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ABSTRACT: III−V semiconductor nanowire arrays show
promise as a platform for next-generation solar cells. However,
the theoretical efficiency limit for converting the energy of
sunlight into electrical energy in such solar cells is unknown.
Here, we calculate through electromagnetic modeling the
Shockley−Queisser efficiency limit for an InP nanowire array
solar cell. In this analysis, we calculate first from the absorption
of sunlight the short-circuit current. Next, we calculate the
voltage-dependent emission characteristics of the nanowire
array. From these processes, we identify how much current we
can extract at a given voltage. Finally, after constructing this current−voltage (IV) curve of the nanowire solar cell, we identify
from the maximum power output the maximum efficiency. We compare this efficiency of the nanowire array with the 31.0%
efficiency limit of the conventional InP bulk solar cell with an inactive substrate underneath. We consider a nanowire array of 400
nm in period, which shows a high short-circuit current. We optimize both the nanowire length and diameter in our analysis. For
example, nanowires of 4 μm in length and 170 nm in diameter produce 96% of the short-circuit current obtainable in the
perfectly absorbing InP bulk cell. However, the nanowire solar cell emits fewer photons than the bulk cell at thermal equilibrium,
especially into the substrate. This weaker emission allows for a higher open circuit-voltage for the nanowire cell. As an end result,
nanowires longer than 4 μm can actually show, despite producing a lower short-circuit current, a higher efficiency limit, of up to
32.5%, than the bulk cell.
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Both InP1−3 and GaAs4,5 nanowire array solar cells have
shown very promising performance with a measured

highest efficiency of 13.8% when converting the energy in
sunlight into electrical energy.1 Nanowires open up for
combining lattice mismatched materials due to strain relaxation
in the radial direction.6 Thus, the nanowire geometry gives a
great freedom for the choice of lattice-mismatched materi-
als6−11 to create heterostructures in the active region of a solar
cell. In addition, the expensive III−V material can be fabricated
epitaxially in nanowire form on a cheaper but lattice-
mismatched substrate.11,12

Furthermore, the nanophotonic properties of nanowire
arrays can be used for tuning and designing the absorption of
light more distinctively than in bulk-like devices,13−16 and
absorption resonances can show up in the individual nano-
wires.17−24 For example, a nanowire array, where the nanowires
covered only 10% of the substrate surface, absorbed more than
90% of the incident light.25 A lot of work has been done to
optimize the geometry of III−V nanowire arrays18,24,26,27 in
order to maximize the short-circuit current, which is the current
extracted under zero voltage bias on the solar cell. However, the
efficiency, which depends on the current−voltage relationship
of the solar cell, has not been studied with the Shockley−
Queisser detailed balance analysis.
Under the conditions where the power output in a solar cell

is maximized, the solar cell is forward biased and emits at the

same time a voltage-dependent number of photons like a light-
emitting diode.28,29 This emission of photons is the
fundamental process that limits the efficiency of an otherwise
perfect solar cell.28 Therefore, the emission characteristics of
the nanowire array due to nanophotonic effects30 needs to be
investigated,31 especially since it is known that the geometry of
the nanowires affects strongly the emission.32,33

Here, we combine absorption and emission modeling and
calculate the Shockley−Queisser detailed balance efficiency
limit for an InP nanowire solar cell. For a given solar cell
platform, this analysis gives the upper limit for the efficiency by
balancing the number of absorbed photons with the number of
emitted photons and the number of extracted charge carriers at
a given voltage.28,31 We compare the nanowire-array solar cell
with a perfectly absorbing single-junction bulk photovoltaic cell
on an inactive substrate. Our analysis gives for such a bulk cell,
as a function of the band gap energy, a maximum conversion
efficiency of 0.310 for a band gap energy of Ebg = 1.34 eV
(which is the bandgap energy of InP).
We consider a nanowire array of 400 nm in period, which is

known to show a high short-circuit current.18,27 We optimize
both the nanowire length and diameter in our analysis. For
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example, nanowires of 4 μm in length and 170 nm in diameter
produce 96% of the short-circuit current obtainable in the
perfectly absorbing InP bulk cell. However, the nanowire solar
cell emits fewer photons than the bulk cell, especially into the
substrate. This weaker emission allows for a higher open circuit-
voltage for the nanowire cell. As a result, nanowires longer than
4 μm can actually show a higher efficiency limit than the bulk
cell, despite producing a lower short-circuit current.

■ RESULTS AND DISCUSSION
For a solar cell, the current-density versus voltage curve, that is,
the IV curve, is given by34

= −j j j V( )sc rec (1)

where jsc is the short-circuit current density due to absorbed
photons and jrec(V) is due to the loss of charge carriers by
varying recombination processes for a voltage V over the solar
cell. From this IV curve, we can calculate the efficiency η of the
solar cell through

η =
j V V

P
( )max max

inc (2)

where Vmax is the voltage that maximizes the output power
j(V)V of the solar cell and Pinc is the incident solar intensity on
the cell. Typically for a solar cell, we are interested in jsc and the
open-circuit voltage Voc, which is the voltage V at which j = 0.
Thus, to analyze the efficiency of a solar cell, we need to

construct the IV curve. To calculate the short-circuit current
density, jsc, we assume28 that each absorbed photon with energy
above the band gap energy Ebg of the single-junction solar cell
gives rise to one electron−hole pair that can contribute to the
current:

∫ λ λ
π λ

λ=
ℏ

λ
j e

A I
c

( ) ( )
2 /

dsc 0

inc AM1.5bg

(3)

Here, IAM1.5 is the 1 sun 1000 W/m2 direct and circumsolar
AM1.5D solar spectrum,35 Ainc the absorptance of normally
incident light, ℏ the reduced Planck constant, c the speed of
light in vacuum, λ the vacuum wavelength of the light, and λbg =
ℏ2πc/Ebg. Notice that we here assume normally incident light,
corresponding to θinc = 0°, in order to maximize the projected
area of the solar cell with respect to the incident light. Light
incident at an angle θinc > 0 leads to a decrease in jsc by the
factor cos(θinc). The absorption in a nanowire array solar cell,
that is, A(λ), is typically not strongly dependent on the
incidence angle for θinc < 50°, after which it starts to decrease.24

Therefore, we expect that normally incident light maximizes the
short-circuit current density in the nanowire array solar cell.
The second term in eq 1, jrec, includes the loss of charge

carriers due to radiative and nonradiative recombination, as well
as for example the Ohmic losses in contacts and inside the solar
cell. Previously, electrical drift-diffusion modeling for the
transport of electrons and holes in nanowire array solar cells
has been performed. In these studies, finite mobility of the
electrons and the holes, nonradiative Shockley−Read−Hall
recombination, and surface recombination limited the solar cell
performance.36−40

However, the efficiency limit for a solar cell arises from
purely optical considerations. When a solar cell absorbs
photons, it must also emit photons due to the reciprocity
between absorption and emission of light.28,31 These emitted
photons stem from the radiative recombination of electron−

hole pairs. When calculating the upper value for the efficiency
limit for a given solar cell platform, we include only this
fundamentally required radiative recombination process:28

= −j V eF eV k T( ) [exp( / ) 1]rec c0 b (4)

where kb is the Boltzmann constant. Here, Fc0 is the number of
photons the solar cell emits at thermal equilibrium, that is, at
the voltage bias V = 0, corresponding to the blackbody
emission of the solar cell. Thus, in eq 4, the blackbody emission
Fc0 of the solar cell is enhanced exponentially by the voltage
over the solar cell.31 By combining eqs 1 and 2, we obtain for
the solar cell the ideal diode equation j = jsc − j0[exp(eV/kbT)
− 1] with j0 = eFc0 the reverse bias saturation current. Note that
this j0 arises from the fundamentally required emission of
photons and therefore shows the lowest possible value since all
other nonintrinsic loss mechanisms are excluded.28

Thus, to construct the IV curve of the solar cell in eq 1 for
the efficiency analysis (eq 2), we need to calculate the number
of photons emitted at thermal equilibrium, Fc0, which depends
on the emission characteristics of the solar cell. For this
purpose, we use the reciprocity between the absorptance A and
the emissivity eem.

31 This reciprocity leads to the detailed
balance of ATE(λ,θ,φ) = eem,TE(λ,θ,φ) and ATM(λ,θ,φ) =
eem,TM(λ,θ,φ).

31 Here, TE and TM denote the transverse
electric and the transverse magnetic polarization, respectively.31

Furthermore, θ and φ are the polar and azimuth angles that
determine the propagation direction of the light (Figure 2). In
this way, we can calculate the emission rate of photons into the
top and the bottom side of the solar cell with real-valued
refractive index ntop and nbot, respectively:

28,31

∫ ∫ ∫ϕ θ λ
λ

λ θ ϕ λ θ ϕ
π λ

θ θ

=

×
+

ℏ −

π π λ
F

cn

A A

c k T

d d d

( , , ) ( , , )

exp[( 2 / ) ] 1
cos( ) sin( )

c0,top(bot)
0

2

0

/2

0

top(bot)
2

4

TE,top(bot) TM,top(bot)

B

bg

(5)

where θ ≡ θtop in the top region and θ ≡ θbot in the bottom
substrate region (see Figure 2 for a schematic). Then, Fc0 =
Fc0,top + Fc0,bot.
First, we calculate from eqs 1−5 the efficiency limit of the

conventional single-junction planar bulk cell for varying band
gap energy to have a reference for comparison with the
nanowire solar cell. We consider a perfectly absorbing bulk cell
and set Ainc(λ) = 1 to maximize the short-circuit current density
in eq 3,28 and we use T = 300 K. Similarly, we assume in eq 5
that ATE,top(bot)(λ,θ,φ) = ATM,top(bot)(λ,θ,φ) = 1 when λ < λg.

28,41

We focus on the system shown in the inset in Figure 1 with air
on the top (ntop = 1) and an inactive semiconductor substrate at
the bottom, which is a typical configuration for nanowire array
solar cells.1−5 We set the refractive index of the substrate to nbot
= 3.5 to represent a typical semiconductor substrate (notice
that the real part of the refractive index of, for example, InP
varies from 3.5 to 3.4 for 850 < λ < 925 nm in which range we
expect the emission to occur; see Figure 5). The calculated
efficiency for this planar cell as a function of band gap energy
(Figure 2) shows a peak of η = 0.310 at Ebg = 1.34 eV. Notice
that InP has this band gap energy of 1.34 eV that maximizes the
efficiency. Therefore, we choose InP for the nanowire material
for this study. For this Ebg = 1.34 eV, the planar bulk cell shows
jsc = jsc,planar = 34.6 mA/cm2, which we denote also as jsc,max since
this is the maximum value for InP. We find, furthermore, for
this bulk cell that Voc = Voc,planar = 1.01 V.
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We choose to fix the period of the nanowire array (Figure 2)
to p = 400 nm since this gives a high short-circuit current for L
≈ 1−4 μm when D ≈ 180 nm.18,27 We perform for each D and
L electromagnetic modeling to obtain the ATE,top(bot)(λ,θ,φ) and
ATM,top(bot)(λ,θ,φ) needed for the efficiency analysis in eqs 1−5.
The modeling is performed with a scattering matrix method,42

which solves the Maxwell equations for incident light. The
optical properties of the nanowire material is taken into account
in the modeling through tabulated values for the bulk refractive
index n of InP.43 For the air between and on top of the
nanowires we use ntop = 1, and for the substrate nbot = 3.5. We
perform the modeling for 50 < D < 400 nm in steps of 5 nm
and L = 0.5, 1, 2, 4, 8, 16, and 32 μm.
First, we find that for all nanowire lengths and diameters

(Figure 3a) the nanowire solar cell shows a lower short-circuit
current density than the bulk cell, that is, jsc < jsc,max = 34.6 mA/

cm2. For the shortest nanowire length, we find a maximum jsc of
24.7 mA/cm2. However, we notice that jsc approaches jsc,max
with increasing L, and for L = 32 μm, we find that jsc peaks at
34.2 mA/cm2. This increasing jsc with L can be understood
from an increased absorption in the nanowires with increasing
length. Furthermore, the nanowire diameter that maximizes jsc
for a given length decreases with increasing nanowire length,
from D = 185 nm for L = 2 μm to D = 140 nm for L = 32 μm
where jsc = 34.2 mA/cm2. This decreasing D for the optimized
structure can be understood from decreasing reflection losses at
the top of the nanowires with decreasing D, where the expected
decreasing absorption with decreasing D is compensated by the
increasing L.
When regarding the efficiency, we find for the shortest

nanowire length L = 0.5 μm a maximum of η = 0.226,
considerably lower than the efficiency ηplanar = 0.310 of the
corresponding planar bulk cell. However, for L ≥ 4 μm, η >
ηbulk = 0.310, and for the length L = 32 μm, η seems to saturate
toward 0.325 (Figure 3b). Thus, the nanowire solar cell can
show a higher efficiency limit than the conventional bulk cell
(Figure 3b), despite generating a lower short-circuit current jsc
(Figure 3a).
To understand how the nanowire solar cell can show a higher

efficiency despite a lower short-circuit current density, we turn
to study the voltage characteristics of the solar cell. We find that
for all L, Voc > Voc,planar (Figure 3c). In a conventional solar cell,
Voc depends on jsc since from eqs 1 and 4, Voc ≈ kbT log[jsc/
(eFc0)]/e. Therefore, we could, contrary to the behavior found
here for the nanowire solar cell versus the bulk cell, expect a
lower open-circuit voltage for the nanowire solar cell due to the
lower jsc. To explain the larger Voc in the nanowire array, we are
left with the option that the nanowire array emits fewer
photons at thermal equilibrium. That is, Fc0 for the nanowire
array is lower than for the bulk cell.
We note that, in principle, it is possible to increase the

effective (optical) band gap Eeff of the solar cell by suppressing
the emission close to the band gap region.44 Such an effect
shows up as eem = 0 for Ebg < E < Eeff (corresponding to λeff < λ
< λbg) in eq 5. Such a decrease in Fc0 could lead to an increased
open-circuit voltage, as seen from Voc = kbT log[jsc/(eFc0)]/e.

44

However, since the Ebg = 1.34 eV of InP in this study gives a

Figure 1. Shockley−Queisser detailed balance efficiency limit, η, for a
perfectly absorbing planar bulk cell, shown here for varying band gap
energy Ebg. The region on top of the cell has refractive index ntop = 1
and the substrate underneath the cell has nbot = 3.5 (see the inset for a
schematic). The square marks the band gap energy of 1.34 eV, where
the efficiency peaks at η = 0.310. Notice that the band gap energy of
InP is 1.34 eV.

Figure 2. (Left) 2D cross-section of an InP nanowire array. θtop and θbot denote, respectively, the propagation direction of light in the top region with
a refractive index ntop = 1 and in the bottom region with a refractive index nbot = 3.5. The nanowires are of diameter D and length L and arranged in a
square pattern of period p = 400 nm. Here, the azimuth angle φ = 0 (φ = 90°) indicates light that propagates in the x−z (y−z) plane. (Right) 3D
schematic of the nanowire array with sunlight incident at normal angle, that is, from the angle θtop = 0.
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maximum efficiency limit obtainable for a single-junction bulk-
type solar cell (Figure 1), a simple increase of the effective band
gap from 1.34 eV cannot increase the efficiency limit beyond η
= 0.310 by increasing the Voc. Such an increase of Voc would
decrease jsc more rapidly [notice that eem = 0 for Ebg < E < Eeff
requires a reduction in the absorption of the sunlight, that is,
also Ainc = 0 for Ebg < E < Eeff in eq 3], leading to an overall
decrease of efficiency since Ebg = 1.34 eV is already at the
maximum of the efficiency. Thus, we are left with the option
that Fc0 is decreased below that in the conventional bulk cell,
increasing Voc without sacrificing jsc in the same proportion.
To study in more detail how we reach in the nanowire arrays

values beyond the bulk limit of η = 0.310, we concentrate on L
= 4 μm which shows for the optimized D = 170 nm a short-
circuit current density of 96% of jsc,max but still a higher η than
the bulk cell due to the higher Voc. As discussed above, Voc =
kbT log[jsc/(eFc0)]/e and jsc < jsc,planar. In order to understand
this higher Voc, we need to look at Fc0, which is determined by
the emission properties of the solar cell into both the air
superstrate and the substrate (eq 5). We show in Figure 4 the
contribution to eFc0 from emission into the top (eFc0,top) and
the bottom (eFc0,bot) side.
For D < 150 nm, the emission into the ntop = 1 air superstrate

top region and the nbot = 3.5 substrate bottom region are almost
equal. This behavior is in strong contrast to the conventional
bulk cell where the emission into the nbot = 3.5 substrate is
enhanced by a factor of nbot

2 = 3.52 = 12.25 as seen both from
eq 5 and Figure 4. For D > 150 nm in the nanowire array, the
emission into the substrate becomes dominating with
increasing D, with 10.5× more photons emitted for D = 400
nm into the nbot = 3.5 substrate compared to into the ntop = 1
superstrate.
Next, we concentrate on the system of D = 170 nm, which

maximizes η for L = 4 μm (Figure 3b). We show in Figure 5 the
emission into the ntop = 1 top region and the bottom nbot = 3.5
substrate side as a function of wavelength.45 As found above for
the wavelength-integrated emission (Figure 4), the emission is
here very similar to both sides for all wavelengths, even if the
higher density of optical states in the nbot = 3.5 substrate could
in principle allow for a 3.52 = 12.25× higher emission rate. To
understand why the emission into the substrate does not reach
such high values, we show in Figure 6 the emission pattern as a

function of emission angle for λ = 900 nm, which is in the
vicinity of the band gap wavelength of 925 nm.
We find that the solar cell emits light in principle into all

angles (Figure 6), that is, eem > 0 for all θ and φ (see Figure 2
for a schematic of these angles). Note that the sunlight is, in
principle, incident from a small solid angle of 6.85 × 10−5 sr
centered around θ = 0 (corresponding to light incident for θ <
0.27° = θsun).

28 Due to reciprocity, light must be emitted into
these angles if it is absorbed from these angles, which gives a
lower limit for Fc0. However, the light that is emitted into θ >
θsun increases Fc0 above this lower limit. Therefore, by limiting
the emission to eem < 1 for angles θ > θsun from which light is
not incident, Fc0 decreases, and consecutively Voc and η can be
increased without sacrificing the short-circuit current density
jsc.

46

When we study the angular dependent emission pattern for
D = 170 nm, the emission into the ntop = 1 top side is not
strongly angle dependent (Figure 6a) until we reach close to
grazing incidence (θ = 90°) where the emissivity goes to zero
due to total internal reflection. In strong contrast, the emissivity

Figure 3. (a) Short-circuit current density jsc of the InP nanowire solar cell for varying nanowire length L and diameter D (see Figure 2 for a
schematic). Here, we show with the dashed line also the current density jsc,max = 34.6 mA/cm2 of the perfectly absorbing planar InP bulk cell (see
inset in Figure 1 for a schematic). (b) Same as (a) but for the efficiency η with the efficiency ηplanar = 0.310 of the planar bulk cell shown by the
dashed line. (c) Same as (a) but for the open-circuit voltage Voc together with the Voc,planar = 1.01 V of the planar bulk cell (dashed line). This
modeling is performed for the AM1.5 direct and circumsolar 1 sun 1000 W/m2 spectrum.

Figure 4. Reverse saturation current density j0 = eFc0 = eFc0,top + eFc0,bot
in eq 4, as determined from eq 5 by emission of photons into the ntop
= 1 top side and the nbot = 3.5 substrate at the bottom, respectively.
Here, we show results for an InP nanowire array with L = 4 μm, p =
400 nm, and varying diameter D (see Figure 2 for a schematic)
together with the results for the planar bulk cell (see inset in Figure 1
for a schematic).
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into the nbot = 3.5 bottom side (Figure 6b) drops rapidly over
the angles 20° < θ < 30° toward values of eem < 0.05 for large θ.
Thus, there is a process that prohibits efficient emission of light
into large angles in the nbot = 3.5 substrate. We note that the
critical angle for total internal reflection at an interface between

a material of refractive index n = 1.5 and a material of n = 3.5 is
given by asin(1.5/3.5) = 25.4°. We do not expect efficient
emission from the n = 1.5 region into angles beyond the critical
angle in the n = 3.5 region. Thus, from the drop of the
emissivity over 20° < θ < 30°, it seems that the nanowire array
with D = 170 nm behaves for the emission into the ntop = 3.5
substrate approximately as a material of refractive index close to
1.5, or equivalently, the ntop = 3.5 substrate looks for the
emission like an n = 1.5 substrate. In this way, we can use the
high-refractive index InP material in nanowire form on top of a
high-refractive index substrate without increasing the emission
of photons compared to a low-refractive index substrate.
Notice that the optical response of nanowire arrays has been

found to be strongly dependent on the HE11 waveguide mode
of the individual nanowires.18 Therefore, we calculated the
propagation constant βHE11 of the HE11 mode for an InP
nanowire of the 170 nm diameter considered above in Figure
6b. From this propagation constant, we can calculate a
refractive index nHE11 = Re(βHE11)/(2π/λ) for the mode. We
find that nHE11 decreases from 1.3 to 1.1 when λ increases from
850 to 925 nm, which is the wavelength range where the
emission occurs (see Figure 5). We note that the critical angle
for total internal reflection from a bulk region of refractive
index nHE11 = 1.2 to a bulk region of nbot = 3.5 is 20.1°. Thus,
the drop in the emissivity that starts to occur at θ = 20° in
Figure 6b coincides well with the expectation from the
refractive index of the HE11 mode.
Next, when we study the case of D = 400 nm and emission

into the ntop = 1 top side (Figure 6c), we find values close to

Figure 5. Contribution to the reverse saturation current j0 = eFc0 =
eFc0,top + eFc0,bot in eq 4, as determined from eq 5 by emission of
photons into the ntop = 1 top side and the nbot = 3.5 substrate at the
bottom, respectively, as a function of emission wavelength. Here, we
show results for an InP nanowire array with L = 4 μm, p = 400 nm,
and D = 170 nm (see Figure 2 for a schematic).

Figure 6. Emissivity eem of a nanowire array with period p = 400 nm and nanowires of L = 4 μm in length as a function of polar angle θ and azimuth
angle φ (see Figure 2 for a schematic). (a, b) Emissivity for nanowires of diameter D = 170 into (a) the top ntop = 1 region and (b) into the bottom
nbot = 3.5 substrate. (c, d) Same as (a) and (b) but for a nanowire diameter of 400 nm. The results are for λ = 900 nm and averaged for TE and TM
polarization.
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0.75 for θ < 60°. These values are in good agreement with the
emissivity eem = (1 − R) = 0.701 into a region of n = 1 at
normal angle (θ = 0) from a bulk layer of refractive index nInP =
3.41 + i0.09, corresponding to the InP at the considered λ =
900 nm. Here, R = |nInP − 1|2/|nInP + 1|2 = 0.299 is the
reflectance at normal angle. Thus, from this good agreement,
we conclude that the nanowire array with D = 400 nm, where
the nanowires cover π(D/2)2/p2 = 79% of the substrate surface,
starts to resemble optically a continuous bulk film. Similarly, for
the emission into the nbot = 3.5 substrate for D = 400 nm
(Figure 6d), eem → 1 for small θ indicating that light can couple
between the nanowire array and the substrate without
considerable reflection losses. For θ → 90° we find however
that eem → 0 due to the remaining refractive index mismatch
between the nanowire array and the substrate, which leads to
total internal reflection at the grazing angle.
Finally, we comment on the possibility to reach in nanowire

array solar cells open-circuit voltages and efficiencies beyond
those of a bulk cell also in the case where nonradiative bulk
recombination determines j0. In the case of such nonradiative
recombination, the reverse bias saturation current through a
unit cell of area p × p of the nanowire array containing one
nanowire of diameter D is given by I0,uc = π(D/2)2j0,planar. Here,
j0,planar is the reverse bias saturation current of the planar bulk
cell and depends on the density of the nonradiative
recombination centers, which is assumed equal to that in the
nanowires. In this case, the reverse saturation current density of
the nanowire array is given by j0 = I0,uc/p

2 = f × j0,planar. Here, f =
π(D/2)2/p2 is the fraction of the substrate surface covered by
nanowires. Thus, due to the reduced cross-sectional area of the
nanowires compared to the bulk cell, j0 is reduced here by the
factor f. However, due to light concentration, the nanowires can
absorb 100% of the incident light. That is, A(λ) → 1 for λ < λbg
is possible even if the nanowires cover only a fraction f of the
surface. Thus, jsc → jsc,planar is, in principle, possible (see Figure
3a where for the largest considered L = 32 μm, jsc is
approaching jsc,bulk). Next, from the ideal diode equation j = jsc
− j0[exp(eV/kbT) − 1], we find that Voc ≈ log(jsc/j0)kbT/e =
log[jsc,bulk/( f × j0,bulk)]kbT/e = log(1/f)kbT/e + log(jsc,bulk/j0,bulk)
kbT/e. Therefore, in this case, where nonradiative processes
dominate the recombination and determine j0, the Voc could be
increased compared to the bulk cell by ΔVoc = log(1/f)kbT/e.
For example, for f = 10%, an increase with ΔVoc = 60 mV could
be obtained without sacrificing short-circuit current, leading to
an efficiency beyond that reachable in the corresponding planar
bulk cell. Thus, light concentration can lead to an enhanced
open-circuit voltage and efficiency when nonradiative recombi-
nation limits the efficiency (notice that, as discussed above, the
efficiency limit is lower in this case than in the case where the
intrinsic radiative recombination limits the efficiency).
In contrast, in the case of a solar cell where radiative

recombination limits the efficiency, light concentration in itself
does not automatically increase the efficiency beyond that of a
bulk cell. Since A = eem, light concentration, that is, A > f, is
accompanied by an enhanced emission per volume semi-
conductor material compared to the bulk cell, that is, eem > f.
That is, the light concentration is accompanied by the Purcell
effect. Instead, to suppress j0 below that in a bulk cell in order
to lead to a higher efficiency limit, the emission must be
suppressed for angles from which light is not incident from, as
described in the main part of this paper.

■ CONCLUSIONS
We calculated the Shockley−Queisser efficiency limit for an InP
nanowire array solar cell. This limit was obtained by
considering both the absorption and emission of light in the
nanowire array. The absorption of normally incident sunlight
gives rise to the short-circuit current. The emission of photons
is on the other hand an intrinsic process, which is exponentially
enhanced by the voltage over the cell. These emitted photons
originate from radiative recombination of electron−hole pairs.
Thus, the emission puts a limit on the voltage under which
photogenerated electron−hole pairs can contribute to the
current that can be extracted from the solar cell. By considering
these two optical processes, that is, the absorption and
emission, we constructed the IV curve of the nanowire array
solar cell. From this IV curve, we extracted the maximum power
point, which yields the efficiency of the solar cell. The
performance of the nanowire array solar cell was compared with
a corresponding perfectly absorbing bulk InP solar cell when
both cells were placed on an inactive high-refractive index
substrate.
The nanowire array generated a lower short-circuit current

than the bulk cell, showing for example for a nanowire length of
4 μm a maximum value of 96% of that obtainable in a bulk cell.
However, the nanowire array emits at the same time fewer
photons than the bulk cell, especially into the substrate. This
weaker emission allows for a larger open-circuit voltage in the
nanowire array solar cell. As an end result, nanowires longer
than 4 μm can actually show, despite producing a lower short-
circuit current, a higher efficiency limit than the bulk cell.
In this work, we considered an array of straight nanowires

placed in a square pattern of 400 nm in period with air between
and on top of the nanowires. We foresee future possibilities in
affecting both the emission and absorption properties of the
nanowire arrays, for example, by (i) varying the shape of the
nanowires, (ii) varying the period of the array, (iii) coating the
nanowires with a nonabsorbing dielectric shell, (iv) inserting a
dielectric material between the nanowires, and (v) by
introducing optical antireflection layers on top of the nanowire
array. Such modification of the nanowire array could possibly
further increase its efficiency limit.
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