
rj ,i 0


Following such analysis, the boundary conditions between
1 and 2 due to continuity are generally

ϕ1 (r = a ) = ϕ 2 (r = a )
∂ϕ 1
∂r

=
r =a

∂ϕ 2
∂r

(2)

,

(4)

(5)

where rj,i is the position of the metallurgical junction of the
ith unit cell of the N total unit cells comprising the device, h
is the thickness of the cell, and

(3)

r =a

ϕ planar ( z ) =

and the boundary condition at depletion edges is

cosh ((h − z ) Le )
cosh(h Le )

(6)

efficient collection at and within depletion edges
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Figure 3. Examples of collection probability distributions
device architectures respectively left to right.
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ϕ1

plotted for planar, point-contact and extended
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when the bottom contact is perfectly selective. We can
thus solve for L2 using L1 by recognizing that for
consistency all N unit cells are equivalent and that L2 is
equal to Le. With L2 known, ϕ for the entire device is
determined (Fig. 3).

point-contact one in terms of short-circuit current, fill-factor
and efficiency (Fig. 4).

For the isolate radial pn junctions, the right-hand side of
Eqn. 2 is simply surface recombination. The effective
medium approximation is unnecessary because it is not an
interdigitated structure. For the inverted grain boundary
junctions,

∂ϕ 1
∂r

=0,

(7)

r =0

due to symmetry at the center axis, assuming columnar
cylindrical grains.
Using ϕ1 , in all cases we again invoke the reciprocity
theorem to calculate the ideal dark current and depletion
region recombination current. The two together normalized
to the illumination area is typically referred to as the dark
current of a solar cell. The depletion region recombination
current, also known as the space charge recombination
current, can be calculated by linearizing the potential
across the depletion region.
The photocurrent can be calculated by integrating the
product of ϕ1 and the photogeneration profile across the
entire device. The photogeneration profile need not be
symmetric in any way and can be obtained from either fullfield optical solutions or geometric optics, depending on
the length scale of the device structures and the degree of
accuracy required. To obtain the overall J-V curves (Fig.
4), we superimpose the various current contributions as a
function of applied voltage. To obtain IQE and EQE curves
(not shown), the same calculation for photocurrent can be
used as a function of wavelength.
RESULTS AND DISCUSSION
Shown in Fig. 3 are example solutions of ϕ 1 for the
planar, point-contact and extended device architectures.
We have assumed for this analysis that any
+
photogeneration in the heavily doped n emitter does not
contribute to photocurrent. This is the reason why ϕ1 = 0
for r < r j in the nanojunction cases. For the horizontal
junctions, ϕ1 = 0 in the emitters is not shown but is
accounted for in producing Fig. 3. ϕ1 is greatest around
the depletion edges, implying that for maximum
photocurrent the vertical nanojunctions should be placed
as close to each other as possible. Moreover, among the
designs modeled the extended architecture has the
highest collection probability throughout the device. This is
the reason that for low-quality CdTe where collection is
diffusion limited, the extended device outperforms the
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Figure 4. Optimized performance of planar, pointcontact nanojunction and extended nanojunction
solar cell devices under AM 1.5G illumination. All
material properties are equal among the devices.
Inset: Legend with corresponding energy conversion
efficiencies.

In order to calculate quantitative values for the J-V curves
shown in Fig. 4, we have used material properties of CdS
and low-quality CdTe [9]. Low-quality entails higher doping
due to the higher number of defects, which lowers mobility
and diffusion length.
Unlike in high-quality planar CdTe, photogenerated
electrons beyond the depletion region in the low-quality
planar case cannot get collected because the minority
carrier diffusion length is not long enough. Therefore
vertical nanojunctions are beneficial in decoupling
absorption from carrier collection. This effect is apparent in
the difference in short-circuit current between planar and
nanojunction devices. The tradeoff made to maintain high
short-circuit current is the loss in open-circuit voltage,
which is caused by the higher junction interfacial area
giving rise to dark current. Nevertheless, an overall benefit
in energy conversion efficiency is predicted for the
nanojunction devices. Compared to other nanojunction
device models accounting for radial variation [1], the
nanojunction efficiency advantage here 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.
CONCLUSION
Recently there have been many new experimental device
architectures utilizing vertical nanojunctions to decouple
light absorption from charge carrier collection. Two new
solar cell device architectures utilizing vertical
nanojunctions are presented—the point-contact and the
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extended geometries—as well as the isolated radial and
inverted grain boundary geometries. Despite great
experimental work in the field, theoretical studies have
been limited. We have developed models that for the first
time describe the device performance of nanostructured
solar cells in 3D, distinguishing between isolated and
interdigitated nanojunctions. Our analytical approach is a
powerful tool for designing nanostructured solar cells of
various architectures and materials. Given ongoing efforts
worldwide to experimentally demonstrate efficient
nanostructured devices, these results have important
implications for proper design of high-performing solar
cells made of inexpensive and low-quality materials.
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