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Present day nanowire solar cells have reached an efficiency of 17.8%. Nanophotonic
engineering by nanowire tapering allows for high solar light absorption. In combination with
sufficiently high carrier selectivity at the contacts, the short-circuit current (J,.) has presently
reached 29.3 mA/cm?, reasonably close to the 34.6 mA/cm? theoretical limit for InP. Although
further optimization of the current is important, an equally challenging condition to approach
the Shockley Queisser (S-Q) limit is to increase the open-circuit voltage (V) towards the radia-
tive limit. The key requirement to reach the radiative limit is to increase the external radiative
efficiency at open-circuit conditions towards unity. It is the main purpose of this review to high-
light recent progress in nanophotonic engineering to further enhance the open circuit voltage of
a nanowire solar cell. In addition to material optimization for increasing the internal photolumi-
nescence efficiency, the light extraction efficiency is a major design criterion for enhancing the
external radiative efficiency and thus the V.. Since the semiconductor substrate is a sink for
internally generated photoluminescence, it is equally important to eliminate the loss of emitted
light into the substrate. Even at the S-Q limit, the V. is still substantially decreased by a photon
entropy loss due to the conversion of a parallel beam of photons from the sun into an isotropic
emission pattern, in which each individual photon is emitted into a random direction. The 46.7%
ultimate solar cell limit for direct solar irradiation can only be approached, once the cell is capa-
ble to focus all emitted photoluminescence back to the sun. We will show that nanophotonic

engineering provides a pathway to approach the ultimate limit. Published by AIP Publishing.
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I. INTRODUCTION

In this review, we will discuss several options to
increase the open-circuit voltage in a solar cell, with a spe-
cial emphasis towards nanowire solar cells. Most of the lit-
erature on solar cells, including several reviews'™ on
nanowire solar cells, are mainly focused towards increas-
ing the short-circuit current while not discussing the open-
circuit voltage in much detail. The open-circuit voltage can
be understood by considering the detailed balance limit of
a solar cell which was developed by Shockley and
Queisser'® and which has been re-visited and put into his-
torical perspective by Queisser'' in 2009. The essential
ingredients are that the maximum achievable carrier
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radiative recombination lifetime. In addition, the minimum
achievable recombination current is ultimately limited by
the black-body recombination current. We emphasize that
both limits are radiative quantities. The detailed balance
principle subsequently connects the black-body emission
rate with the electron-hole generation rate excited by ther-
mal radiation in the dark. For a lossless cell under solar
irradiation, detailed balance requires that the external radi-
ative recombination rate equals the solar generation rate.
These simple principles determine the maximum open-
circuit voltage of any solar cell. Achieving a high open cir-
cuit voltage thus requires an optimization of the external
radiative efficiency, as will be discussed in Sec. II.

It is well known that every type of solar cell suffers
from a so-called V,.-deficit, which is the difference between
the measured V,,. and the material’s bandgap. The V,,.-deficit
has been reviewed in recent solar cell papers by Polman
et al."? and Green and Bremner.'? Knowledge on the precise
steps required to increase the V,,. up to the materials bandgap
is not widespread. In this review, we will show that although
the V,.-deficit is strongly influenced by the internal photolu-
minescence efficiency, the V,.-deficit is also strongly deter-
mined by the (nano)photonic design of the solar cell. We
emphasize that these nanophotonic design principles apply
to any type of solar cell and are thus generic. III-V semicon-
ductor nanowire solar cells provide a workhorse to optimize
and to study these nanophotonic solar cell properties.

Recently, a lot of progress was made in the field of
nanowire solar cells. Important milestones were the 13.8%
efficiency InP nanowire solar cell' reported by Lund, the
15.3% efficiency GaAs nanowire solar cell'® reported by
Solvoltaics in Lund, and finally the 17.8% efficiency InP
nanowire solar cell'® reported by us. The state-of-the-art in
nanowire solar cells is discussed in Sec. III.

Appl. Phys. Rev. 5, 031106 (2018)

In this review, we will focus on increasing the V.. We,
however, start with a discussion on the light absorption in
nanowire arrays. Nanophotonic optimization of the light
absorption in the present 17.8% efficiency nanowire solar
cell has increased the measured J. reasonably close to the
limit'” for InP. The intrinsic advantage of nanowire solar
cells for current optimization will be discussed in Sec. I'V.

Optimization of the open-circuit voltage is the main chal-
lenge in nanowire solar cell research. It is the prime focus of
this review. Approaching a V. close to the materials bandgap
requires a 3-stage approach. In the first stage, the internal pho-
toluminescence efficiency should be optimized towards
100%. This optimization requires that the radiative recombi-
nation rate is significantly larger than the nonradiative recom-
bination rate, which hitherto has mainly been demonstrated
for high quality planar GaAs. Optimization of the internal
photoluminescence efficiency will be discussed in Sec. V.

In order to approach the radiative limit, it is equally
important to optimize the photon extraction probability at
the front-side of the solar cell, since thermodynamics
requires that the external radiative efficiency should be close
to unity for approaching the Shockley Queisser (S-Q) limit'®
(see Box 1). Optimization of the photon escape probability
will be discussed in Sec. VI.

At this point, the radiative losses into the semiconductor
substrate should be eliminated. A semiconductor substrate
features a high photonic density of states, which acts as an
efficient sink for internally generated photoluminescence
within the solar cell. Even a planar III/V semiconductor solar
cell can only reach the limiting S-Q efficiency when radia-
tive losses into the substrate are eliminated. The objective is
that the front-side emission equals the solar radiation flux at
open-circuit conditions. Substrate losses will be further dis-
cussed in Sec. VIIL.

The Shockley-Queisser and the ultimate limit

The Shockley-Queisser limit and the ultimate limit for direct solar radiation are both plotted in Fig. 1. While

the S-Q limit peaks at 33.7% near a bandgap of 1.34eV, the ultimate efficiency for direct solar radiation shows
two maxima at 46.6% (0.95eV) and 46.7% (1.13eV), respectively. Since the light entropy contribution always
increases the V,. with approximately 0.3V, the ultimate efficiency is more strongly increased at lower bandgaps. A
low bandgap cell is harvesting a larger portion of the solar spectrum and is thus generating a larger current. The
current should be multiplied by the 0.3V increase in V,. due to the light entropy contribution, yielding the largest
increase in the efficiency for a low bandgap cell. The ultimate efficiency is still limited by losses due to (1) solar
photons which are not absorbed since they have an energy below the semiconductor bandgap, (2) thermalization
loss of photoinduced carriers by photons with a photon energy above the bandgap; the excess energy can only be
converted into heat, (3) the Carnot efficiency, (4) a loss connected to the fact that the voltage at the maximum
power point of a solar cell is smaller than the open circuit voltage, and (5) a loss due to emission of photons at
the maximum power point of the solar cell.

For terrestrial conditions, the amount of direct (0.5° solar cone), circumsolar (£2.5° solar cone), and diffuse solar
radiation depend on the weather conditions. In the American Society for Testing and Materials (ASTM) G173-03 spec-
trum, 90% of the solar light is direct and can be converted with the ultimate efficiency, while 10% is diffuse. When all
emitted light is sent back to the sun, reciprocity of light propagation dictates that diffuse light cannot be absorbed within
the spectral region of the emission spectrum. However, it is possible that diffuse light outside this spectral region can be
absorbed by the cell and subsequently can be converted with the S-Q efficiency, implying a limiting efficiency of ~44%.
A detailed analysis of light absorption and emission in an ultimate limit solar cell, taking into account light scattering in
the atmosphere, would be an important and interesting direction for future research.
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FIG. 1. Plot of the ultimate efficiency for direct solar radiation as well as the
Shockley Queisser limit versus the semiconductor bandgap based on the Air
Mass 1.5 Global Spectrum (ASTM173-03 G).

Once the S-Q limit is reached, it is important to realize
that the solar cell is converting a nearly parallel beam of
photons (assuming direct radiation) originating from the
sun into a randomized emission pattern when it is operat-
ing at open circuit conditions. The solar cell is thus
strongly increasing the entropy of the impinging solar
light, which translates into a reduction of the open circuit
voltage by'® ~0.3 V for direct solar radiation. This voltage
loss can only be eliminated by sending all emitted photons
back towards the sun, resulting in an ultimate limit solar
cell (see Box 1). The ultimate limit was first proposed by
Shockley and Queisser'® when assuming a fictitious sun
illuminating the solar cells with a 47 input solid angle. In
this way, Shockley and Queisser obtained an ultimate effi-
ciency'® of ~43% by assuming a simplified black-body
radiation spectrum. The V,-deficit can only be completely
eliminated in an ultimate limit solar cell. The light propa-
gation in an ultimate limit cell should be strictly reversible
within the spectral region of the emission spectrum, thus
avoiding any increase in photon entropy. The ultimate
limit will be discussed in Sec. VIII. Finally, we shortly dis-
cuss the economics of nanowire photovoltaic (PV) as well
as recent efforts towards nanowire tandem cells in Sec. IX.

Although it is most appealing to present this approach as
a three step approach, it is possible to increase the solar cell
efficiency by nanophotonic engineering in which one is start-
ing with a lower internal photoluminescence efficiency or a
lower photon extraction probability. We also like to stress
that this review is academic in the sense that most of the
steps required to reach a high V,. have never been tested
under realistic outdoor conditions. However, we will use the
AM1.5G solar spectrum, which is corrected for, e.g., water
absorption and light scattering in the atmosphere, when cal-
culating the limiting efficiencies. In addition, most of the
cited work has been performed for idealized solar radiation
at normal incidence. We will, however, discuss the depen-
dence on the angle of incidence for a nanowire solar cell in
Sec. IV.

Appl. Phys. Rev. 5, 031106 (2018)

Il. THEORETICAL BACKGROUND

A solar cell is characterized by its short-circuit current,
its open-circuit voltage, and its fill factor. It is well known
that the short-circuit current of a nanostructured solar cell is
determined by the absorptance of the solar light as well as by
the efficiency for charge separation and collection. These
quantities are characterized by the internal quantum effi-
ciency (IQE) for the conversion of an absorbed photon into
current and the external quantum efficiency (EQE) which
characterizes the conversion efficiency of incident solar pho-
tons into current. A nanostructure is capable to convert inci-
dent photons which are impinging in close proximity to its
geometrical cross section due to the wave character of light.
One thus needs to consider the absorption cross section
instead of its geometrical cross section” for obtaining the
short-circuit current. For a vertically standing nanowire, the
absorption cross section is both wavelength and diameter
dependent. The Finite Difference Time Domain (FDTD)
simulations'® presented in Fig. 2 show a maximum absorp-
tion cross section which is at least 12x larger than the geo-
metrical cross section of the nanowire, allowing to also
harvest many solar photons impinging “in-between” differ-
ent nanowires within an array.

For a single nanowire solar cell, the EQE is proportional
to the absorption cross section of the nanowire. As an exam-
ple, for a horizontally oriented single nanowire, the EQE
cross section can be written as'

oroe(4,Q) = JIQE(A, 2)alP (1,Q)dz, (1)

in which P (2,Q) is the effective absorption width of the
nanowire. In the case of a nanowire array solar cell, the idea
is to position the vertically oriented nanowires close enough
together to make sure that the absorption cross sections of
the individual nanowires start to overlap each other. The
light absorption in nanowire solar cells will be further dis-
cussed in Sec. IV.

As compared to the amount of literature on the optimi-
zation of the short-circuit current, the mechanisms that deter-
mine the open-circuit voltage (V,.) are less well-known. In
this review, we will therefore focus on the open-circuit volt-
age (Voo)-

Imagine that a solar cell is irradiated by solar photons
with a solar generation rate Ry, at AM1.5G solar conditions.
At the open-circuit voltage, these photons are not contribut-
ing to the current, which is by definition zero. So, any
absorbed solar photon at V =V, has only two options; it
either is converted into heat in a nonradiative recombination
process or is externally re-emitted. In a lossless solar cell at
V =V, the only possibility is to externally re-emit all
absorbed solar photons.** The external radiative recombina-
tion rate, R..,, should thus be exactly equal to the solar gen-
eration rate R, = Rg,. This implies that the external

_ Rew i ; ia13
Rk brovides a direct metric

for the ability of a solar cell to approach the radiative limit
V:;Zd. At the Shockley Queisser limiting efficiency of 33.7%
at AM1.5G conditions, the open-circuit voltage is equal to

radiative efficiency nfo, =
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FIG. 2. Finite difference time domain (FDTD) simulation of the absorption
cross section'® for a 2.5 um standing GaAs nanowire embedded in a medium
with refractive index n = 1.67 on a silicon substrate for plane-wave illumina-
tion propagating along the nanowire axis. It is important to note that the
absorption cross section is considerably larger than the geometrical cross
section. Reproduced with permission from Krogstrup et al., Nat. Photonics
7,306-310 (2013). Copyright 2013 Springer Nature.

the radiative limit, while the short-circuit current and the fill
factor should also be fully optimized. The experimental rela-
tion between 1'% and the solar cell efficiency is highlighted
in Fig. 3, showing a clear relation between the power conver-
sion efficiency and the logarithm of the external radiative
efficiency. The red dashed line represents the efficiency for
optimum light absorption, current conversion, and fill factor
for an optimum bandgap solar cell which is only limited by
the external radiative efficiency [see Eq. (8)]. It can be seen
that cells with a large V,-deficit also suffer additional losses
due to incomplete current conversion and/or a reduced fill
factor. To reach the Shockley Queisser limit, it is required
that both #°% = 1 and EQE = 1. In addition, resistive losses

ext
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FIG. 3. Solar energy conversion efficiency versus the external radiative effi-
ciency for different types of solar cells. The red triangle indicates the
Voc-loss as calculated with Eq. (8) and allows to distinguish the V.-loss
from other loss mechanisms in each cell. The record GaAs cell from Alta
Devices has an external radiative efficiency of 32.3% and a power conver-
sion efficiency of 28.8%. Reproduced and modified with permission from
M. A. Green and S. P. Bremner, Nat. Mater. 16, 23-34 (2016). Copyright
2016 Springer Nature.
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should be absent. The highest internal radiative efficiency
ever reported” is 99.7% =+ 0.2% in an AlGaAs/GaAs/
AlGaAs double heterostructure in which surface recombina-
tion is virtually absent, corresponding to an external radia-
tive efficiency of 72% without using an anti-reflection
coating. For InP, a high internal radiative efficiency of 97%
has been reported.”* The highest external radiative efficiency
reported in a solar cell is 32.3% for the record GaAs solar
cell"® and 20.8% in a record GaInP cell. >

Kirchhoff’s radiation law requires that the emissivity of
a body is equal to its absorptance.'® The absorptance by
black-body radiation is equal to a(E)@puet_poay(T,E) in
which @pc—poay (T E) is the black body’s photon flux per
unit area at cell temperature T and a(E) is the dimensionless
absorbance for a solar photon of energy E. In a well-
designed solar cell, the absorbance a(E) is zero below the
bandgap and should be close to unity above the bandgap.
According to Kirchhoff’s law, the flux of emitted solar pho-
tons is equal t0 a(E) @piuet—poay (T, E). For simplicity, a(E) is
taken to be independent of the incident angle of the solar
photon. (It is, however, straightforward to include the inci-
dent angle dependence by replacing a(E) by a(E, 0, ) as
well an integrationzz’26 over 0 and ¢.) In the dark, the solar
cell will have the same temperature T as the surrounding
thermal bath. For an ideal solar cell in the dark, Kirchhoff’s
radiation law thus requires that the rate of black-body recom-
bination per frequency interval is equal to the generation rate
of electron—hole pairs by the thermal radiation, which
implies'®*?

RBlack—hody = Eout J a(E) (pBlackfbody (Tv E) dE, (2)

where ¢,,, is the étendue of the emitted light. For a nano-
structured cell, this equation simply yields the black body
radiation Rpjqcr—poay €mitted by the flat-plate area of the solar
cell at room temperature. Under solar radiation, the cell is no
longer in equilibrium. The solar radiation is continuously
generating a quasi-Fermi level splitting or internal chemical
potential u within the cell. For a lossless cell (no non-
radiative recombination and perfect contacts), the radiative
recombination'® will increase proportional to :’1—’2’, which is
equal to ¢*/*T according to the mass-action law. As a conse-
quence, the external radiative recombination becomes expo-
nentially dependent on the quasi-Fermi level splitting u
according to

Rexr(.“) = &ourCXp </€BLT) Ja(E)QDB]aL'kfbody(Ta E)dE (3)

In the absence of series resistances due to, e.g., the metal-
semiconductor contacts, the voltage V across the solar cell is
directly related to the quasi Fermi level splitting u = ¢V,
yielding®*?’

4
Rext(v) = exXp <129—T> Rblackfbody 5 (4)

which is the equation for the light emission from a Light
Emitting Diode (LED). For a lossless solar cell, it is
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instructive to note that the I-V curve under solar illumination
can be interpreted as a black-body emitter at V=0, which
increases with a factor exp ]Zg—VT until the external radiative
emission rate is equal to the solar generation rate at V =V,
as is illustrated in Fig. 4.

The solar generation rate can be written as'®

Rsun = 81'}1 Ja(E)(Psun(E)dEa (5)

where ¢;, is the étendue of the incoming solar light and
@gun(E) is the incident solar flux. In this review, the incident
solar flux is calculated with the AMI1.5G solar spectrum
which includes atmospheric effects such as atmospheric
transmission losses due to water absorption and light scatter-
ing. Unless stated otherwise, we take the axis of the solar
cone at normal incidence. The étendue of the incoming solar
light is, however, simplified by assuming direct solar irradia-
tion. The effect of atmospheric scattering on the ultimate
limit is a subject for future research. The detailed balance
conditions''?® for an ideal cell require that at V =1V,

Rex = Ry, yielding the radiative limit V7% (8—) which is

Eout

still a function of the ratio of the input and output étendue :’—”t

o { Ein B kBT Ein J a (E) Psun (E)dE B kBT Jsc

yadl — ) = —1In =—1In—.
2\ Eour q q Jo
Eout a(E) QDBlackfbodydE

(6)

This relation directly provides the well-known relation for
the open circuit voltage of an ideal cell in terms of the ratio
of the short-circuit current Jy. and the recombination cur-
rent Jy. It should be emphasized that for a lossless cell, the

I Si‘n
~ln<€
v Rext = Roun ‘—oul.;
o
Voc Bandgap
Lossless cell:

Black- S-Q limit

body

emitter

T

FIG. 4. Current-voltage characteristics of a solar cell emphasizing the simi-
larity between a solar cell and a light-emitting diode (LED). At V=0, the
cell converts all solar radiation into current but is only emitting black-body
radiation. At V = V,, the external radiative emission becomes equal to the
solar generation rate for a lossless cell at AM1.5G solar irradiation. Above
Vo, the cell generates more light than it absorbs and is acting like a LED.
For direct solar irradiation, the difference between the open circuit voltage
at the Shockley-Queisser limit and the semiconductor bandgap is mainly
determined (see Sec. VIII) by the solid angle of the incident solar light
divided by the solid angle of the emitted photoluminescence.
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recombination current is only determined by black-body
recombination. In the S-Q limit, this relation reduces to
the radiative limit for the open-circuit current, which

- . -5 . ..
reads V' (”—’ = M) =V = yS9  The radiative

Eout 4n

limit V"% is lower than the ultimate short-circuit voltage
yrad (— = 1) — VUtimate Both the S-Q limit and the ulti-

Eout
mate limit were first introduced in the seminal paper of
Shockley and Queisser and are related by

kBlm Ein

rad __ y,Ultimate
Voc - Voc - :
q Eour

)

The ultimate open circuit voltage is very close to the semi-
conductor bandgap. The small difference between these two
quantities will be further discussed in Sec. VIII. We have
assumed an ideal cell until this point. For a non-ideal solar
cell, nonradiative recombination reduces the external radia-
tive recombination rate by the external luminescence effi-
ciency. At open circuit conditions, detailed balance in the
presence of nonradiative recombination now requires
Rext = R 7/’5){‘17 yieldingl&z9

kBT Ein

— ln -
q Eout

. ®)

V.. = Ultimate __
oc

oc

. kT
= v~ FnG2)

This equation, which still describes a cell with perfect con-
tacts, was first derived by Ross.>* An equivalent relation was
derived by Smestad and Ries®' and is called a reciprocity
relation.**** This equation directly shows the counterintui-
tive fact that one should optimize the external photolumines-
cence efficiency towards unity'®**2*3* (o obtain the
radiative limit, which is, in turn, a necessary condition to
reach the Shockley Queisser limit. The efficiency for the
external emission of internally generated photolumines-
cence, n%, can be separated into the internal radiative effi-
;iencz Z;L,ssand an angle-averaged light extraction efficiency,
escH y> ’

PL -1
Ning PeS(‘ PLD Trad D
1 — 7]{;,1; (1 _ Pesc) Ning £ esc Tr_uld+r_] esc ( )

nrad
where 1,,; and 7, are the radiative and the nonradiative
recombination lifetimes, respectively.

These results show that it is a first task to optimize the
radiative recombination rate t,,, with respect to the nonra-
diative recombination rate 7, , (see Sec. V) as well as to
optimize the light extraction efficiency P, which will
be further discussed in Sec. VI. The factors that limit
the open-circuit voltage were recently elucidated by Mann
et al?' They measured a V,. of 850mV for their single
InP nanowire solar cell. In order to understand the open cir-
cuit voltage, they measured the external photoluminescence
efficiency by integrating sphere microscopy. As shown in
Fig. 5, the external photoluminescence efficiency was mea-
sured to be 4 x 10~* at an illumination intensity of 1 sun,
resulting in a loss in V,,. of 210 mV according to Eq. (8).

PL __
’1[))(1 -
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FIG. 5. Extrapolation of the measured external photoluminescence effi-

ciency towards an illumination of 1 sun, showing ng{“t =4 x 1074,

Reproduced with permission from Mann et al., Nat. Nanotechnol. 11,
1071-1075 (2016). Copyright 2016 Springer Nature.

In order to further evaluate the performance of this sin-
gle nanowire solar cell, it is necessary to compare the experi-
mentally measured V,,. with the radiative limit. To calculate
the radiative limit for the V,., one needs to first calculate?!
the black-body recombination current

IBlaCk—body = J J O-EQE(/L Q)(pblackfbudy (T7 i)COSG d’dQ )
(10)

which is an integral over the black body photon flux density
Pplack—body(T> 74) and the external quantum efficiency cross
section ggpe (A, Q) which was defined in Eq. (1). This inte-
gral was evaluated by Mann er al.,*' yielding a black-body
current of 3.1 x 107" pA. This corresponds to a radiative
limit of V;‘jd = 1.16 V, which is slightly higher than the
Shockley-Queisser limit. This can be explained by the
reduced EQE cross section’™?! near the semiconductor
bandgap. Kirchhoff’s law states that the absorptivity should
be equal to the emissivity. A reduced emissivity thus also
reduces the solar light absorption, which makes it impossi-
ble*® to beat the Shockley Queisser limit. By comparing the
experimental V,. of 850mV with the radiative limit, the
authors find that this cell not only suffers from a 210 mV loss

> p-InP ;ube
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due to a poor external radiative efficiency but also suffers an
additional loss of approximately 100mV, which can be
attributed to the contacts. As mentioned earlier, the V.. is
strictly speaking only related to the LED quantum effi-
ciency;32 the relation between the V,,. and the external quan-
tum yield only holds in the case of perfect contacts.

lll. STATE-OF-THE-ART NANOWIRE SOLAR CELLS

Pioneering work on nanowires and nanowire solar cell
has been performed by the groups of Yang’
Lieber,l"“’42 Tsakalakos,“’44 Alivisatos,45 Fukui,46_49
Jagadish,so_53 Atwater,54‘55 Samu<=,lson,56_59 Fontcuberta i
Morral,w_63 Cui,64’65 and others.®®®” Much of this work has
already been reviewed before' ™ and will not be treated again
in the present review.

The first nanowire solar cell hitting the 10% efficiency
barrier was developed by the Lund team'* and was based on
InP nanowires with an axial p-i-n junction. The nanowires
had a diameter of 180 nm and a height of 1.5 um, as shown
in Fig. 6(a). This cell featured a 13.8% power conversion
efficiency and a V. of 0.779 V. The paper also reported a
Ve of 0.906V for another cell with lower current (and thus
lower efficiency). This result was very intriguing as it outper-
formed the V,. of the record planar InP solar cell at that
time. During the same year, efficiencies of 11.1% for an
axial InP cell®® and 10.2% for a GaAsP cell®®’® were
reported. The next record was established by a Lund
University spin-off company'® by using axial p-n doped
GaAs nanowires with a diameter of 165nm and a pitch of
400 nm. Since GaAs has a much higher surface recombina-
tion velocity than InP, the GaAs nanowire cores were passiv-
ated with a 25-40nm thick AlGaAs radial shell. The
resulting efficiency was 15.3% with a V,,. of 0.906 V and a
J of 21.3mA/cm?. Both these cells were bottom-up grown.
The present world record nanowire solar cell'® was fabri-
cated by using a top-down etched nanowire array, which is
shown in Fig. 6(b) and Table L.

This cell comprises of 1.6 um tapered InP nanocones
with a pitch of 513 nm, a diameter of 150 nm at the top, and
350 nm at the base. This cell features a very efficient solar
light absorption due to nanowire tapering and Indium Tin
Oxide (ITO) “nanolenses” embedded within the top-contact
layer (see Sec. IV). In addition, the cell features both a front-
surface field and a back-surface field to limit minority carrier
recombination losses at the contacts. The resulting power

FIG. 6. Scanning electron microscopy
image (a) of the processed bottom-up
grown nanowires of the 13.8% effi-
ciency' InP nanowire solar cell from
Lund and (b) the tapered nanocone
array (not yet processed into a solar
cell) of the 17.8% InP solar cell'® from
Eindhoven. Panel (a) is reprinted with
permission from Wallentin et al.,
Science 339, 1057-1060 (2013).
Copyright 2013 American Association
for the Advancement of Science.
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TABLE I. Comparison between the open circuit voltage of the record 17.8% solar cell, the Shockley Queisser limit, the ultimate limit for direct solar radiation,
and the InP bandgap. At the ultimate limit, the expected V, is slightly larger than the InP bandgap due to the excess thermal energies of the electrons and holes

above the bandgap, see Eq. (16) in Sec. VIII.

InP 17.8% efficiency cell Shockley Queisser limit Ultimate efficiency limit Bandgap
Voe =0.765V Voo =1.037V Voo =1350V 1.34 eV
conversion efficiency is 17.8% for the exposed area of the the V,.. Mann et al.*® provide a similar argument, showing

cell, with a J,. of 29.3mA/cm” and a V,,. of 0.765 V.

It has been suggested that the open-circuit voltage of a
nanowire solar cell can be increased due to the effect of
nano-concentration.'>’! This statement is not correct for a
lossless solar cell, while the statement is true for a solar cell
with a low internal radiative efficiency.

The discussion on nano-concentration has been triggered
by the paper of Krogstrup er al.'® They reported an apparent
photo-generated current density of 180 mA/cm? for a single
vertically standing GaAs nanowire solar cell. This current was
obtained by normalizing the generated current with the geo-
metrical cross section of the nanowire. The high short-circuit
current density is clearly due to the fact that the absorption
cross section of this nanowire was estimated to be 12x larger
than its geometrical cross section, which can be explained by
the nano-antenna effect (see Fig. 2). We like to emphasize that
whatever the design of the nanostructure, on an array level, a
nanostructured solar cell will never be capable of harvesting
more current than the number of solar photons impinging on
the equivalent total array surface area. The nano-antenna effect
is thus only useful to limit the amount of material required to
fabricate the nanostructured solar cell, which could reduce
bulk recombination and potentially lower material cost.

The interesting aspect of this paper is that it suggests the
possibility to enhance the V,. by an amount of kq—Tln(C) in
which C is the amount of nano-concentration. In a concentra-
tor solar cell in which the solar light is concentrated by an
external lens, the %Tln(C) term increases the efficiency from
33.7% towards 46.7% for direct solar radiation by increasing
the concentration factor from 1 towards 46 050.7*73

For a lossless cell, Eq. (6) states

éin | a(E) @y, (E)dE
v () = Jet0on
Eou
! 1 Eout J a(E) @B[ack—bodydE

kT Ry
B, e 7 (11)
q  Rpiack—pody

which implies that the open circuit voltage is only dependent
on the ratio of the solar generation rate Ry,, and the black-
body emission rate Rpjck—pody at short-circuit conditions.
This ratio is increased for solar concentration with an exter-
nal lens. An external lens is increasing the solar generation
rate Rg,, but is not affecting the black-body emission rate
Rpiack—boay- Solar concentration with external optics is thus
increasing the V,,., which is a well-known result.

For nano-concentration, however, both the solar genera-
tion rate Ry, and the black-body emission rate Rpjack—poqy are
proportional to the absorbance a(E), showing that an
enhanced absorbance of a nanostructure does not increase

that both Ry, and Rpck—poay are proportional to the same
absorption cross section. The nano-antenna effect is thus not
increasing the V. and nano-concentration is not creating any
advantage for a lossless cell.

The story is completely different for a realistic nanowire
solar cell with a small internal radiative efficiency. In this
case, the active volume of the nanowire solar cell is reduced
with a factor f as compared to a planar cell with the same
height. For an array of cylindrical nanowires with diameter d

and pitch p, the volume reduction factor becomes n(p:)z. The
2
nano-antenna effect allows a single nanowire to, in principle,
harvest all solar light impinging onto its absorption cross
section (see Fig. 2). When the absorption cross section of
neighboring nanowires is overlapping, the amount of light
absorption will be the same as in a planar cell. The reduced
nanowire volume, however, reduces the number of nonradia-
tive recombination centers in the internal volume of the
nanowires. Ignoring surface recombination (see Sec. VI for a
justification), the nonradiative recombination loss is thus
reduced with a factor f relative to a planar layer, leading to

Jl‘ad f/r‘ad
0 ~ 70
J(r)'ud_'_(%)‘]gmd ~ J{r{r‘ml' The

IQE is thus increased with a factor f due to nano-
concentration in the limit that J;® < Jgred.

The same results are obtained by treating a single nano-
wire in which the injection level is increased by a factor f
due to the nano-concentration effect. In this approach, the
radiative emission rate increases with a factor f, while the
nonradiative rate is determined by the number of nonradia-
tive recombination centers and does not increases with f.

rad rad
This approach yields #;,, = L/ QY

J 6"d < J 6’""‘1 , which is identical to the result obtained above.
Assuming for the moment that the surface recombination can
be neglected, for which we will show experimental evidence
in Sec. VI, the open-circuit voltage is expected to increase’*
with a term %ln(f ) as illustrated in Fig. 7. It will be shown

an internal radiative efficiency #;,, =

in the limit that

in Sec. IV that an array of 180 nm diameter cylindrical nano-
wires with a pitch of 500nm efficiently absorbs the light,
leading to a nano-concentration factor f = 10, corresponding
to an increase in 60 mV in the V.. For tapered nanocones, a
somewhat smaller nano-concentration factor is expected due
to a larger diameter at the base of the nanocone.

IV. EFFICIENT LIGHT ABSORPTION FOR A HIGH
SHORT-CIRCUIT CURRENT

Before turning towards the main focus of this review,
which is on the V,,., we first like to highlight the advantages
of nanowire array solar cells for efficient solar light
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FIG. 7. The active volume of a nanowire solar cell is reduced with a factor
f, resulting in an enhanced V,. proportional with lIn(f) as long as
NPk < 1. The nanowire solar cell features a similar light absorption proba-
bility as a planar solar cell with identical area, provided that the absorption
cross sections of the individual nanowires are overlapping. Similar light
absorption with a lower amount of material features a higher V..

absorption and current generation.”>® Solar cells need to
absorb light across a very broad spectral region. It is difficult
to reduce the front surface reflection loss with an anti-
reflection coating since such a coating is often only efficient
in a limited wavelength region. Nanowire solar cells feature
a low refractive index of the nanowire medium, resulting in
a low reflection loss over a broad spectral range. By using
the effective medium approach for the refractive index,®
the average refractive index of an array of, e.g., 100nm
diameter nanowires with 500 nm pitch and refractive index
of 3.5, which are separated by air, results in an effective
index of refraction of 1.14 and a reflection loss of R

n—1

2
= (n+_1) = 0.42%. This approach is over-simplified and is

neglecting, e.g., diffraction effects due to the nanowire array
as well as Fabry-Pérot oscillations within the nanowire layer,
which are taken into account in literature.”® Although the
reflection loss for a nanowire array in air can be very small,
the front-surface reflection loss will substantially increase
after processing these nanowires into a complete solar cell.
The reason is that the nanowires will be embedded in, e.g., a
polymer such as, e.g., benzocyclobutene (BCB) and that the
array will be covered by, e.g., an Indium-Tin-Oxide (ITO)
front contact, which increases the light reflection loss.

The strong interaction of nanowires with light due to the
optical antenna effect has been reviewed by Garnett” in 2011

() (b)
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and by Brongersma'® in 2014 and will not be extensively
reviewed here. It suffices to say that leaky mode resonances
in thin nanowires®*'*'~'%* and the coupling of light into con-
fined waveguide modes at sufficiently thick nanowires'®*
strongly enhance the optical absorption beyond the absorp-
tion expected in the ray-optics limit."*

Anttu et al.'® have performed a study to experimentally
determine the optimum nanowire pitch, the optimum length,
and the optimum diameter for cylindrical nanowires. In this
paper, the transmission and reflection of light by a nanowire
array which was embedded into a polydimethylsiloxane
(PDMS) polymer were measured. Figure 8(a) shows that the
absorptance for a 140nm diameter nanowire saturates at
95% for long nanowires. Although the absorptance increases
with length, an axial junction nanowire solar cells with a too
long nanowire length require a very long minority carrier dif-
fusion length for achieving efficient current generation,
which is very challenging. For nanowires with a length of
1.6 um, one has to choose a diameter above 180 nm [Refs.
80, 106, and 107] [see Fig. 8(b)], above which the HE;;
mode becomes a confined guided mode. At too high diame-
ter, the reflection loss at the top of the nanowires starts to
increase. Anttu et al. calculated that the reflection loss for
nanowires embedded into PDMS increases from 3% to 24%
when the nanowire diameter increases from O to 400 nm. A
larger diameter also has the disadvantage that the amount of
required semiconductor material is strongly increased, which
will also translate into a higher materials cost of the cell. It is
found'® that 94% of the incident solar light can be absorbed
by cylindrical nanowires with a length of 2 um, a pitch of
400 nm pitch, and a diameter of 241 nm.

For further increasing the optical absorption, it is neces-
sary to limit the top reflectance while simultaneously
increasing the light absorption. Tapered nanowires or nano-
cones provide a solution for this requirement since tapering
establishes a graded refractive index layer which minimizes
light reflection at the top facet. Consequently, tapered nano-
wires, in principle, allow to achieve the largest light absorp-
tion of solar light above the semiconductor bandgap. The
large solar light absorption for tapered nanocones is evi-
denced in Fig. 9 by using Finite Difference Time Domain
(FDTD) simulations. Similar results have been reported both

| 1
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FIG. 9. FDTD simulations®® of the absorbance of 3 um length InP nanowires
for normal incidence. The cylindrical nanowires (red curve) have a diameter
of 90 nm. The conical (blue curve) and base-tapered (black curve) nanowires
have a diameter of 90nm at the top and 270 nm at the bottom, where the
base-tapered section has a height of 1 um. The conical nanowires feature an
average wavelength integrated absorption of 98%. Reproduced with permis-
sion from Diedenhofen et al., ACS Nano 5, 2316-2323 (2011). Copyright
2011 American Chemical Society.

experimentally and theoretically by Zhu®® for amorphous Si
nanocones. The reason for the enhanced absorption in the
nanocones is the light coupling into several different guided
modes belonging to different nanowire diameter along the
nanocone, as well as by the increasing material filling frac-
tion along the nanocone.

Although a tapered nanocone array embedded in air, in
principle, allows very high optical absorption, the reflection
loss in a realistic solar cell is largely determined by the
reflection at the front-surface contact layer, which is typi-
cally an ITO layer. When depositing an ITO layer on top of
a nanowire array in which the nanowire tips are protruding
slightly above a BCB polymer layer, hemispherically shaped
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2

025 025 -025 025
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ITO nanoparticles will be formed'® as shown in Fig. 10(a).
These ITO hemispherical nanoparticles will forward scatter
the solar light into the tapered nanocones. FDTD simulations
[Fig. 10(b)] show that hemispherical Mie scatterers are effi-
ciently scattering the light and are thus increasing the ampli-
tude of the electric field inside the nanocones in comparison
with a planar ITO contact layer. Since these Mie scatterers
primarily forward scatter the solar light, these Mie scatterers
also reduce the refection of the ITO contact layer. The net
effect is shown in Fig. 10(c) which shows an average absorp-
tance of 90% in the spectral region between 350 and 900 nm
due to the forward scattering Mie particles. It is important to
note that this nanowire solar cell shows only a small angle of
incidence dependence [Fig. 10(d)] of the collected current up
to an angle of incidence of 70°, which was the maximum
angle accessible in the Fourier microscope setup. Similar
angle of incidence dependent data has been obtained by
Ghahfarokhi et al.'®

We have shown that a nanocone solar cell with forward
scattering ITO nanoparticles is capable to generate a short-
circuit current density'® of 29.3mA/cm”. If one takes into
consideration that this current has been obtained without any
detailed optimization, we conceive that a nanowire cell is
able to relatively closely approach the current champion pla-
nar InP cell with a short-circuit current density''®''? of
31.15mA/cm?. In addition, our current cell is not very far
from the maximum achievable short-circuit current density'’
of 34.6mA/cm? for InP. We anticipate that the short-circuit
current can even be further increased by optimizing the
shape of the nanocones as well as the precise shape of the
forward scattering Mie scatterers. Such an optimization
would not only improve the incoupling of the light and thus
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FIG. 10. (a) Scanning electron micros-
copy image of the cross section of the
InP nanocone solar cell'® with forward
Mie scattering ITO hemispheres on top
of the cones. (b) FDTD simulations
showing the electric field distribution
inside the InP nanocones with and
0 without the hemispherical ITO nano-

particles. (c) FDTD simulation of the
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(red curve) and without (black curve)
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the solar light absorption but also the light extraction proba-
bility (see Sec. VI) which is important for the V,,...

V. INTERNAL PHOTOLUMINESCENCE EFFICIENCY

It is instructive to estimate the minimum required room
temperature nonradiative lifetime for a GaAs nanowire solar
cell for reaching an internal photoluminescence efficiency of
90% or 99%. The nonradiative lifetime itself is not the rele-
vant parameter. The key metric is the ratio between the radi-
ative and the total (including nonradiative) recombination
rate, which determines the internal photoluminescence effi-
ciency by

b = (12)

" )ad+Tn)ad
The radiative recombination rate can be expressed as
rr’ab = Bnp, where B is the rate for radiative recombination.' '
Using the Roosbroeck-Shockley equation®®''* which results
from detailed balance requirements, the B-coefficient is calcu-
lated to be”'"> B =13 x 107'%m—3 s, It should be men-
tioned that considerably smaller values''*''® of initially
B=2x10"""cm3s! recently''” B =3.5
x107%cm3s~! have been reported for GaAs at low doping
concentrations in carrier lifetime experiments. For InP, a B-
coefficient of B=2x10""em3s™' was initially
reported.''® 12 By taking photon recycling into account, this
B=12x10"cm3s!
for 2 x 10'8 /cm? n-doped InP. The latter value corresponds
to an internal radiative efficiency of 97%, showing that InP is
capable to reach very high solar energy conversion efficiency.
Yablonovitch''> has shown that the B-coefficient is not a
material constant, but it is dependent on the photonic density
of states and local field effects. In particular, the B-coefficient
is strongly dependent on the refractive index of the surround-
ing material, implying that for a GaAs epitaxial layer on a
GaAs substrate, the Roosbroeck-Shockley value should be
n2, 41
5,2

int

and more

value was later corrected to be?*

corrected by a factor yleldmg a predlcted B~

7 x 107 0em 357! and a =55
x107"%m~3s~!. Yablonovitch suggests that the large scatter
in reported B-coefficients is due to undefined local refractive
index geometries in experiments. Unfortunately, this claim
has not been experimentally verified in more recent work.

The radiative recombination rate can be expressed in
terms of the np product

measured'

Appl. Phys. Rev. 5, 031106 (2018)

_EL:B(nwLAn)(p—I—Ap)7 (13)
rad

in which n and p are the doping impurity concentrations and
An and Ap are the solar excited carrier concentrations. In a
p-doped semiconductor with acceptor concentration N, at
low injection (p = Na, Ap < p, n = Np ~ 0), the radiative
rate is actually increased to

1 = BNsAn. (14)

Trad
At a realistic doping concentration of Ny =3 x 107cm 3,
the radiative emission lifetime per electron is expected to be
2.6ns by assuming B = 13 x 107 '%m~3s~!. The required
nonradiative lifetime for reaching an internal radiative effi-
ciency of 90% (99%), is thus 23ns (253ns) at room
temperature.

In planar III/V semiconductors, several authors mea-
sured'?""'?? room temperature minority carrier lifetimes of
more than 1 ps. In particular, Olson ef al.'** achieved a 14
us lifetime in an InGaP/GaAs/InGaP double heterostructure
grown by Metal Organic Vapour Phase Epitaxy. In addition,
Ahrenkiel e al.''®'** observed a 4.84 s lifetime in a lattice
matched InAs,P,_,/In,Ga,_,As double heterostructure and
a 21.45 us (initial) carrier lifetime in a lattice matched InP/
Ing 53Gag 47As/InP double heterostructure at a background
doping concentration of 2 x 10'*cm~3. It is well known that
the coefficient for radiative recombination B varies'*>'?® as
B =By (%)3/ 2, implying that pure radiative recombination
lifetime in a bulk semiconductor increases with 7" in which
n = 1.5. The reported ultralong lifetimes in planar semicon-
ductors were found to increase with 7" with n ~ 1.59, point-
ing towards almost pure radiative recombination. The
situation for (4 —5) x 10'%cm™3 n-doped and p-doped InP
is, however, different since the measured bulk lifetimes'?’
were found to be 320 ns and 4 ns, respectively. For n-doped
InP, the recombination is still radiative,“&llg’127 but p-
doped InP has a short lifetime due to electron-acceptor
recombination as shown in Fig. 11. Doping related nonradia-
tive recombination centers have also been reported for
Sulphur doped InP nanowires. Zhang er al.'**'*° showed
that Sulphur introduces hole traps which strongly decrease
the lifetime and thus also degrade the internal photolumines-
cence efficiency. We emphasize that more doping studies are
required in the future to establish p-n doped nanowires which
are capable to achieve a high internal photoluminescence
efficiency at open circuit conditions.
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For a nanowire, the effective nonradiative recombina-

tion lifetime 7.4 can be expressed as'
1 1 48
— = — 15
Teff Tyolume d ’ ( )

in which 7, 18 a time constant for recombination at vol-
ume defects including nonradiative recombination centers
due to doping, S is the recombination velocity at the nano-
wire surface, and d is the nanowire diameter. Recombination
at the end facets is ignored in this equation but certainly
becomes important for approaching the radiative limit. For
achieving, e.g., a 23ns effective recombination lifetime
using Eq. (15), the surface recombination velocity should be
smaller than 196 cm/s for a 180 nm diameter nanowire solar
cell, which is the optimum diameter for light absorption.
While the reported minority carrier lifetimes for planar
double heterostructures are in the microsecond range, the
reported lifetimes for III/V nanowires are usually only a few
nanoseconds, or even less. There are several possible reasons
for the rather low minority carrier lifetimes reported so far.
A first issue is surface recombination, which is relatively low
for InP, but very high for unpassivated GaAs. A second issue
is nonradiative bulk recombination, possibly due to Au-
contamination during vapor-liquid-solid (VLS) growth.
Nonradiative volume recombination can also be due to point
defects,'®! e.g., by phosphorous out-diffusion in InP, creat-
ing phosphorous vacancies. Electron-acceptor recombination
is another possible issue for p-doped InP and might impede
high solar cell efficiencies for InP. In addition, during VLS
growth, radial growth through the vapor-solid growth mech-
anism is forming an unintentional shell. Since the growth
conditions are not optimized for radial growth, the uninten-
tional shell might reduce the optical quality'** as well as the
solar cell performance.®® The growth of a high bandgap shell
will subsequently bury the low quality material below the
shell, making such a passivation useless. Finally, any con-
tamination during growth or accumulated on the nanowire
surface after growth will immediately deteriorate the minor-
ity carrier lifetime. Although none of these problems are fun-
damental, we think that these issues are the reason that
nanowire solar cells hitherto failed to reach high efficiencies.

Appl. Phys. Rev. 5, 031106 (2018)
Black er al.'®? recently plotted both the measured
lifetime versus excitation density and the internal photo-
luminescence efficiency versus nanowire diameter for nomi-
nally undoped InP nanowires, as shown in Fig. 12. In these
plots, these authors compare the results published by differ-
ent authors'?*13%134140 with their own as-grown InP nano-
wires as well as with InP nanowires passivated with PO,/
Al,O5, deposited by atomic layer deposition (ALD).
Although bulk InP is not featuring the longest reported
minority carrier lifetime, the 5.4 ns lifetime from Black et al.
is still one of the best results published so far. GaAs nano-
wires'*'~'** are another option for fabricating nanowire solar
cells. GaAs is featuring a much longer minority carrier life-
time in bulk, but it has a very high surface recombination
velocity, which requires surface passivation. Boland er al.'**
reported a 3.8 ns lifetime in self-catalyzed n-GaAs nanowires
by engineering the band bending by selective doping. Other
authors'*~'>! studied a higher bandgap shell for passivating
the surface, resulting in a minority carrier lifetime up to
1.9 ns. Furthmeier et al.'>* reported a 11.2 ns exciton lifetime
at 5K in a wurtzite GaAs nanowire, but a room temperature
lifetime was not reported. It is noteworthy to discuss the
result of Breuer et al.'>* They reported an increase in the
minority carrier lifetime from 9 ps for Au assisted growth
towards 2.5 ns by using Au-free growth, thus suggesting that
an Au-catalyst nanoparticle should be avoided for the growth
of GaAs nanowires for solar cell applications. This result is,
however, debated since, e.g., Jiang et al."*® observed a 1.9 ns
minority carrier lifetime in Au-catalyzed GaAs nanowires,
while Aberg er al.'> observed a 15.3% solar cell conversion
efficiency for Au-catalyzed GaAs nanowires, both indicating
that the Au-catalyst is not severely degrading the lifetime.
Recently, a nominally undoped InP/InGaAs/InP heterostruc-
ture nanowire, fabricated by top-down etching, showed a
22.8 ns lifetime'>* for a 275 nm diameter pillar passivated by
sulfur and protected by SiO.

The other approach is to try to increase the radiative
recombination rate. Burgess et al.'>> reported an external
radiative efficiency of >1% by increasing the radiative rate
through doping. Tran et al.'*® measured the Fermi-level
splitting in 1.3 um thick micropillars which show a >7.4ns
lifetime at room temperature. [The large lifetime is explained
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FIG. 13. Measured'*® quasi Fermi-level splitting versus illumination intensity at 295 K. Panel (a) shows a comparison between untreated nanopillars (blue
curve) and piranha etched “cleaned” nanopillars (red curve) with a Fermi-level splitting of 0.95 V at 1 sun. The black curve is measured at 4 K and shows the

ideal radiative behavior. Panel (b) shows a 4 x 10" cm™~

3 n-doped micropillar in red with an unprecedented 1.07 V Fermi-level splitting, in comparison with

the same blue and black curves as in (a). Reproduced with permission from Tran et al., Nano Lett. 14, 3235-3240 (2014). Copyright 2014 American Chemical

Society.

by Eq. (15).] These micropillars feature a 0.95V quasi
Fermi-splitting after surface “cleaning” by piranha etching.
By increasing the n-type doping level to 4 x 10'® cm~3, the
radiative recombination rate was further enhanced, resulting
in a quasi-Fermi-level splitting as large as 1.07V, as is
shown in Fig. 13

In this review, we will not focus on recombination
losses at the front and back contact. We, however, like to
mention that for pushing the limits, recombination at the
contacts and the end facets of the nanowire should be
reduced by, e.g., using front surface fields and back surface
fields.'® Alternatively, an approach using passivating con-
tacts'* 19829 might be explored to reduce recombination
losses near the contacts. We think that it is fair to conclude
that the first priority to approach the Shockley Queisser limit
is to increase the minority carrier lifetimes at room tempera-
ture aiming at a much higher internal photoluminescence
efficiency than presently achievable. Doping optimization
for increasing the radiative recombination rate is another
option, provided that the doping atoms are not generating
additional nonradiative recombination centers.

VI. ENHANCED OPEN-CIRCUIT VOLTAGE BY AN
ENHANCED PHOTON EXTRACTION PROBABILITY

In a lossless cell, any absorbed solar photon will eventu-
ally be re-emitted. In the lossless case, it not relevant how
many times the photon needs to be recycled before it is
externally re-emitted. We here disregard the situation of an
extremely low nonradiative recombination loss and a
restricted emission angle, where photon recycling is advanta-
geous since it can re-direct photons into the allowed emis-
sion cone.'” For a realistic solar cell with sizeable
nonradiative recombination loss, it is required that the pho-
ton extraction probability is as large as possible. In this case,
each photon recycling sequence introduces a probability for
a loss of the photon in a nonradiative recombination event,
as schematically indicated in Fig 14.

Using the equation n7% ~ nlL P, , it is directly obvious
that for obtaining a high V,,, it is equally important to opti-
mize the photon extraction probability P, as to optimize

the internal radiative efficiency nf%. Light extraction is fun-
damentally different in a nanowire solar cell as compared to
a planar cell. In a planar cell without an anti-reflection coat-
ing, most of the emitted photoluminescence is emitted into a
random direction. A large fraction of the emitted light is sub-
sequently totally internally reflected, resulting in an angle
averaged photon escape probability®* proportional to the
solid angle of the escape cone, which is 4—1,2 =~ 2% for planar
InP, in which 7 is the index of refraction. The low photon
escape probability in a planar cell is schematically shown in
Fig. 15(a). To the best of our knowledge, light extraction
from a nanowire solar cell has not been experimentally
investigated. The light extraction from a nanowire single
photon emitter has, however, been studied, both experimen-
tally and theoretically. In this case, the emission of a quan-
tum dot embedded into a nanowire allows to couple 95% of
the emitted light into the fundamental HE;; mode of the
nanowire cavity for a nanowire diameter d = 0.224. In nano-
photonics, the coupling probability'®’ into the fundamental
optical mode is referred to as the spontaneous emission fac-
tor f. For off-axis dipoles, the Mie modes will also be
excited, leading to a lower spontaneous emission factor for a

10% loss 19% loss 27% loss
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FIG. 14. Schematic of the photon recycling process®> in a cell with a
nPL = 0.9. The initial absorption process (*) is of course required for reach-
ing a high short-circuit current. The optimum situation is depicted in the left-
most panel in which the emitted photon leaves the cell as soon as possible,
preventing a second re-absorption event. When the emitted photon is not
directly coupled out, the photon has to undergo a second or even a third re-
absorption—re—emission sequence, which is adding a 10% loss (for
MPL = 0.9) each time. Total internal reflection is thus decreasing the exter-
nal radiative emission from n’L = 90% (no reflection) to n’% = 81% and
NEL = 73%, with one or two internal reflections. This clearly shows that the
angle-averaged photon extraction probability should be as large as possible
for optimizing the open-circuit voltage.
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FIG. 15. (a) Total internal reflection at
f M ‘ ‘ the semiconductor-air interface is lim-

‘ iting the light extraction of a planar
; [ cell. (b) Efficient outcoupling of light
! “ | with a very low amount of back-
1 reflected radiation due to adiabatic
| expansion of the guided mode within
; | the nanowire into the surrounding air.
| A tapered nanowire [panel (d)] with a
quantum dot emitter, which is wave-
guiding a confined mode, features a
higher external quantum dot photolu-
minescence'®' than a non-waveguiding
nanowire shown in (c). Panel (e) shows
a 2.4x enhancement of the collected
photoluminescence as compared to
panel (d) and a 20x enhancement with
respect to the non-waveguiding nano-
wire in (c), measured with a NA =0.75
objective. In the case of a quantum dot
emitter, interference between forward
emitted PL and back-reflected PL
should be taken into account. In a solar
cell, these interferences are absent due
to the random position of the emitter.
Panels (c)—(e) are reproduced with per-
mission from Reimer et al., Nat.
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nanowire solar cell as in the case of an on-axis quantum dot
emitter.

Assuming that a sizeable fraction of the emitted light in
a nanowire solar cell is emitted into the HE;; mode of the
nanowire, it is possible to adiabatically expand the HE;;
mode into the surrounding air by gradually tapering the
nanowire tip as shown in Fig. 15(b). Friedler et al.'® theo-
retically calculated a modal transmission of 99% with a
0.6% back radiation loss and 0.13% specular reflection for a
tapered top section of the nanowire with 1um length.
Experimentally, Reimer ez al.'®" measured the single photon
collection efficiency from a single quantum dot embedded
inside a nanowire waveguide [Figs. 15(c)-15(e)]. They esti-
mate a 42% collection efficiency for a single photon, which
was measured with a 0.75 numerical aperture (NA) objec-
tive. The key for achieving such a high collection efficiency
was to use a tapered nanowire with a gold back-reflector as
shown in the inset of Fig. 15(e). As compared to the cylindri-
cal nanowire shown in Fig. 15(c), the amount of collected
photoluminescence was increased with a factor of 20 by
using a tapered nanowire with a gold back-reflector.

Another way of increasing the external photolumines-
cence of a nanowire with low 1% is by using the Purcell
effect, as has recently been demonstrated by Schmitt er al.'®
By tailoring the local density of optical states around the
emitter, the spontaneous emission rate 7, I can be enhanced
by the Purcell effect into an enhanced emission rate F/t,, in
which F « % is the Purcell factor, Q is the cavity quality fac-
tor, and V is the cavity mode volume. In a solar cell, the
Purcell effect can be very useful to enhance the radiative rate
relative to the nonradiative loss. Schmitt et al.'®? demon-
strated whispering gallery modes in an inverted nanocone,

Commun. 3, 737 (2012). Copyright

1.39 1.41 1.43 2012 Springer Nature.

Energy (eV)

with a Q-factor of 1300, and observed a 200x enhancement
of the external photoluminescence by this nanophotonic
engineering approach.

Now that it is clear that the open-circuit voltage is criti-
cally determined by the external radiative efficiency n’%
~ Pl Pose, which is, in turn, determined by the product of
the internal radiative efficiency and the photon escape proba-
bility;'® it would be interesting to experimentally verify that
a solar cell with an enhanced photon extraction efficiency
also shows an increased V,.. Unfortunately, such an experi-
ment has not yet been performed for a completely processed
solar cell.

It is, however, possible to experimentally measure the
effect of the photon extraction probability on the V. by a non-
contact method. It has been demonstrated by Tran ez al.'*® that
the quasi Fermi level splitting, and thus the maximum achiev-
able V,. within a nanopillar shaped semiconductor, can be
obtained by calibrated photoluminescence measurements.
These authors proposed a plot of In(Ip) versus In(Zocirarion)
using the equation In(/p.,) = nIn(Zexcitarion) + C- In this equa-
tion, n is an ideality factor which is unity for pure radiative
recombination and which yields n = 2 for nonradiative recom-
bination. Schmidt er al.'®* reported 1 < n<2 for free- and
bound-exciton emission at 1.6 K, while these authors reported
n <1 for free-to-bound and donor-acceptor pair recombination.
The latter recombination mechanisms rely on the electron con-
centration 7 or the hole concentration p and not on the product
np which is proportional to the excitation intensity. Tran
et al."*® observed the true radiative n = 1 behavior for their InP
nanopillars at 4 K, as was already shown in Sec. V. Such a plot
allows to directly compare the measured PL-efficiency with the
radiative limit Ip;, = Locitarion With n =1 in the same plot. This
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procedure was also followed by Cui er al** Their figure is
shown here as Fig. 16, in which the radiative limit is plotted as
a green line and the 1 sun condition is plotted as a vertical blue
line. This plot allows to directly compare the quality of any
semiconductor material with the radiative limit. The important
message is that a nanowire array, which was defined by etching
using the same wafer as for the planar layer, increases the exter-
nal photoluminescence efficiency by a factor of 14 as compared
to the planar layer. The enhanced n’L corresponds to an
enhancement of the V,. of 70mV, which was calculated by
using Eq. (8). A detailed analysis™ shows that 42mV of this
enhancement is due to a lower amount of material and thus a
lower number of nonradiative recombination centers, as shown
schematically in Fig. 7. In addition, the light extraction effi-
ciency was calculated to increase from 2% for a planar layer to
13% for a nanowire in which the guided optical mode adiabati-
cally expands into air. The more efficient light extraction results
in an enhancement of the V,. of 47mV due to more efficient
light extraction in the nanowire array. The increased surface
area finally reduces the V,. by 19mV, resulting in a net
enhancement of the V,. of 70mV. This constitutes an experi-
mental proof that a nanowire array can increase the open circuit
voltage by more efficient light extraction.

VIl. ENHANCEMENT OF THE Voc BY A REDUCED
EMISSION INTO THE SUBSTRATE

It is well known that epitaxially grown layers have a
superior optical quality in comparison with the high-loss
semiconductor substrate in which all spontaneous emission
will quickly be completely lost. The importance of radiative
emission loss into the lossy substrate has first been recog-
nized in the paper of Miller er al.** Tt was shown in this
paper that a planar cell with a “bad mirror,” ie., a
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FIG. 16. Plot to determine the quasi Fermi level splitting as a function of the
illumination intensity, constructed by measuring the external photolumines-
cence intensity. The radiative limit is plotted in green and the 1 sun condi-
tion is plotted as a vertical line in blue. The black line shows the
performance of undoped planar InP with 0’5 =5.2 x 1073 (black down-
ward arrow), while the red line shows the performance of nanowires etched
from the same source material with n"?; =7 x 107 at 1 sun. We observe a
14x enhancement of n’%, which corresponds to an enhancement of the open
circuit voltage of AV, =70mV for the etched nanowires. Adapted with
permission from Cui et al., Nano Lett. 16, 6467-6471 (2016). Copyright

2016 American Chemical Society.
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conventional semiconductor substrate, features a maximum
V. of 1.08 V for a 1 um thickness GaAs solar cell. When the
substrate is, however, replaced by a “good mirror,” the maxi-
mum V,,. theoretically increases up to 1.15 V. In this paper,
the idea was to remove the “bad” GaAs substrate by epitaxial
lift-off and to evaporate a “good” gold back-mirror at the
bottom of the 06:11,165’166 which should also act as an electri-
cal contact to the backside of the cell. The paper of Miller
et al.** made it very clear that the Shockley-Queisser limit
can never be reached by a planar GaAs solar cell on top of a
conventional high-loss GaAs substrate. On a GaAs substrate,
the maximum efficiency is limited to 30.9%, even for a
10 um thick cell. According to this paper, the efficiency of a
GaAs cell can theoretically be improved to 33.3% by adding
a high reflectivity back-mirror.

In a planar solar cell, the spontaneous emission loss into
the n=3.5 substrate is enhanced®*’* by a factor n?

= (3.5) = 12.25 with respect to the emission towards the
topside of the cell into the air, as shown in Fig. 17(a). The
higher emission into the substrate can be explained by the
enhanced optical density of states which scales with n?. For
a planar cell, the half angle of the emission cone into the sub-
strate amounts to 90°. Fortunately, the emission cone for
downward emission from the nanowire into the n = 3.5 sub-
strate is strongly limited by refraction of the light. Anttu’*
calculates that the refractive index of the HE;; mode equals

to nyg,, = 1.2, resulting in an emission cone with a half-
angle of sin’l(%)2 = 20.1° into the n = 3.5 substrate, as

shown in Fig. 17(b). In a nanowire solar cell, the effect of
the higher spontaneous emission loss into the substrate is
thus largely compensated by the reduced emission cone into
the substrate. A nanowire solar cell thus features a substan-
tially lower saturation current density loss into the substrate,

eF .0, bor, as compared to a planar solar cell. For a solar cell

PL*I
- &

without any nonradiative recombination loss, i.e., 7,

Jse
Jo
= "BTTlnCJF—O with F.o being the black-body emission of the

the open-circuit voltage can be expressed as V,. = k’;—Tln

solar cell at short-circuit conditions. The reduced black-body
emission into the lossy substrate reduces the saturation cur-
rent density Jy, which increases the open-circuit voltage with
100 mV compared to a planar cell, as shown in Fig. 17(c).
This results in a nanowire solar cell efficiency exceeding the
efficiency of the best planar cell on a lossy semiconductor
substrate with 1.5% in absolute numbers. We like to remark
that it is not possible to exceed the Shockley-Queisser limit
in this way, since the directivity of the emitted light has not
been improved.

The open circuit voltage of a nanowire solar cell can be
even further enhanced by placing a highly reflective metallic
back-mirror to the bottom of the cell. In a lossless cell, such

a back-mirror is increasing the directivity with a factor of 2.
The photon entropy term %ln% provides a voltage

increase of %ln2 = 18 mV by increasing the directivity of
the emitted light by a factor of 2. For a realistic cell, this
requires that the back-reflected photoluminescence is not re-
absorbed, which is possible since the absorbance is small for
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FIG. 17. A nanowire array solar cell is predicted to show a higher V. than a planar cell. (a) The amount of black-body radiation lost into the substrate is
12.25x higher than the front side emission. (b) In a nanowire solar cell, the higher optical density of states in the substrate is counteracted by a smaller emis-
sion cone of the radiation which is lost into the substrate. The net effect is that the emission into the lossy substrate is strongly reduced and becomes almost
equal to the front-side emission, which is fundamentally different from bulk. (c) The open-circuit voltage in a nanowire solar cell is up to 100mV higher’* as
compared to a planar cell. Panel (c) is reproduced with permission from N. Anttu, ACS Photonics 2, 446-453 (2015). Copyright 2015 American Chemical

Society.

photoluminescence emitted close to the bandgap. Alternatively,
when the back-reflected emission is re-absorbed, it should be
re-emitted with a probability of unity to obtain the 18 mV
voltage gain. A back mirror is thus reducing the photon
entropy loss associated with the absorption of sunlight fol-
lowed by the emission of photoluminescence. Employing a
back-mirror, in principle, allows to slightly beat the
Shockley Queisser limit. In practice, however, the voltage
gain is too small to compensate for other almost inevitable
losses, making it highly improbable that this design will ever
beat the S-Q limit.

When the internal radiative efficiency is not yet unity,
part of the back-reflected photoluminescence is lost. A recent
paper'®” reported an increase in 60% of the front-side photo-
luminescence by positioning a back-mirror below an array of
InP nanowires embedded into Polydimethylsiloxane
(PDMS), as is shown in Fig. 18. If processed into a solar
cell, a back-mirror increases the open-circuit voltage of our
present nanowire solar cell by 12mV.

VIIl. TOWARDS THE ULTIMATE EFFICIENCY SOLAR
CELL

Once a solar cell reaches the Shockley Queisser limit, it
absorbs all projected solar radiation generating a high photo-
current. At open circuit, it is subsequently re-emitting all
radiation with a 47 solid angle. As a consequence, the solar

cell is converting a nearly parallel beam of photons with
solid anglelo &un = 6.85 X 10~ sr into an randomized
(approximately isotropic) emission pattern. The solar cell is
thus working as an engine which is increasing the entropy of
the solar photons.'®*'%° This is schematically illustrated in
Fig. 19.

At the Shockley Queisser limit, the term "BTTlng‘—r [Eq.
(8)] reduces the V,,. with ~0.3'V due to the increase in pho-
ton entropy. A more precise discussion of this term can be
found elsewhere.'®7*!7%"'72 I theory, the photon entropy
loss can be circumvented by sending all emitted photons
back to the sun, as schematically depicted in Fig. 19. In the
ultimate limit, the only remaining loss factor that reduces the
V,. below the semiconductor bandgap is the Carnot loss. On
the other hand, the V,. is slightly increased by a slight
increase in the “apparent semiconductor bandgap” due to the
average thermal energy of the charge carriers. These two

effects result in'®
Eqap Tcell kTeell Tsun
=—11- l 16
e Tsun * e " Tcell ’ ( )

which yield an ultimate V. of 10.5mV above the semicon-
ductor bandgap for InP (E,,, = 1.34 eV) at 300K.

The ultimate limit'® was first discussed in the seminal paper
by Shockley and Queisser in 1961. For simplicity, they assumed
a spherical sun &g, = 41 = ¢,, which was illuminating the
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FIG. 18. (a) The open-circuit voltage of
> a nanowire solar cell can be increased by
positioning a back-mirror at the bottom
of the cell. The back-mirror increases the
front-side emission. (b) Experimentally,
a 60% enhancement of the front-side
emission was reported by depositing a
95% reflectivity Ag mirror below a nano-
wire sample embedded into PDMS.
Panel (b) is reproduced from Cavalli
? et al., Nano-Struct. Nano-Objects 16,
59-62 (2018). Copyright 2018 Elsevier.
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FIG. 19. (a) At the Shockley Queisser limit, a solar cell operating at open-
circuit conditions is converting a parallel beam of photons originating from
the sun into a spherical beam of emitted photons. This mechanism is
strongly increasing the photon entropy and is responsible for a reduction of
the V,. by ~0.3 V. (b) When a solar cell is designed to re-emit all photons
back to the sun, the photon entropy is not increased and the ultimate limit is
reached.

solar cell from all directions, thus avoiding any increase in
photon entropy in the light absorption-emission cycle. Using
the spherical sun, they already predicted an ultimate effi-
ciency of 44% using the black-body approximation for the
solar spectrum. The photon entropy effect is also well-
known in concentrator photovoltaics, where the input solid
angle ¢;, is increased by using an external concentrating lens,
as shown in Fig. 20. It can be seen’>’? that the solar cell effi-
ciency increases up to a concentration factor of X =46 050,
where the ultimate limit is reached (assuming only direct
solar radiation).

It has been theoretically suggested that one can exceed
the Shockley Queisser limit by restricting'®’"'"*'7> the angle
of the emission of the emitted light. A practical implementa-
tion of this idea has been investigated,'*”'”%!'”” showing that
it is theoretically possible to reach efficiencies above 38% for
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FIG. 20. Solar cell efficiency for n’%; = 1, as a function of the solar concen-
tration by using an external focusing lens with concentration factor X
defined by sin?(0;,) = Xsin?(0s,,). For direct solar radiation, the ultimate
limit can be either reached with a concentration factor of 46050x.
Alternatively, the ultimate limit can be reached by focusing all emission

back to the sun, yielding the horizontal line with Ocmission = Osun-
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a GaAs cell.'® Experimentally, a small voltage gain of
~3.6mV has been observed by using angle restriction.'”’
Nanophotonic engineering provides new opportunities for
approaching the ultimate efficiency since the light emitted at
V =V, is at least partially emitted into the confined optical
mode of the nanowire optical cavity. We predict that this light
can, in principle, be focused back towards the sun, as is sche-
matically shown in Fig. 21. The amount of light which is
emitted into the fundamental cavity mode is determined by
the spontaneous emission factor of the particular nanopho-
tonic cavity. Friedler er al."® have calculated that for a quan-
tum dot embedded inside a nanowire with a diameter
d = 0.22/, the spontaneous emission factor f can be larger
than 95%. It should be emphasized that this number has been
calculated for a quantum dot, which corresponds to an on-axis
dipole. We, however, like to emphasize that even when a
smaller fraction of the emitted light is coupled into the funda-
mental cavity mode, that light can, in principle, be focused
back towards the sun, thus reducing the increase in photon
entropy at open-circuit conditions. We thus predict that nano-
photonic engineering allows to approach the ultimate limit.

It is important to mention that a nanophotonic ultimate
limit solar cell should not increase the photon entropy any-
where along its light path. Random surface texturing is, e.g.,
completely detrimental for an ultimate limit cell, since a tex-
ture is increasing the entropy of the light in an irreversible

Surface Sun

I

FIG. 21. Proposal for an ultimate efficiency nanowire solar cell in which all
light is emitted into the fundamental guided mode of the nanowire optical
cavity. This guided mode can be focused back to the sun by an external lens.
It is important that all light emitted towards the bottom of the nanowires is
also reflected back towards the sun at open-circuit conditions.
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FIG. 22. Predicted enhancement®® of the V,,. calculated with an internal pho-

toluminescence efficiency nFk = 95% as a function of the photon escape

probability Pe and the directivity of the external emission (47/€emission)-
The Shockley-Queisser limit AV, =0 is shown as a white curve. For a
high directivity and reasonable P.s. > 0.1, a sizeable increase in AV, above
the S-Q limit is predicted. Reproduced with permission from Mann et al.,
ACS Nano 10, 8620-8631 (2016). Copyright 2016 American Chemical
Society.

way. On the other hand, well-designed deterministic surface
texturing might help to direct the emitted light back to the
sun. In any case, the light path in an ultimate limit solar cell
should be completely reversible in the spectral region where
the photoluminescence is emitted. An ideal solar cell would,
however, be capable to absorb diffuse light outside this spec-
tral region, which will increase the short circuit current. In
the ideal case, the absorbed diffusively scattered light will
subsequently be emitted into a small solid angle, directed
back to the sun. The consequences of the diffusively scat-
tered light to the open circuit voltage are an interesting sub-
ject for further research.

At the present stage of nanowire solar cell research, the
realization of an ultimate limit cell is still a dream. It is, how-
ever, important to gather more knowledge on the influence of
the internal photoluminescence efficiency, the photon extrac-
tion efficiency, and the directivity of the emitted light on the
open circuit voltage. Mann ez al.*® have performed such a
study for a GaAs solar cell with a high internal photolumines-
cence efficiency of nL = 95%, the result of which is summa-
rized in Fig. 22. The paper of Mann ef al. also shows that it is
possible to beat the Shockley Queisser limit with a relatively
low internal photoluminescence efficiency of n% = 1%, com-
bined with a directivity of 100 and a photon escape probability
of 100%. Nanophotonic engineering for obtaining a high pho-
ton escape probability and a high directivity is thus at least
equally important as the improvement of the internal photolu-
minescence efficiency for approaching the ultimate limit.

IX. ECONOMICS OF NANOWIRE SOLAR CELLS

In real world applications, silicon solar cells have by far
the largest market penetration, while III/V solar cells are
only being used for space applications and as multi-junction
solar cells for concentrator photovoltaics. Nanostructured
solar cells promise a combination of high efficiency and low
cost,178 in particular, when novel growth methods such as
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aerotaxy'”*'®! would prove to yield high performance. We
like to look at a nanowire solar cell as typically a 2 um thick
film on a silicon®®'%71% or, e.g., a graphene'®”"'®® substrate
with a nanowire filling fraction'*®® between 10% and 20%.
Since a III/V substrate constitutes the major fraction of the
material cost of a III/V solar cell, elimination of the expen-
sive substrate will substantially reduce the costs, as has been
shown by the company Alta Devices for planar GaAs solar
cells.'® The small nanowire filling fraction further reduces
material consumption. It has been shown that it is possible to
use a substrate multiple times by embedding the nanowires
into PDMS and peeling them off.'®"'®" The substrate can
subsequently be cleaned and re-used for a second and third
growth run.'®” Alternatively, the substrate costs can be fully
eliminated by using aerotaxy.'”®"'®' Challenges with aero-
taxy are to vertically align the nanowires into an array, to
achieve sizable solar light absorption on a large area as well
as to provide electrical contacts.

Another interesting option is to grow multi-junction
nanowire solar cells® or mixed tandem cells'?*9¢-203
consisting of a nanowire cell on top of, e.g., a planar Si
cell. The principle of a nanowire tandem cell has been first
demonstrated by Heurlin ez al.,"”” using InP for both the
top and the bottom cell. Heurlin et al. demonstrated a V.
of 1.15V for the tandem configuration, which is a 67%
increase with respect to the single junction cell. The first
nanowire tunnel diodes comprising different bandgap
semiconductors have been demonstrated by Zeng et al *%®
and Otnes et al.,'”® while a radial tunnel junctions have
recently been demonstrated by Tizno er al.?°° Although a
multi-junction nanowire solar cell has not yet been realized

GaP

GaP i 8

@ (b)

FIG. 23. Scanning electron micrographs of (a) an axial GaP-Si-GaP, (b) an
axial Si-GaP-GaAs-GaP-Si, and (c) an axial InP-InAs-InSb heterojunction
nanowire, suggesting the possibility to grow a multi-junction nanowire solar
cell. Panels (a) and (b) are reproduced with permission from Hocevar et al.,
Nat. Commun. 3, 1266 (2012). Copyright 2012 Springer Nature. Panel (c) is
reproduced with permission from Plissard et al., Nano Lett. 12, 1794-1798
(2012). Copyright 2012 American Chemical Society.
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experimentally, we like to emphasize that semiconductors
with different lattice constants can be stacked into a single
nanowire. In a single nanowire, the stacking of different
bandgap semiconductors is possible without creating misfit
dislocations due to the possibility of free radial expansion.
As an example for the stacking of different semiconductors
within a single nanowire, we show in Fig. 23(a) that a sili-
con section can be grown within a GaP nanowire and in
Fig. 23(b) that a GaP/GaAs/GaP section can be grown
within a Si nanowire.??"2%% It is finally shown in Fig. 23(c)
that one can start with a InP bottom section, followed by
an InAs middle section to conclude with a reasonable long
InSb nanowire.’> These results suggest that it is not
impossible to grow a multi-junction nanowire solar cell in
the future.

X. CONCLUSIONS

In the famous paper by Miller et al.,” it was stated that
the optical design of a planar GaAs solar cell is of key
importance for approaching the Shockley Queisser limiting
efficiency. Nanowire solar cells feature much more possibili-
ties to improve the optical design as compared to a planar
solar cell. The important message of the present review is
that nanophotonic engineering not only allows for maximiz-
ing the absorbance of the nanowire array aiming to optimize
the short-circuit current of the solar cell. Nanophotonic engi-
neering is also very promising to optimize the external radia-
tive efficiency, which is the key metric for optimizing the
open circuit voltage of the solar cell. Systematic work on the
optimization of the external radiative efficiency of nanowire
solar cells is largely lacking. It is, however, clear that a nano-
wire solar cell could fundamentally outperform its planar
counterparts (for a realistic internal radiative efficiency) by
optimizing the photon escape probability and thus achieving
a higher external radiative efficiency than a planar solar cell.
The key advantage of a nanowire solar cell is the fact that a
large part of the emission is guided into a confined optical
mode which can adiabatically expand into the air with only
negligible reflection loss. It is also clear that a nanowire solar
cell needs a highly reflective back mirror to avoid radiation
losses in the underlying substrate.

Although nanowires feature many more degrees of free-
dom to tailor their nanophotonic properties compared to a
planar layer, the disadvantage of the present generation of
nanowires is their relatively poor internal radiative efficiency
as compared to, e.g., a planar layer of GaAs. In bulk semi-
conductors, minority carrier lifetimes up to 14 us have been
observed'?® in double-heterostructure GaAs/InGaP and an
internal radiative efficiency of 99.7% has been reported® in
a GaAs/AlGaAs double heterostructure. The highest reported
minority carrier lifetime in a top-down etched 275 nm diame-
ter nanopillar'>* is presently limited to 22.8 ns. Bottom-up
grown nanowires presently feature minority carrier lifetimes
below 10ns, which is three order of magnitude below their
planar counterparts. We emphasize that we did not identify
any fundamental reason for the low internal photolumines-
cence efficiency of the present generation of nanowire solar
cells. The only argument might be that it is more
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cumbersome to combine a high internal photoluminescence
efficiency of the bulk material with a high quality surface
passivation like, e.g., an epitaxial shell. Progress in the opti-
cal quality of semiconductor nanowires is thus of utmost
importance in order to further exploit advanced nanopho-
tonic designs.

Once it would be possible to reach a high internal radia-
tive efficiency, nanowire solar cells might become the pri-
mary vehicle to exploit the yet unexplored ultimate limit by
nanophotonic engineering. The key advantage of a nanowire
design is that the light propagation is highly deterministic,
since it is connected with the guided optical mode of the
nanowire optical cavity. We anticipate that nanowires will
allow to reduce the entropy loss of a solar cell by focusing
the emitted light (partly) back to the sun. Nanophotonic engi-
neering of the entropy loss of the light is expected to become
an important field of research, in particular, when this
research would also consider the entropy losses due to light
scattering in the atmosphere. We are convinced that the ulti-
mate solar cell concept is moving solar cell research into a
completely unexplored territory where both theoretical and
experimental works are urgently required.
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