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Abstract— Radial nanowire semiconductor devices have
become a practical possibility in recent years. Hence, highefficiency solar cells based on radial nanowire heterojunctions
can now be realized. In this study, an electrostatic model for
radial nanowire heterojunctions was developed by solving
Poisson´s equation in cylindrical coordinates. In contrast to
planar one-dimensional homo and heterojunctions, in this case,
transcendental equations must be solved numerically to
determine the radial space-charge dimensions. The electric field
and potential distribution in the radial heterojunction are also
obtained and graphed for different polarization voltages. As
examples, InP/Si heterojunction and InP homojunction
nanowire structures are electrostatically studied. This work is
intended to be the basis for developing a more complete model
for radial nanowire heterojunction solar cells under sunlight.
Keywords— nanowire
electrostatic models.

solar

cells,

heterojunctions,

I.
INTRODUCTION
Photovoltaic devices or solar cells have become an essential
tool for harnessing solar energy, which is considered almost
inexhaustible [1-3]. Currently, the scientific community is
focusing its efforts on the study of new materials, the design of
different architectures, and the implementation of new production
technologies [4, 5], with the purpose of achieving higher
performances and reducing the production costs of solar cells,
allowing them to compete with other renewable and nonrenewable energies [6].
Among the different generations of solar cells, the tandem
multi-junction cells, the perovskite and the nanowire solar cells
stand out [7-10] in the photovoltaic field. The latter are the most
innovative since their design is significantly different from the
others (flat solar cells). A higher carrier collection efficiency can
be expected from nanowire solar cells since the charge is
transported radially between the core and the surrounding shell
coating [11] in a perpendicular direction to the sunlight
propagation and absorption. In addition, light absorption in a
nanowire can be higher than in a planar solar cell due to reduced
light reflection on the top surface of the nanowire and better light
capture [12]. Although there are recent advances that report high
efficiencies of 15 to 17% [13-15], such devices are yet to be
further explored.
It is significant to mention that the internal structure and
distribution of semiconductors in nanowires change drastically
for radial and axial configurations. In the case of radial nanowire
cells, they have an architecture formed by a p or n-type core, and
a shell coating of the opposite type (n or p) [16]. In the axial
nanowire cells, the semiconductor distribution is on the central
axis of the nanowire and is characterized by starting with the p or
n-type material and the opposite material on it [17]. The radial
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architecture should be more efficient by the reasons explained
above and therefore in this paper, this kind of devices will be
studied.
The use of computational tools and simulations have allowed
the prediction of physical parameters in solar cells, so much
research has been reported [18, 19]. For radial nanowire solar
cells, some reports include optical, electrostatic, and electrical
models [20-23]. However, it is still necessary to propose
additional models that adjust to the different designs in which a
variety of materials and configurations can be included
(arrangement of p- and n-type semiconductors in the core and
coating).
In this work, we report a semi-analytical electrostatic model
for the radial nanowire cells formed by core-shell heterojunctions. Furthermore, in order to show the application of the
model, examples for both heterojunction and homo-junction
radial nanowire solar cells (Si/InP and InP/InP) are shown.
Finally, we conclude that calculations based on this kind of model
is a very important step to predict the performance of radial
hetero-junction devices, considered a promising alternative for
developing solar cells.

II. DEVICE DETAILS
For the case of nanowire heterojunctions with radial
geometry, we assume a configuration consisting of two
semiconductor regions: the core and the shell. Thus, it is possible
to model P-N or N-P semiconductor radial heterojunctions.
Figure 1 shows a complete view of the nanowire device, where
we can appreciate the radius of the core (R1) and the total radius
of the device (R2). L is the nanowire length; for a solar cell it must
be of the order of the absorption length for the absorber material.

Fig. 1. Schematics of the full nanowire heterojunction device.

In Figure 2, the different device regions for a P-N
heterojunction can be appreciated, formed by a P-type core
semiconductor (R1) and an N-type shell semiconductor (R2-

R1). The space charge region extends along the P and N
materials (being wP and wN, the respective space-charge
region thicknesses), as indicated.

With these boundary conditions, we get c1 and c2 for
writing the full functions of the electric field and potential in
the space-charge zone:
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where NA is the acceptor concentration in the core material,
ϵ1 is the dielectric constant of the P-type material, and q is the
electron´s charge magnitude.

•
Fig. 2. Schematics of the P-N radial nanowire heterojunction dimensions.

III.

MODEL DETAILS

Uniform n-type and p-type semiconductors will be
assumed. Then, in a similar manner to a planar onedimensional heterojunction, Poisson´s equation for the
potential Φ must be solved:
∇ Φ

(1)

where ε is the dielectric constant of the material and ρ is the
charge density.
Writing down the Laplacian operator in cylindrical
coordinates and considering the length along the z dimension,
the following equation in radial terms r, can be obtained:

Shell N

The shell extends from R1 to R2. R2 is the complete radius
of the device, and wN is the space-charge region in the shell.
In the quasi-neutral region bounded by
&
there is no presence of electric field, but the potential reaches
the built-in potential Φ0 and remains constant in this region
(without any applied voltage). Based on fig. 3, we can
calculate the built-in potential using the following expression
[24]:
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The general solutions for electric field E(r) and potential
Φ(r) are below [22]:
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where c1 and c2 are integration constants that can be found by
applying the appropriate boundary conditions.

A. P-N heterojunctions

•

Core P
Fig. 3. General band diagram for a P-N heterojunctions.

The different regions are those shown in Figure 2, where
R1 is the P material radius and wP is the space-charge region
thickness in the P material, i.e., the region where ionized
negative charges (with density NA) within R1.
The quasi-neutral zone in the core is bounded by 0
:
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where k is the Boltzmann constant, χP and χN are the electron
affinities, EGP and EGN are the bandgaps, niP and niN are the
minority carrier densities, NVP and NVN are the effective
densities of states in the valence bands and NCP, NCN are the
effective densities of states in the conduction bands for the P
and N materials, respectively. For this region:
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The electric field and the potential in the space-charge
region within the N-type shell can be determined as
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where ND is the donor concentration in the N-type shell
material.

Electric displacement and potential continuity

After checking the potential continuity at
, using the charge neutrality condition, and working the expressions for a
given applied forward voltage V, the following transcendental equations for wP and wN can be obtained:
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Similar expressions can be written straightforwardly for N-P radial heterojunctions where the core is N-type and the shell is Ptype.
IV.

RESULTS

To obtain results based on the above equations, a Python
program was developed using the Newton-Raphson method to
solve the transcendental equations (12) and (13). Once wP and
wN are known, the electric field and the potential distributions
can be calculated, using equations (6) to (11).
As an application of the above procedure, calculations
were made for both radial nanowire heterojunctions and
homojunctions. For the heterojunction case, a Si-P(core)/InPN(shell) heterojunction was studied. On the other hand, for a
homojunction example, an InP-P(core)/InP-N(shell) junction
was used. The constants shown in tables 1 and 2 were used as
reported by [25, 26].
TABLE I.

TABLE II.

InP CONSTANTS USED IN THE SIMULATION

Constant

Value

Effective density of states in
conduction band P

Effective density of states in
valence band (NV )

Si CONSTANTS USED IN THE SIMULATION.

Constant

Value

Effective density of states in
conduction band P

Effective density of states in
valence band (NV )
Donor density (ND )
Acceptor density (NA )
Band gap

For the example simulation, the core and the shell radius
were set to
50 2V and
100 2V for both the
heterojunction and homojunction cases. Finally, the core
radius variation effect upon the space charge region thickness
wP and wN was studied, as explained below.
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A. Heterojuncions
For the heterojunction case, silicon is assumed to be the
core material since it is experimentally easier to manufacture
the nanowire device when InP is grown over the silicon, as is
mentioned by [10]. Figure 4 shows the band diagram and the
band discontinuity for the P-N heterojunction. The built-in
potential is given in the diagram (1.4 V) for the simple case
in which NA = ND.

Fig. 4. Band diagram of the P-N Si/InP device.

Solving the expressions (12)-(13) by a Newton-Raphson
method, the space-charge region thickness behavior as a
function of the applied forward voltage is obtained (see Figure
5). The vertical dotted line corresponds to the forward critical
voltage (Vc = 1.226 V) below which the core is completely
depleted. For smaller applied voltages (V < Vc), the whole
space-charge region thickness remains constant due to the
charge neutrality restriction.

Fig. 6. a) Electric field in radial terms for the P-N Heterojunction b) Top
view of E in the P-N Heterojunction.

Fig. 5. Space charge thickness wN and wP for the Si(P)/InP(N) nanowire
heterojunction diode.

Figure 6 (a) shows the electric field distribution across the
radial direction for the P-N heterojunction. Notice the
discontinuity at r = R1 due to the different dielectric constants
for each region (electric displacement should be continuous).
Figure 6 (b) shows a top view of the electric field E for the
critical applied voltage (Vc) above which the space charge
region begins to shrink causing a reduction of the electric field
magnitude.
Figure 7 (a) illustrates the electric potential for the
heterojunction as a function of the radial distance from the
device center for different voltages. Fig. 7 (b) help us seeing
the potential distribution at the critical applied voltage Vc
mentioned above.

Fig. 7. a) Electric potential in radial terms for the P-N Heterojunction. b)
Top view of the potential in the P-N Heterojunction.

B. Heterojunction core radius variation effect
It is expected that as the core radius is changed (keeping
the total nanowire diameter constant) the critical voltage Vc
will also change since this voltage is related to the total charge
in this region. Then, for this purpose R1=25, 50 and 75 nm
were selected with constant R2 = 100 nm, and the results are
shown in Figure 8. In accordance with our expectation, the
critical voltage Vc is changed from 1.23 V to 1.36 V when the
core radius is changed from 50 nm down to 25 nm. In other
words, the critical voltage Vc, below which the core is fully

depleted, is increased as the core radius is smaller. On the
other hand, when R1 = 75 nm the shell becomes fully depleted
at the critical voltage around 1.19 V because, in this case, there
is a smaller dimension available for WN (R2 - R1 = 25 nm,) and
a larger one for WP.

Fig. 8. a) wP thickness as a function of the core radius. b) wN thickness
behavior as a function of the core radius, for three different R1 values
with a fixed R2.

Using the same expressions developed in general for
heterojunction devices, nanowire homojunctions can also be
studied. A radial nanowire InP homojunction was simulated
in a P-N disposition, in the symmetric case where NA = ND.
The InP homojunction band diagram, for the parameters
given in table 2, is shown in Figure 9. The calculated built-in
potential (1.177 V) is given in this diagram.
The result for the space-charge thickness as a function of
the applied voltage is shown in fig. 10. In this case, the critical
forward voltage Vc is 0.887 V. Below this voltage the P
region is fully depleted, so that the space charge region
thickness in the N-type shell is kept constant (due to the
charge neutrality condition). For voltages above Vc both
space charge regions thicknesses are reduced to zero when
the applied voltage reaches the built-in potential. Figure 11
and Figure 12 show the electric field and the potential
distributions, respectively.

Fig. 10. Space charge thickness wN and wP for the symmetric InP P-N
homojunction.

The kind of calculation explained above is important to
determine the space charge region extension in solar cells
because the photo-carrier collection probability will be
dominated by carrier drift in the high electric field within the
space charge region. We must take in account the transport in
both the core and the shell regions, for an optimal design of
the cell to achieve the highest total photo-current density and
the minimum dark current density. Having a tool like the one
developed here would help for achieving this purpose.
C. Homojunction

Fig. 11. a) Electric field in radial terms for the InP P-N homojunction. b)
Top view of E in the InP P-N homojunction.
Fig. 9. InP homojunction band diagram.
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Fig. 12. a) Electric potential in radial terms for the P-N InP homojunction. b)
Top view of the potential in the InP P-N homojunction.

V.

CONCLUSIONS

A complete electrostatic semi-analytical model for radial
nanowire heterojunctions was developed for N-P core-shell
semiconductors disposition which can also be used for
nanowire homojunction devices. The space charge region
extensions in each side can be calculated from the
transcendental equations obtained from the solution of the
Poisson equation in cylindrical coordinates. In addition, it is
possible to determine the electric field and the potential
distributions within the nanowire device so that further
calculations will be possible for determining the current
density vs voltage (J-V) curve of a nanowire solar cell. To
illustrate the application of the developed expressions we
have shown some examples of heterojunction and
homojunction devices. This is the first step to simulate and
design high efficiency solar cells based on radial nanowire
heterojunctions in the future.
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