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ABSTRACT: We present a detailed balance analysis of
current density−voltage modeling of a single-nanowire solar
cell. Our analysis takes into account intrinsic material
nonidealities in order to determine the theoretical efficiency
limit of the single-nanowire solar cell. The analysis only
requires the nanowire’s absorption cross-section over all
angles, which can be readily calculated analytically. We show
that the behavior of both the current and voltage is due to
coherent effects that arise from resonances of the nanowire. In
addition, we elucidate the physics of open-circuit voltage
enhancement over bulk cells in nanowires, by showing that the enhancement is related to the removal of resonances in the
immediate spectral vicinity above the bandgap.
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Semiconductor nanowire-based solar cells have been shown
to be promising candidates for third-generation photo-

voltaics.1−3 Compared with traditional thin-film solar cells,4,5

the advantage of the nanowire cells include easily scalable
manufacturing, lower cost, efficient charge separation, and
tunable optical absorption.2,3,6−11 From the optical physics
point of view, the nanowire geometry is interesting in that it
supports a variety of optical resonances each with a spectral
peak location that directly depends on the wire’s diameter.6,12

In particular, a properly designed nanowire can support optical
resonances with an absorption cross-section that is many times
larger over the nanowire’s geometrical cross-section.13 Accord-
ingly, there has been a strong interest in engineering the
location of these optical resonances of the nanowire in order to
enhance its optical absorption and therefore its short-circuit
current performance.6,10,11,14 However, in order to understand
the fundamental limiting performance of a nanowire solar cell,
these studies on the nanowire’s output current behavior need to
be complemented with a better understanding of the
nanowire’s intrinsic voltage behavior.
The intrinsic voltage behavior of a solar cell can be

understood through an analysis based on the principle of
detailed balance,15,16 where one only includes the intrinsic
recombination mechanisms to arrive at the limiting character-
istics of a solar cell. In this letter, we carry out such a detailed
balance analysis of a single nanowire solar cell, using gallium
arsenide (GaAs) as an example where for recombination
mechanisms we include radiative and Auger recombinations.17

The main results of this analysis are highlighted in Figure 1. We
show that an optimized single nanowire cell has a much higher
open-circuit voltage as compared to that of a bulk cell. In
addition, it also has a much higher short-circuit current when

compared with the contributions of a region of semiconductor
with the same volume located in the top surface of a bulk cell.
Moreover, as one varies the wire’s radius, the voltage and
current show different oscillatory behaviors. Such oscillatory
behaviors can be directly linked to the resonant modes of the
wire and therefore are unique coherent effects arising from the
wave-optical properties of the wire.
We start by first outlining the detailed balance analysis

approach. This approach is generally applicable to any solar
cell15,18,19 and has been recently used to calculate the voltage
behavior of a thin film GaAs cell,20 a thin film GaAs cell with
gratings,16 and a cell with a photonic crystal top layer.21 The
starting point of this analysis is the equilibrium condition
between the rates of generation and recombination of hole−
electron pairs:

− + − − =F F V R R V I q( ) (0) ( ) / 0g c (1)

where V is the voltage across the cell, I is the current generated
by the cell, and q is the electron charge. Fg and Fc(V) are the
total rates of radiative hole−electron pair generation and
recombination, respectively, while R(0) and R(V) are the total
rates of nonradiative hole−electron pair generation and
recombination, respectively.
In our analysis, we consider the scenario where the solar cell

is at the ambient temperature Tc and is under direct sunlight. In
this scenario, the total radiative generation rate is

= +F F Fg s co (2)
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where the Fs and Fco are the radiative generation rate
contributions due to the incoming direct sunlight and the
surrounding blackbody at ambient temperature Tc, respectively.
Fs is given by

∫ σ θ ϕ= = =
∞

F ES E Ed ( ) ( , 0, 0)
E

s
g (3)

where the integration is taken over all photon energies E above
the cell’s material bandgap energy Eg. S(E) is the incident rate
of solar photons per unit area per unit bandwidth at the photon
energy E. We use the AM 1.5 global spectrum standard22 for
S(E).
We use eq 3 for calculating the radiative generation rates of

the nanowire cell and the bulk cell. In the case of the nanowire
solar cell, σ(E, θ, ϕ) is the cell’s absorption cross-section
spectra13 summed over both the transverse electric (TE) and
transverse magnetic (TM) incident polarizations. θ is the angle
that the propagation vector of the incident light makes with the
wire’s longitudinal axis, while ϕ is the azimuthal angle of the
propagation vector in cylindrical coordinates.
In the case of a bulk cell, σ(E, θ, ϕ) is defined as

σ θ ϕ θ ϕ= ×E A a E( , , ) ( , , ) (4)

where A is the area of the cell’s top surface, and a(E, θ, ϕ) is the
absorption coefficient spectra of the cell. θ and ϕ are the polar
and azimuthal angles, respectively, that the propagation vector
of the incident light makes with the top surface of the bulk cell.
For a bulk cell with perfect antireflection coating, a(E, θ, ϕ) =
1.
In eq 2, the radiative generation rate Fco due to the

surrounding blackbody at ambient temperature Tc is given
by23,24

∫ ∫ ∫ϕ θ σ θ ϕ θ

θ

= Θ
π θ ∞
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co
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2

0

u
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where Θ(E) = ((2E2)/(h3c2))[exp(E/(kTc)) − 1]−1 is Planck’s
law23 for the incident spectral irradiance at a temperature Tc, c
is the speed of light in vacuum, and h is Planck’s constant. For
the integration over θ in eq 5, the upper limit θu is π and π/2
for the nanowire and bulk cell, respectively.
The relationship between the radiative recombination rate

Fc(V) in eq 1 and the voltage V across the cell is as follows:

=
⎛
⎝⎜

⎞
⎠⎟F V F

qV
kT

( ) expc co
c (6)

where k is the Boltzmann constant, and we have used Kirchoff’s
law23,24 to relate the thermal equilibrium radiative emission rate
of the cell to the radiative generation rate Fco due to the
surrounding blackbody at the temperature Tc of the cell (eq 5).
The solar cell’s short-circuit current Isc is obtained by setting

V = 0 in eq 1:15

=I qFsc s (7)

By setting I = 0 in eq 1, the following expression is obtained
from which we can solve for the open-circuit voltage Voc across
the cell:15

+ = +F R F V R V(0) ( ) ( )g c oc oc (8)

For GaAs solar cells in general, the nonradiative recombi-
nation rates in eqs 1 and 8 typically include Auger
recombination, the defect mediated Shockley−Read−Hall
effect, and surface recombination.25−31 Furthermore, since we
want to establish a fundamental understanding of how optical
physics influences the cell’s performance, following ref 17 we
idealize to the case of a defect-free GaAs cell with perfect
surface passivation. In addition, we also assume that the cell is
approximately intrinsic under illumination, resulting in a
minimized Auger recombination rate that is given by17,32,33

= +
⎛
⎝⎜

⎞
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3
2in p

3
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where ni is the intrinsic carrier concentration, Cn (Cp) is the
conduction-band (valence-band) Auger coefficient, and L is the
thickness of the solar cell (in the case of the nanowire, L = 2r).
In all our calculations, we consider GaAs cells operating at the
ambient temperature Tc = 300 K, where34,35 Cn + Cp = 7 ×
10−30 cm6·s−1 and ni = 2 × 106 cm−3.
Although we do include the fundamental Auger nonradiative

rate (eq 9) in all our calculations for GaAs nanowire solar cells
below, we note that, for the GaAs nanowires we consider in this
letter, the radiative rate dominates over this nonradiative rate.
In this case, the Voc in eq 8 can be approximated as follows:

≈
⎛
⎝⎜

⎞
⎠⎟V

kT
q

F

F
logoc

c g

co (10)

The validity of this approximation has also been experimentally
verified for micrometer thick GaAs solar cells in ref 36.
Furthermore, using this approximation, we calculate a Voc of
1.12 V for a bulk GaAs cell, which is in consistency with the
results in ref 20.

Figure 1. Comparison of current density−voltage (J−V) character-
istics between a (a) GaAs single nanowire, (b) GaAs bulk structure,
and (c) an equivalent rectangular volume portion (solid black line)
located at the top surface of the GaAs bulk structure. The arrows
indicate the direction of the incident sunlight. The plots in panel (d)
are the J−V curves associated with structures (a)−(c), with radius r =
73 nm for (a) and (c). Panels (e)−(g) compare the following
characteristics versus r for structures (a) and (c): (e) open-circuit
voltage Voc, (f) short-circuit current density Jsc, and (g) efficiency. The
efficiency in panel (g) is defined as FF((JscVoc)/Pinc) × 100% where
Pinc is the total incident sun radiation power per unit cell area, and FF
is the cell’s fill-factor.15
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In addition, for all our calculations, we have neglected
quantum confinement effects, which are only significant for
nanowires in the radius regime r < ∼10 nm.37,38 For such
ultrathin nanowires with radii below 10 nm, the Mie resonance
effect is no longer prominent, and hence, the current of such
cells should be small (Figure 1f). Moreover, quantum
confinement effects, which further increase the effective
bandgap, will further decrease the current from our calculated
values here and thus further limit the efficiency. Accordingly,
our analysis below will focus only on nanowires in the
interesting r > 20 nm radii regime where the generated current
is significant, and quantum confinement effects are negligible.
From eqs 1−10 we see that in order to perform a detailed

balance analysis of a nanophotonic solar cell, we only have to
calculate its absorption cross-section spectra σ(E, θ, ϕ) over all
angles. This absorption cross-section controls both the
absorption and the emission properties of the nanophotonic
cell that enters into the Shockley−Queisser’s analysis.15

Particularly, the analytical calculation of the absorption cross-
section spectra of a nanowire has been well documented
elsewhere,13,39 and the only material related quantity required
in this analytical calculation is the complex permittivity of GaAs
as a function of photon energy. In this letter, we used the GaAs
permittivity data from ref 40.
In the following, we will first present the results of the

current density−voltage (J−V) characteristics associated with
the calculated absorption cross-section for the nanowire in
Figure 1a. J here is the density of current I [eq 1] in a unit
length nanowire with radius r:

=J I G/ (11)

where G is the nanowire cross-sectional area projected onto a
plane perpendicular to the direction of normally incident
light:13

= ×G r2 (1 meter) (12)

Figure 1d compares the J−V curve of an optimized nanowire
with radius r = 73 nm (solid line), with that of a bulk GaAs cell
with perfect antireflection coating (dash-dotted line). One
remarkable feature of this J−V curve comparison between the
two structures is that the Voc of the nanoscale sized wire is
significantly enhanced over that of the bulk cell. This large
voltage enhancement shows an important potential of the
nanowire geometry for enhancing solar cell performance.
Furthermore, Figure 1e shows that (i) this large voltage
enhancement occurs over a wide range of radii of the nanowire
and that (ii) the absolute voltage enhancement is directly
dependent on the nanowire’s radius.
In order to perform a volumetric comparison of the

generated current density of the optimized nanowire with
that of the bulk cell, Figure 1d also includes the J−V curve
(dotted line) associated with the contribution to the overall
performance of a bulk cell from a hypothetical equivalent GaAs
volume portion located at the top surface of the bulk cell
(Figure 1c). This equivalent volume portion has a rectangular
cross-section with a width of 2r and a thickness of L = πr/2. We
assume that normally incident sunlight on the bulk cell
undergoes single-pass absorption in the equivalent volume
portion given by the following absorption coefficient in eq 4:

θ ϕ κ= = = − −
ℏ

⎡
⎣⎢

⎤
⎦⎥a E

E
c

E L( , 0, 0) 1 exp 2 ( )
(13)

where κ(E) is the absolute value of the material extinction
coefficient at a photon energy of E,40 and ℏ is the reduced
Planck constant. For voltage comparison, we directly compare
the voltage of the nanowire cell with that of the bulk cell. The
equivalent volume construct plays no role in the voltage
comparison.
We see from Figure 1d that the current density of the

nanowire is significantly enhanced over that of this equivalent
volume portion. In fact, Figure 1f,g shows that the nanowire has
a significant J−V performance enhancement over the equivalent
volume portion for a wide range of radii.
A distinctive feature of the nanowire cell is that as one varies

the wire’s radius, both its Jsc and Voc oscillates (Figure 1e,f). It is
important to note that the oscillation patterns of the current
and voltage are different. Particularly, the radius that maximizes
the Jsc is different from the radius that maximizes the Voc.
Below, we show that these behaviors are directly related to the
modal nature of the structure.
External light incident on a nanowire can couple into one of

the limited number of leaky mode resonances supported by the
wire.6,12 In the case of normally incident light, these leaky mode
resonances can be separated into two linearly independent sets
of modes, namely, transverse electric (TE) modes and
transverse magnetic (TM) modes with the magnetic field and
electric field, respectively, polarized along the wire’s longi-
tudinal axis. Figure 2a plots the resonant energies of the
supported TE and TM modes as a function of the wire’s radius
for the case of normally incident light. In general, the resonant
energy of each mode decreases with increasing radius of the
wire. The electric field intensity profile of each mode is
illustrated in Figure 2c.

Figure 2. (a) Energies E of TM (solid line) and TE (dashed line)
leaky mode resonances vs radius r of nanowire for normally incident
(θ = 0) light, (b) Voc vs r of nanowire, and (c) TM and TE electric
field across the cross-section of the nanowire around the bandgap
energy Eg and at radii corresponding to the dips of the Voc plot. The
vertical dashed lines in panels (a),(b) show that the Voc dips in panel
(b) occur when there is a leaky mode resonance in the proximity of Eg.
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To illustrate the relation between the resonances and the Jsc
oscillations shown in Figure 1f, the spectra (dashed lines) in
Figure 3a−c show the ratios of the absorption cross-sectional
area σ(E) to the geometrical cross-sectional area G (eq 12), i.e.,
the absorption efficiency spectras13 at the normal incidence
angle θ = 0 for three nanowires with radii r = 55.5, 73, and 88
nm, respectively. These radii were chosen around the first Jsc
oscillation peak at r = 73 nm.
Equations 3, 7, and 11 indicate that in order to have a large

Jsc, the peaks of the nanowire’s normal incidence absorption
efficiency spectra σ(E)/G must match well with the solar
spectra S(E). In order to illustrate this matching between the
σ(E)/G and S(E) spectra, we have included a plot (solid line)
of S(E) in each of Figure 3a−c. In the range of radius between
55.5 and 88 nm, for example, the wire supports only the lowest
order TE and TM modes. We see that the σ(E)/G spectra
corresponding to r = 73 nm (Figure 3b) gives the best match of
its resonances with S(E) since it has a strong resonance located
in the lower energy side of the usable solar spectrum where the
spectral component of the sunlight is stronger, resulting in the
first Jsc peak in Figure 1f. In contrast, the position of the
resonances for r = 55.5 nm (Figure 3a) and r = 88 nm (Figure
3c) are not well matched with S(E) resulting in lower Jsc values.
However, as compared to the Jsc behavior above, a very

different Voc behavior is found in relation to the absorption
efficiency spectra in Figure 3. For example, Figure 1e shows
that a peak in the Voc occurs at r = 55.5 nm, which is
significantly different from the radius associated with the Jsc
peak at r = 73 nm. To study the physics that controls the Voc
behavior in nanowires, we compare the variations, as a function
of the nanowire radius, of the Voc (Figure 2b) and the resonant
energies E (Figure 2a). We see that each Voc dip is located at a
radius where there is a resonance in the immediate vicinity of
the bandgap energy Eg, while each Voc peak corresponds to a

radius where all supported modes in Figure 2a are located away
from Eg. The presence or absence of a resonance in the
immediate energy range above Eg strongly influences the Voc

behavior. This behavior can also be seen in the σ(E)/G spectras
at all angles of incidence θ (Figure 3d−f), where the spectrum
for r = 88 nm, corresponding to a Voc dip, has its resonance
located in the immediate vicinity of Eg (Figure 3f), whereas the
other two radii, having a higher Voc, have their resonances
located away from Eg (Figure 3d,e).
The Voc behavior of the nanowire can be understood from

eqs 5 and 10. The thermal equilibrium recombination rate Fco
[eq 5] is strongly influenced by the strength of absorption in
the immediate vicinity above Eg at all angles of incidence θ. We
can see this by examining the spectral integration above Eg in
eq 5 that can be used to determine Fco. Since our nanowire cell
is operating at the ambient temperature Tc and therefore
satisfying kTc ≪ Eg, the thermal emission spectral radiance
Θ(E) in the integrand of eq 5 can be approximated as

Θ ≈ − −
⎛
⎝⎜

⎞
⎠⎟E

E
h c

E
kT

H E E( )
2

exp ( )
c

g

2

3 2
(14)

where H(·) is the Heaviside step function. Equation 14 shows
that Θ(E) has a relatively narrow spectral width of kTc right
above Eg, and accordingly, the absorption strength in this
narrow kTc region does strongly influence the thermal emission
rate Fco [eq 5] and therefore the cell’s Voc (eq 10). In contrast,
this narrow kTc width is a very small portion of the cell’s total
absorption bandwidth. Thus, considering the much wider
bandwidth of the incoming solar radiation, we can conclude
that varying the strength of absorption in this immediate
vicinity above Eg has much less influence on the radiative
generation rate Fs [eq 3].

Figure 3. Dashed lines in panels (a)−(c) show the absorption efficiency σ(E)/G as a function of photon energy E at the normal incidence angle θ =
0 for nanowires of radii: (a) r = 55.5 nm, (b) r = 73 nm, and (c) r = 88 nm. Each plot in panels (a)−(c) also includes a plot (solid line) of the Sun’s
incident spectral photon flux density S(E) (eq 3). Panels (d)−(f) show the σ(E)/G contour-density spectral plots at different incident angles θ for
nanowires with the same radii as in panels (a)−(c), respectively. The contours in panels (d)−(f) are incremented by Δσ(E)/G = 0.05. The GaAs
bandgap energy Eg is located at the left boundary of panels (a)−(c). For panels (d)−(f), Eg is indicated by the outer white semicircle.
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We emphasize that the oscillation of both the current and the
voltage as a function of radius is a coherent effect that arises
from resonances of the nanowire. As the radius of the wire
increases, these oscillations become far less pronounced, and
the behavior of the nanowire cell approaches that of the bulk
cell (Figure 1e−g). In addition, the efficiency enhancement of a
nanowire over the corresponding bulk structure also vanishes in
the large radius limit (Figure 1g). Hence, our work highlights
the importance of optical resonances in enhancing both the
current and voltage performance of nanowire solar cells. One
may envision specifically tailoring these resonances to further
enhance the performance of nanowire cells.
On a final note, although we specialized to GaAs nanowires

in our analysis above, one may also carry out a similar detailed
balance analysis on the intrinsic voltage behavior of a silicon
(Si) nanowire cell. However, in a Si nanowire, strong
nonradiative Auger recombination must be taken into
account,32,33 and therefore, some of the conclusions of our
present work may not be straightforwardly transferred to the Si
nanowire cell. We intend to address this question in future
works.
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