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Abstract—We demonstrate one-dimensional (1D) electrical
modeling of InP nanowire array solar cells. This 1D modeling
gives accurate description of the current voltage response even
at high surface recombination velocity. The 1D electrical model
decreases the simulation time by 3 orders of magnitude compared
to a full three-dimensional (3D) model.

Index Terms—Nanowire array, solar cell, electrical modeling,
p-i-n junction.

I. INTRODUCTION

Photovoltaics, which transforms the solar energy directly
to electrical power, has been realized for example in semi-
conductor planar and nanostructure p-i-n junction solar cells
[1, 2]. Nanostructures, such as nanowire arrays, can achieve
comparable absorption as their counterpart planar structure,
but at a lower material consumption [3, 4]. Due to a broad
band absorption, nanowire arrays have attracted attention in
both experimental [2, 5-7] and theoretical studies [8—11].

In simulations, the computational time is an important factor
that tends to limit the possibilities for optimizing device
design. For instance, full 3D opto-electrical simulation of a
single GaAs nanowire with diameter of 400 nm and length of
2 micrometers took 500 core hours [10].

In this study, we develop and test a 1D electrical model for
an axial p-i-n junction nanowire array solar cell to reduce the
simulation time. We express the surface recombination as an
effective bulk recombination and transformed the 3D optical
generation rate into a 1D profile. In this way, we obtain good
agreement between 1D and 3D drift diffusion modeling under
both low and high surface recombination velocity. Such 1D
electrical modeling reduce the computation time by 3 orders
of magnitude.

II. METHOD DESCRIPTION

Our nanowire array solar cell modeling consists of optics
and electrical modeling, which are both performed in Comsol
Multiphysics. First, we solve the 3D Maxwell equations and
calculate the optical generation rate as a function of spatial
position by

Abandgap
G(r) = f Al ) g, (1)

280nm Ephoton

Here A, is the absorbed energy density at position 7 for
incident light with wavelength A.

With this optical generation function, we carry out a 3D
electrical modeling by solving drift-diffusion equations [12].
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In the bulk of the nanowire, we include Shockley-Read-
Hall(SRH), radiative and Auger recombination. Surface re-
combination is included at the surface of nanowire through
the surface recombination velocity Vi, [11, 12].

For the 1D electrical modeling, we average the 3D optical
generation rate into an average value in cross section of
the nanowire and solve 1D drift diffusion equations for the
resulting 1D, axially dependent, photogeneration profile. SRH,
radiative and Auger recombination with same recombination
parameters as in the 3D model are used in the 1D model.
In addition, we transferred the surface recombination to a
SRH-like bulk recombination with an effective recombination
parameter:

D
Acss = Bl 75 @

where [, is defined by the solution of the following Bessel
transcendental equation

RV,

BJ1(B) = D

Jo(8), 3)

Here Jy/; is the zeroth/first order Bessel function of the first
kind, R is the radius of nanowire and D is the diffusion
constant. The solution of equation 3 gives a list of G,,(m
= 1,2,...) which we order in increasing order of 3,,.
Alternatively, we can write A.¢¢ as a fitting equation:

V.

Acpr = Ao }S{ 4
1 Vi
Ag = mm[iloglo(fi‘), 2], (5)

where Vj is a parameter that depends on the mobility of carrier
and the nanowire radius. This parameter can be calculated
either through extraction from Eq. 2 or through numerical
fitting between 1D and 3D modeling. For InP nanowires of
90 nm in radius and 5400 (200) cm?V ~!'s~! in mobility of
electrons (holes), we suggest the value V[, = 107m/5. For
varying nanowire radius and surface recombination velocity,
this parameter can be calculated by the following fitting
equations:
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III. RESULTS AND DISCUSSIONS
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Fig. 1. InP nanowire array with diameter of 180 nm, pitch of 330 nm
and length of 1400nm without contact layer under AM 1.5D spectrum. (a)
Short-circuit current of an InP nanowire array solar cell as a function of
surface recombination velocities. (b) Voltage-Current response of nanowire
array solar cells with different surface recombination velocity in both 1D and
3D modeling.

In Figure 1 (a), we plot the current as a function of surface
recombination velocity. We find that 3D and 1D modeling
results agree well. The error in the current density in the
approximate 1D modeling is less than 0.2 mA/cm? for surface
recombination velocity up to 107 cm/s. We also show the
result from previous study which is valid at low V, with
the assumption of Vjy = 2 [13]. Then, the error in short-circuit
current density increases with increasing V;,. beyond 10°cm/s
with an error of 1.4 mA/cm? at 107 cm/s.

We note that the short-circuit current density starts to drop
at a surface recombination velocity of about 10%cm/s. At
this surface recombination velocity, the corresponding recom-
bination parameter A.¢s is 2.8 x 109! and it indicates a
surface recombination carrier life time of 360 picoseconds.
The corresponding hole diffusion length of InP is 430 nm and
electron diffusion length is 2200 nm. Thus, when the surface
recombination velocity starts to affect the short-circuit current,
the electron and hole diffusion lengths are comparable to the
nanowire length, 1400 nm.

In Figure 1(b), we further illustrate the accuracy of 1D
modeling by current-voltage response. We calculated up to
V. = 108 cm/s which is the level of unpassivated GaAs. The
error in V., compared to 3D modeling, is less than 0.01 V'
and in fill factor less than one percent. These results illustrate
the applicability of 1D modeling for electrical analysis of p-i-n
junction nanowires.

Thus, with the approximation in Eqgs. 4 and 5 for the surface
recombination in the 1D model, the simulation time decreases
by 3 orders of magnitude with a similar accuracy as in the 3D
modeling.
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