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1
Introduction

The availability of energy is an important driver for the development, wealth, and
well-being of societies. However, due to the associated emission of greenhouse
gasses, this driving force is currently under severe pressure. A transition to
renewable energy sources is required, and just based on its sheer availability, solar
power is the most promising. The total solar power incident on earth is 1.7×1017

W, four orders of magnitude more than the global average power consumption
of 1.2 ×1013 W. Even the densely populated Netherlands receives more than 340
times its average electricity consumption and over 40 times its primary energy
consumption.

For large scale deployment, solar power needs to be able to compete with other
energy technologies. The cost of electricity from solar panels has fallen by 80% in
the past five years alone, now in certain cases reaching the historical cost target
of 0.05$/kWh. At this cost, photovoltaic modules can compete with fossil fuels,
enabling more rapid expansion of installed capacity. However, this target may not
be ambitious enough: at large market penetration the value of solar power is likely
to decrease, as a result of the inherent intermittency of the source [1]. As a result, it
is argued that a more stringent cost target of 0.01$/kWh is required, which current
technologies may not reach even when extrapolating the learning curve [1].

The largest lever in reducing the cost of solar power is the power conversion
efficiency: only about a third of the total installed cost is due to the solar panel itself
[2], and the remaining costs scale inversely proportional to the module efficiency.
For example, as the efficiency goes up, the required area, racking, and installation
costs go down. Hence, to enable truly large scale application of solar panels, high
efficiency photovoltaic technologies are required.

This thesis concerns the role that nanotechnology, and nanophotonics in par-
ticular, can play in high efficiency photovoltaics. Here we first introduce the lim-
iting efficiency of a single junction solar cell, and several current approaches to
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1 Introduction

enhance the efficiency beyond this limit. We then briefly discuss nanophotonics
and single nanoparticle spectroscopy, a set of important techniques for characteri-
zation of nanophotonic structures. We conclude with an outline of this thesis.

1.1 The Shockley-Queisser limit

The efficiency of a solar panel is given by its output power P (V ) = I (V )×V , divided
by the power in the incident sunlight*. For an ideal solar cell the current-voltage
behavior is given by the ideal diode equation [3], modified to take into account a
photocurrent:

J (V ) = J0

(
exp

( qV

kB T

)
−1

)
− Jsc. (1.1)

Here q is the electron charge, kB is Boltzmann’s constant, T is the temperature, and
J0 is the recombination current density (frequently called the reverse saturation
current density). An example of a current-voltage curve for a solar cell is shown
in Fig. 1.1a, which at 0 V goes through the short-circuit current density (Jsc) and
at 0 mA/cm2 goes through the open-circuit voltage (Voc). At the “maximum power
point” this solar cell produces the most power, and the corresponding product I×V
is shown in Fig. 1.1a by the blue square.

Understanding the fundamental limit to the efficiency of a solar cell is impor-
tant in many ways. It can guide in setting realistic goals, provide tools to direct the
efficiency of devices towards that limit, and ultimately perhaps help find ways to
exceed such a limit. By glancing at Fig. 1.1a we can see that the efficiency limit of
a solar cell is intimately related to the highest Jsc and Voc that that solar cell can
possibly achieve. The highest Jsc is straightforward to find: it is just the total flux of
above band gap photons in the solar spectrum,

Jsc ≈ q
∫ ∞

Eg

a(E ,θ =φ= 0)S(E)dE . (1.2)

Here a(E ,θ,φ) is the absorptance resulting in photogenerated carriers, and we ap-
proximated the sun as a point source at normal incidence. The solar spectrum
used for standard test conditions, S(E), is shown in Fig. 1.1b [4], together with the
corresponding maximum current as a function of semiconductor band gap.

Finding the maximum voltage is more tricky. We can rewrite Eq. 1.1 for the Voc

by setting the current to zero:

Voc ≈ kB T

q
log

( Jsc

J0

)
. (1.3)

Finding the maximum Voc thus requires a lower bound on the recombination cur-
rent J0. In device physics this current is usually calculated using device parameters

*Under standard test conditions this is taken to be 1000 W/m2.
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Figure 1.1: The Shockley-Queisser limit. a. A current-voltage curve of an ideal
solar cell with a band gap of 1.44 eV (860 nm), corresponding to GaAs. b. The AM1.5
solar spectrum [4] shown as a spectral current density with the maximum short-
circuit current as a function of the band gap energy. c. The spectral current density
in the absorbed black body radiation spectrum, shown together with the maximum
open-circuit voltage. The recombination current calculated with Eq. 1.4 decreases
by 32 orders of magnitude when going from a band gap of 0.5 to 2.5 eV, due to
the exponential decrease in the black body spectrum. However, the corresponding
increase in the Voc is only 1.86 V, due to the logarithmic dependence of the Voc on
J0. d. The Shockley-Queisser limit to the efficiency of a single junction solar cell. It
peaks at 33.6% for a band gap at 930 nm, corresponding to InP (1.34 eV) and close
to GaAs (1.44 eV, 860 nm). On the large band gap side the Jsc is too low, while on
the low band gap side the Voc is too low.

such as the diffusion lengths of carriers, and the thickness of the p and n-type
layers. The first predictions of a limiting efficiency were therefore heuristic models,
based on empirical findings of material constants and estimates on how much they
could be improved (see e.g. [5, 6]). However, these models were not strict bounds,
and usually underestimated the actual limiting efficiency.

In their seminal paper from 1961, Shockley and Queisser resolved this issue by
turning to thermodynamics [7]. In particular, they realized that a very small fraction
of the ambient black body flux incident on the solar cell lies above the semicon-
ductor band gap. As the solar cell can not distinguish between these photons and
those coming from the sun, the incident black body radiation leads to a minute
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1 Introduction

generation rate of excited carriers. To achieve steady state, that generation rate
must be balanced by a recombination rate, which gives the lower bound on the
recombination current:

J rad
0 = q

∫ ∞

Eg

∫ 2π

0

∫ π/2

0
a(E ,θ,φ)Θ(E)sin(θ)cos(θ)dθdφdE (1.4)

where the cos(θ) term accounts for Lambert’s rule, the integral is over the hemi-
sphere of which the solar cell faces the ambient, and Θ(E) is Planck’s law for the
black body spectrum, as shown in Fig. 1.1c. The superscript “rad” signifies that the
lowest possible J0 is actually found when radiative recombination is the only loss
mechanism.

Equations 1.1,1.2, and 1.4 fully describe the current-voltage behavior of an ideal
solar cell. This allowed Shockley and Queisser to derive the efficiency limit as a
function of the semiconductor band gap, shown in Fig. 1.1d. It peaks at an effi-
ciency of 33.6% at a band gap 1.34 eV (930 nm), similar to the band gaps of InP and
GaAs. This maximum originates from a trade-off in current densities and voltages:
for band gaps at higher energies the current is too low (Fig. 1.1b), and at lower band
gap energies the voltage is too low (Fig. 1.1c).

1.1.1 Exceeding the Shockley-Queisser limit

There is great interest in exceeding the Shockley-Queisser limit, which indeed can
be achieved in a number of ways†. For example, a concentrating lens can be used
to collect light from a larger area and enhance the incident intensity, increasing
the current-density and thus the voltage [8]. Alternatively, multiple semiconduc-
tors with different band gaps can be used in conjunction, to reduce thermaliza-
tion losses. More exotic approaches are to use angle restriction filters to reduce
the recombination current [9–12], or multiple exciton generation, where a single
photon with sufficient energy excites multiple excitons [13–16]. Concentrator pho-
tovoltaics and multi-junction solar cells are commercially available, and efficien-
cies far exceeding 33.6% have been demonstrated [17]. However, for a single junc-
tion material under terrestrial conditions, the Shockley-Queisser limit has actually
never been achieved, or even approached. This is due to shortcomings on both
the current and voltage side, resulting from insufficient carrier and light manage-
ment [18]. Nanophotonics can potentially be applied to mitigate both management
problems, as we will discuss in the next section.

†A note on semantics: we refer to the detailed balance limit under standard test conditions as the
“Shockley-Queisser” limit, which can be surpassed. However, the same detailed balance approach can
be applied to find a limiting efficiency for concentrator cells, angle restriction photovoltaics, multi-
junction solar cells, thermophotovoltaics, and other types of devices as well.
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Figure 1.2: Electric field around a core-shell nanowire a,b. The electric field
amplitude (Re{Ez }, a) and intensity (|Ez |2, b) near an 80 nm cylinder with n = 4
coated with 15 nm of Ag. At this particular wavelength (λ = 780 nm) the cylinder
has a very small extinction cross section (σext ≈ dL/2, where L is the length of the
nanowire). c,d. The field amplitude (c) and intensity (d) near an 88 nm Ag core,
coated with 18 nm of amorphous silicon at λ= 640 nm. The nanoparticle now has
a extinction cross section 10 times larger, σext ≈ 5dL.

1.2 Nanophotonics for photovoltaics

The field of nanophotonics utilizes the wave nature of light: while it used to be
common to speak of “pencils of rays”, researchers now more frequently express
their wish to “control the flow of light”, as if light in fact were a liquid. When ma-
terials are structured with length scales similar to the wavelength, it is no longer
sufficient to consider only the surface normals, angles of incidence, and refractive
indices, as in the ray optics approximation. Instead, the wave equation (∇2+k2)E =
0 must be considered, which enables many new phenomena not observed in the
ray optics regime [19]. To name a few examples: nanophotonics can be used to ma-
nipulate the polarization and direction of beams of light with ultra-thin surfaces of
nanoscale resonators [20–22], inhibit or enhance the decay rate of emitters [23–28],
strongly enhance non-linear effects [29, 30], create broadband angular selectivity in
transmission [31, 32], and much more. However, in light of photovoltaics, the most
striking effect may be that objects with sizes comparable to the wavelength may
absorb or deflect much more power than you would expect, given their geometrical
size [33, 34]. The opposite is also possible: a nanoparticle can be “hidden” by
applying a special coating [35–37].

The interaction magnitudes of nanoparticles with light are captured by cross
sections [38]. For example, the absorption cross section (an area, m2) determines
how much power (W) a nanoparticle can absorb from an incident plane wave with

15



1 Introduction

a certain intensity I0 (W/m2):

σabs =
Pabs

I0
. (1.5)

Similar expressions exist for the scattering cross section σsca and the extinction
cross section σext, which is the total power taken from the incident beam: σext =
σabs +σsca.

Fig. 1.2 shows both of these cases for a core-shell nanowire: in Fig. 1.2a we see
the field distribution around a core-shell nanowire, where the silver shell effectively
hides the high refractive index core (n=4), leading to very small disturbance even in
the intensity pattern shown in 1.2b: σext ≈ dL/2, where d is the diameter of the
nanowire and L is the nanowire length. However, while the nanoparticle barely
scatters or absorbs incident radiation, it is clear from the intensity plot that the
intensity inside the nanowire is quite high, as the nanowire temporarily stores some
of the incident energy. By changing the composition of the particle, this concentra-
tion of incident light can be utilized to enhance the absorption significantly, as is
shown in Fig. 1.2c and d, where the field and intensity are shown near a core-shell
nanowire with a silver core and amorphous silicon shell. In this case, the nanowire
absorbs all of the light in an area twice its physical size, σabs ≈ 2dL and the total
extinction is σext ≈ 5dL, 10 times larger than for the “cloaked” particle. We will
study these core-shell nanoparticles and their interesting ability to strongly absorb
light in more detail in Chapters 7 and 8.

These examples demonstrate the large degree of manipulation of light that can
be achieved with nanophotonics. Nanophotonics has therefore already been ap-
plied extensively to enhance photovoltaic devices, in particular to increase the pho-
tocurrent [34, 39–51]. For example, the property of nanoparticles to temporarily
collect and store energy can be used to direct light into a photovoltaic device very
efficiently, making a more effective anti-reflection coating (see Fig. 1.3a and [48,
52]). Alternatively, these large cross sections can be used to directly absorb the
incident power, so that significant reductions in the material consumption can be
achieved (see Fig. 1.3b and [49, 51, 53–56]). Complex photonic structures can lead
to extremely high field intensities in very thin layers of material, such as in the slot
waveguide shown in Fig. 1.3c [45, 57]. This geometry enables Jsc from an ultra
thin layer of material far above what would be possible in the ray optics regime
[45, 46, 58, 59]. More exotic approaches exist as well, for instance in the form of
thermophotovoltaics, where nanophotonics is applied to efficiently down-convert
the solar spectrum through a selective thermal emitter [60, 61].

It is clear that a lot of work has been done focused on using nanophotonics to in-
crease short-circuit currents. More recently, researchers started to apply nanopho-
tonics to enhance the open-circuit voltage as well. A number of chapters in this
thesis build on this idea, and we will therefore also briefly elaborate on this younger
field.
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1.2 Nanophotonics for photovoltaics
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Figure 1.3: Light trapping with nanophotonics. a. An anti-reflection coating
based on nanoparticles. b. A schematic depiction of a nanowire solar cell with
excited guided modes in the nanowires. c. A schematic drawing of a slot waveguide
solar cell, which can enable absorption significantly above the ergodic limit.

1.2.1 Enhancing voltages with nanophotonics

Because an ideal solar cell is entirely governed by the processes of absorption and
emission, not only the current but also the voltage can be enhanced with nanopho-
tonics. An easy way to visualize this is by realizing that the voltage in a solar cell is
exponentially proportional to the charge carrier density:

np

n2
0

= exp

(
qV

kB T

)
, (1.6)

where n and p are electron and hole densities and n0 is the intrinsic carrier density.
Expressing the diode equation Eq. 1.1 at open-circuit directly in terms of rates and
carrier densities, we find:

G −R0
np

n2
0

= 0. (1.7)

Enhancing the fraction G/R0 therefore leads to larger charge carrier densities, and
thus to larger voltages. A simple way to think about this is by envisioning a bucket
being filled with water at a rate G , while at the same time there is a hole in the
bottom with size R0. In steady state the water level in the bucket is determined
by the rate G with respect to the size of the hole R0. In an ideal solar cell, R0

is given by how many photons it exchanges per second with its environment in
thermal equilibrium (when there is no sunlight). This rate can be calculated using
Eq. 1.4, and as we see it depends strongly on the absorptance a(E ,θ,φ) of the solar
cell. The absorptance can be manipulated using nanophotonics, thereby enabling
enhancement of the voltage of a solar cell through optical design: making the size
of the hole R0 smaller results in a higher water level. Similarly, reducing the rate at
which a solar cell exchanges photons with the ambient surroundings increases the
maximum Voc.

One of the first methods known to enhance the voltage of a solar cell is pho-
ton recycling (see Fig. 1.4b) [62–65]. If a material has a high radiative efficiency
(much more radiative than non-radiative recombination), the photons that follow
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V
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a b d

Photon recycling Large absorption cross
sections
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Spectrum splitting
RR0

Figure 1.4: Voltage enhancements with nanophotonics. a. The Voc in a solar
cell can conceptually be understood from a simple bucket being filled by a
steady stream of water. The water escapes again through a small hole in the
bottom, and in steady state the water level reaches a height determined by
the size of the hole with respect to the rate at which water flows into the
bucket. This is similar to photovoltaics, where the water level is corresponds
to the potential (charge carrier density), G corresponds to the incident solar
flux, and R0 to the equilibrium recombination rate. b. A schematic drawing of
a solar cell that uses photon recycling to enhance the Voc. c. Spectrum splitting
through structures with large optical cross sections at different wavelengths. d. A
solar cell comprising only nanophotonic structures that have absorption cross
sections significantly exceeding their own size, thereby leading to drastic material
consumption reductions.

an emission event can be reabsorbed in the active layer, thereby effectively reduc-
ing the net recombination rate. The photon recycling rate can be enhanced by
applying an angle restriction filter to the front of the solar cell [9, 10], which reduces
the critical angle inside the material. As a result, the probability that a photon
emitted into a random direction escapes also becomes smaller. In fact, by applying
a filter that blocks all emission in a narrow window above the material band gap, the
solar cell effectively attains a new band gap - that of the filter (or photonic crystal)
[66]. However, the latter approach decreases the Jsc simultaneously, and the overall
efficiency therefore does not increase above the Shockley-Queisser limit. Finally,
by enhancing the absorption near the band gap only, the opposite is achieved: J0

becomes larger with respect to Jsc, leading to a decrease in the open-circuit voltage
[67, 68].

To increase efficiencies beyond the Shockley-Queisser limit, nanophotonic ap-
proaches to existing concepts can be sought. For example, the multijunction solar
cell reduces thermalization losses by splitting the incident spectrum over solar cells
that are more appropriate for these separate spectral ranges. While in regular mul-
tijunction solar cells this is done by placing these solar cells on top of each other,
the large absorption cross sections found in nanostructures can also be used to
split the spectrum and absorb different colors in different positions (see Fig. 1.4c)
[69–71].

It has also been proposed that these large absorption cross sections can by
themselves lead to efficiencies above the Shockley-Queisser limit. The proposed

18



1.3 Single nanoparticle spectroscopy

mechanism is that the large absorption cross section enhances the generation rates
(G), similar to concentrator photovoltaics (see Fig. 1.4d) [53, 72]. However, due to
the disparities between wave and ray optics, the actual similarities between both
situations are still subject to debate. Does the concentration of light using the
intrinsic optical properties of a nanostructure really lead to voltage enhancements?
What does it take to achieve efficiencies above the Shockley-Queisser limit? And to
what degree can efficiencies be enhanced for practical systems that also have non-
radiative recombination? This thesis approaches these questions by studying the
photovoltaic response of single nanoparticles, both theoretically and experimen-
tally. To do so experimentally requires single nanoparticle spectroscopy, a set of
techniques to determine the optical properties of individual nanostructures, which
we introduce in the next section.

1.3 Single nanoparticle spectroscopy

The interaction cross sections of nanoparticles strongly depend on their composi-
tion, size, shape, and environment, but above all — they are small. A single gold
particle with a 50 nm diameter has a maximum absorption cross section of σabs =
2.5×10−15 m2, and as a result it would only absorb roughly one billionth (10−9) of
the power in the beam of a simple laser pointer.

As a result of the extremely small cross sections, nanoparticle spectroscopy is
usually performed on large ensembles of nanoparticles. Already in 1857 Faraday
reported a large variety of optical investigations of colloidal gold particles, like the
depence of the color of scattered and transmitted light, and even the ability of these
particles to permeate tissue [73]. However, ensemble spectroscopy always yields
broadened spectral characteristics, due to inhomogeneities between different par-
ticles. Furthermore, in certain cases properties may be of interest that only arise
in one out of many particles, such as dimerization or other specific geometrical
features. In many cases it is thus desirable to characterize the nanoparticles indi-
vidually, which is done with so called single nanoparticle spectroscopy techniques.
In those techniques the probing light beam is typically focused down to sizes at
most a few orders of magnitude larger than the optical cross section of interest. As
a result, with common detection techniques the signal contrast is then sufficient
to be detected, even on single nanoparticles. This is shown schematically in Fig.
1.5, where the beam waist w0 is comparable to the size of the nanoparticle. If the
nanoparticle lies in the focus, it scatters light and possibly absorbs some of the
incident power. This affects the transmitted and reflected beams, which can then
be used to characterize the nanoparticle. Alternatively, only the scattered light can
be collected, as in dark field microscopy [74–83].

The first spectroscopic studies of single (sub)nanoscale objects were done on
single atoms in ion traps [84] and cells and viruses in optical traps in solution [85].
The first absorption spectroscopy study of a single nanoscale object in a solid en-
vironment was in fact on a single molecule in an organic host, cooled to 1.6 K and
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Figure 1.5: Focused beams for single nanoparticle spectroscopy. To detect single
nanoparticles it is important to focus down the beam waist to a size comparable
to the cross section of interest. The largest part of the beam will then still either
be transmitted (PT) or reflected (PR), and a small part will be scattered (Psca) or
absorbed (Pabs). Single nanoparticles can be characterized by detecting either
Psca, PR, or PT, or a combination of these.

with a double modulation technique to enhance sensitivity [86]. Many experimen-
tal improvements have been made since, and single nanoparticle spectroscopy is
now an established technique to investigate fluorescence, scattering, absorption,
second harmonic generation, and more. For single nanoparticle photovoltaics we
are particularly interested in determining the quantitative absorption cross section
of a nanostructure, and we will therefore limit our discussion to the techniques
enabling such measurements: extinction spectroscopy [87], photothermal spec-
troscopy [88], and common path interferometry [89]. For more extensive discus-
sions of the field of single nanoparticle spectroscopy, we refer the reader to refer-
ences [90–92].

1.3.1 Single nanoparticle absorption spectroscopy

If a nanoparticle is very small, its optical response will be dominated by absorption
[38]. In this regime quantitative information can thus be obtained about the ab-
sorption cross section by characterizing the total extinction, as is done in extinction
spectroscopy [93–101]. In fact, the first direct and quantitative measurement of ab-
sorption in a nanoscale system was performed in 2004 [102], where the absorption
cross section of gold nanoparticles with diameters down to 5 nm was measured. In
these types of experiments the nanoparticles are illuminated with a focused beam,
and the transmitted light is then recorded (see 1.6b). From the reduction in trans-
mitted light by the presence of the nanoparticle, the quantitative extinction cross
section can be deduced if the beam waist is known.

If the nanoparticle is larger and also scatters, the extinction cross section is no
longer equal to the absorption cross section. In that case a different technique
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Figure 1.6: Single nanoparticle absorption spectroscopies. a. In extinction
spectroscopy the transmitted beam is collected, which is reduced by the extinction
of the single nanoparticle.The substrate position is frequently modulated to
enhance the detection sensitivity via lock-in detection schemes. b. In photothermal
spectroscopy a nanoparticle and its surroundings are periodically heated through
absorption of light from a laser temporally modulated by an acousto-optical
modulater (AOM). This heating leads to temporal variation in the refractive index,
detected via the transmitted power of a detuned probe beam with a lock-in
amplifier. c. In Chapter 5 we introduce a technique based on an integrating sphere,
were we directly and quantitatively measure Psca, PT, and PR in Fig. 1.5, so that
Pabs remains.

is required, such as photothermal spectroscopy. This is a non-linear technique
that relies on heating of the particle and its environment as a consequence of the
nanoparticle absorbing light [88, 103–105]. The heating of the environment affects
the transmission of a second beam, which probes the same position but is detuned
so that it doesn’t directly interact with the nanoparticle (see Fig. 1.6c). Determining
a quantitative absorption cross section directly from the detected signal is difficult
[106], and the measurements are therefore frequently shown in arbitrary units [107]
or compared to a particle with a known absorption cross section [88, 108].

The last available technique relies on common path interferometry to obtain
phase information of the scattered field. From this phase information the absorp-
tion and scattering cross sections can be calculated [89]. A drawback is that it
requires a model to connect the cross sections to the phase and amplitude of the
forward scattered field, and it only works if the response is completely dominated
by a single resonance.

For nanoscale photovoltaics we are interested in the conversion efficiency of
light absorbed by a structure into photocurrent or photoluminescence. With cur-
rent experimental techniques these processes can not be quantified, since mea-
suring the absorption cross section also requires assuming that the nanoparticle
either does not scatter, turns all absorption into heat, or interacts with light like
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a dipole. In Chapter 5 we therefore introduce integrating sphere microscopy, a
new technique that allows us to determine the absorption cross section of a sin-
gle nanoparticle directly, so that we can characterize its photovoltaic performance
quantitatively. The technique relies on combining an integrating sphere with a long
working distance microscope objective (see Fig. 1.6c), which enables us to detect
the light not absorbed by the nanostructure and infer what was absorbed.

1.4 Motivation and outline

Nanophotonics offers a wide range of tools that may be utilized to enhance the
efficiency of photovoltaic devices. In this thesis we aim to investigate how, and to
what degree, efficiency enhancements can be achieved. This can be divided into
three main questions: (1) For a given nanoscale device, what is the fundamental
limiting conversion efficiency? (2) How do realistic material parameters affect the
conversion efficiency? (3) How can the device performance be improved in that
case? This thesis targets these questions both theoretically and experimentally.

In Chapter 2 we extend the detailed balance framework pioneered by Shockley
and Queisser to the single nanoparticle regime, to investigate how a single
nanostructure may enable efficiencies above the Shockley-Queisser limit. We show
that, contrary to expectations, a large absorption cross section is not equivalent
to macroscopic concentration but that directivity in the absorption pattern is
required. We discuss how this may affect practical device design, in particular in
the presence of non-radiative recombination.

In Chapter 3 we extend the theoretical investigation of photovoltaic devices
comprising nanoscale building blocks to combinations of different materials.
We investigate a new multi-junction solar cell architecture based on interlacing
resonators resonant at different frequencies to achieve spatial separation of light,
which can help circumvent the current and lattice matching requirements found
in conventional multi-junction solar cells.

In Chapter 4 we delve into the “photon escape probability”, the probability that
photons originating from radiative recombination in a semiconductor eventually
escape the semiconductor. This property is of crucial importance to the efficiency
of solar cells and light-emitting diodes, but it has never been rigorously calculated
before. We present a rigorous method to calculate the escape probability, and dis-
cuss how nanophotonic objects and their associated resonances affect the internal
and external radiative efficiencies of a semiconductor material.

In Chapter 5 we present a new single nanoparticle spectroscopy technique,
which allows direct and quantitative determination of the absorption cross sec-
tion of scattering nanoparticles. The technique, integrating sphere microscopy, is
based on the combination of an integrating sphere with a microscopy objective,
resulting in the direct determination of absorption with high spatial resolution.
We use this technique in Chapter 6 to determine for the first time the internal
quantum efficiency and photoluminescence quantum yield of a single nanowire
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solar cell. These metrics are crucial to understand the performance a photovoltaic
device. We also introduce a new quantity that is the nanophotonic equivalent to
the external quantum efficiency, which allows us to place a thermodynamic limit
on the performance of the nanowire solar cell. This quantity is a cross section, just
like the cross sections discussed earlier in this chapter, to account for the strong
wavelength dependence of the effective optical area of nanostructures.

In Chapter 7 we discuss the optical properties of metal-semiconductor core-
shell nanowires, which can absorb very strongly in only very thin layers of semi-
conductors. This makes them interesting candidates for photovoltaic applications,
especially considering the presence of a local metal contact, facilitating charge ex-
traction. Using solution chemistry we also synthesized such core-shell nanowires,
which we investigate experimentally in Chapter 8. We measure the absorptance of
a single core-shell nanowire with the technique introduced in Chapter 5 and com-
pare the results to theoretical predictions. We also fabricate photovoltaic devices
based on these nanowires, which we investigate using laser-induced current maps.

In Chapter 9 we investigate transmission into bulk metamaterials. These meta-
materials can have properties that are very interesting for optical applications, such
as flat lensing, but may also have very low or even zero transmission into the ma-
terial from free space. We demonstrate how to design an anti-reflection coating for
such a metamaterial, which contrary to regular anti-reflection coatings, must be
nanostructured to be effective.

Finally, Chapter 10 describes two applications that are based on central con-
cepts in this thesis. First, we propose two ways to incorporate integrating sphere
microscopy into commercially available optical systems. Secondly, we demonstrate
how to achieve large photon escape probabilities in structures that at the same time
have very high absorption, which is crucial for any photovoltaic application.

Overall, this thesis provides new fundamental insights into nanoscale photo-
voltaics, their limiting efficiencies, and how to achieve those efficiencies. Many of
the findings and techniques are directly applicable to other optoelectronic devices
as well, in particular to light emitting diodes.
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2
Opportunities and limitations for
nanophotonic structures to exceed the
Shockley-Queisser limit

Nanophotonic engineering holds great promise for photovoltaics, with
several recently proposed approaches that have enabled efficiencies
close to the Shockley-Queisser limit. Here we theoretically demon-
strate that suitably designed nanophotonic structures may be able
to surpass the 1 sun Shockley-Queisser limit by utilizing tailored
directivity of the absorption of nanoparticles. We show that large
absorption cross sections do not play a role in the efficiency enhance-
ment, and on the contrary, directivity enhancement constitutes the
nanoscale equivalent to concentration in macroscopic photovoltaic
systems. Based on this principle, we discuss fundamental limits to the
efficiency based on directivity bounds, and a number of approaches to
get close to these limits. We also highlight that, in practice, achieving
efficiencies above the Shockley-Queisser limit strongly depends on
whether high short-circuit currents can be maintained. Finally, we
discuss how our results are affected by the presence of non-radiative
recombination, in which case both directivity and photon escape
probability should be increased to achieve voltage enhancement.
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2.1 Introduction

Shockley and Queisser showed that the limiting power conversion efficiency of a
solar cell can be calculated using the principle of detailed balance [7]. For a single
junction solar cell, this limit strongly depends on the semiconductor band gap
and, under terrestrial conditions, it peaks at 33.6%. The detailed balance limit is
entirely concerned with absorption and emission of photons, both of which can be
controlled through nanophotonic engineering. As a result, there has been signif-
icant interest in applying nanophotonic concepts to approach or even exceed the
Shockley-Queisser limit. Nanophotonics approaches have been studied to enhance
the absorption in thin semiconductor layers based on light trapping [34, 39, 41–43,
45–47, 49–51, 109–111], but more recently interest has surged in applying nanopho-
tonics to enhance the induced open-circuit voltage in a photovoltaic cell [44, 53, 66–
71, 112–114]. For instance, it is possible to use nanostructures to artificially shift the
semiconductor bandgap to higher photon energies [66, 67, 69, 113], or to split the
solar spectrum in multijunction solar cells by interlacing detuned nanostructures
with large absorption cross sections [70, 71]. However, the most promising route to
high voltages and efficiencies in single junction solar cells is through concentration
(enhancing the short-circuit current relative to the dark current), which increases
the maximum efficiency from 33.6% to 45.1%. In macroscopic solar cells this is
typically achieved with a concentrating lens (Fig. 2.1a), which focuses the incident
sunlight into a much smaller active device area, or by using angle restrictive filters
[9–12, 109], which enhance photon recycling (Fig. 2.1b).

In this chapter we discuss whether and how nanostructures can enable efficien-
cies exceeding the 1 sun Shockley-Queisser limit by enhancing the open-circuit
voltage (hereafter simply referred to as the SQ limit). For both macroscopic con-
centration and angle restriction approaches nanophotonic analogues have been
proposed: nanostructures can absorb light from an area much larger than their own
size (Fig. 2.1c) and they can provide asymmetric absorption and emission patterns
(Fig. 2.1d). Here, we emphasize that only anisotropy in the absorption pattern can
lead to efficiencies exceeding the SQ limit, after taking into consideration the dif-
ference between geometric and wave optics. We demonstrate this by analyzing the
simple case of a GaAs sphere, which has no directivity in absorption, and a single
GaAs nanowire, which has weak directivity in absorption. After proving that much
larger absorption directivity is required to provide voltage enhancements and larger
overall efficiencies, we then discuss the fundamental limitations to directivity using
nanostructures, and propose two relevant approaches for high directivity. While
the role of directivity has been mentioned before [112], the implications, difficul-
ties, and fundamental limitations of directivity for nanostructured photovoltaics
have not been discussed. Finally, we discuss practical implications of how non-
radiative recombination in nanoscale systems affects the possibility of enhancing
the overall cell efficiency beyond the SQ limit.
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Figure 2.1: Concentration and large absorption cross sections. a. Concentrator
photovoltaics use a lens to focus light on a small solar cell, thereby enhancing
the generation rate of free carriers. b. In angle restricted photovoltaics a filter
is used to enhance photon recycling and reduce the net recombination rate. c.
Nanostructures can absorb light from an area that is much larger than their own
size. d. Nanostructures can also have anisotropic angular absorption and emission
patterns if the structure itself is geometrically asymmetric.

2.2 Open-circuit voltage in ideal nanophotonic
systems

We begin our discussion on ways to achieve voltage enhancement by considering
ideal photovoltaic systems, in which the only recombination mechanism is radia-
tive. The open-circuit voltage in a solar cell is proportional to the excess carrier
density in the active region of the solar cell when no carriers are extracted [7, 67],
which is governed by the simple rate equation

G −R0
n2

n2
0

=G −R0 exp

(
qV

kB T

)
= 0, (2.1)

where G is the generation rate of carriers, n and n0 are the equilibrium and excess
carrier densities, kB is Boltzman’s constant, T is the temperature of the solar cell
and ambient (300 K), and q is the electron charge. R0 is the rate at which the solar
cell emits photons when it is in equilibrium with its ambient surroundings (there is
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no incident sunlight, only black-body radiation). Eq. 2.1 is easily solved for the Voc,
which leads to the familiar expression

Voc = kB T

q
ln

(
G

R0

)
= kB T

q
ln

(
Isc

I0

)
, (2.2)

where Isc and I0 are the short-circuit current and the equilibrium recombination
current, respectively. From Eqs. 2.1 and 2.2 it is clear that the Voc increases if G
increases with respect to R0. This is the mechanism behind the efficiency enhance-
ment in concentrator photovoltaic systems, where the term “concentration” refers
to the intensity of incident sunlight. In these systems a focusing lens enhances
the intensity of incident sunlight, which increases the generation rate of carriers
(G) but leaves the equilibrium recombination rate (R0) unchanged. As a result,
concentration of incident light directly leads to a larger excess carrier density in the
semiconductor, and a higher Voc. Semiconductor nanostructures can also concen-
trate light, based on their nanoantenna functionality of collecting light from a large
area and temporarily storing it inside and around the nanostructure (Fig. 2.1c). As
a result, the electric field intensity in the absorbing nanostructure can be orders of
magnitude higher than the incident intensity. This similarity has been invoked to
suggest that this effect fulfills the same role as macroscopic concentration, and that
nanophotonic solar cells may therefore be intrinsic concentrator solar cells achiev-
ing efficiencies above the SQ limit. However, we point out that there is a crucial
difference between the two cases: in nanostructures the enhanced intensity does
not lead to a higher carrier density, because the nanoantenna functionality also
increases the recombination rate R0. To understand this we turn to the expression
for R0 in nanostructured systems in which there is only radiative recombination:

R0 =
∫ ∞

Eg /ħ

∫ 2π

0

∫ π

0
σabs(ω,θ,φ)Θ(ω)sin(θ)dθdφdω. (2.3)

Here Eg is the band gap energy of the semiconductor, ħ is the reduced Planck’s
constant, ω is the optical frequency, Θ is the incident black body photon flux at
300 K and σabs is the absorption cross section as a function of incident angle and
frequency. This expression can be found through Kirchhoff’s law [115], which states
that an object in thermal equilibrium must emit as many photons as it absorbs.
Interaction with the ambient surrounding has no preferred direction, and as a result
Eq. 2.3 has to be evaluated over all angles. On the other hand, the generation rate
due to the sun only concerns the sun’s solid angle (in the absence of diffuse light):

G =
∫ ∞

Eg /ħ

∫ 2π

0

∫ θs

0
σabs(ω,θ,φ)S(ω)sin(θ)dθdφdω, (2.4)

where S(ω) is the AM1.5 solar spectrum [4] and θs is the half-angle subtended by
the sun. From these equations it becomes clear that if we increase σabs over all
frequencies and isotropically for all angles of incidence, both G and R0 will increase
by the same amount, implying that the magnitude of σabs does not play a role.
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The crucial difference between macroscopic and nanophotonic systems, leading
to the disparity between concentration and large absorption cross sections, is that
lenses necessarily affect the angular response of a solar cell due to conservation of
étendue [8]. In fact, we show in the supplementary information to this chapter that
a concentrating photovoltaic system can be described entirely from the perspective
of angle restriction, where the lens is considered an integral part of the photovoltaic
system and reduces the equilibrium recombination rate instead of increasing the
generation rate. This is very different from nanophotonic systems, which may have
large absorption cross sections from all directions.

It turns out that the only way to enable efficiencies above the SQ limit in
nanophotonic systems is by reducing the absorption at oblique angles (as shown in
Fig. 2.1d), which reduces R0 but leaves G unchanged. This directivity in absorption
is thus similar to angle restriction in macroscopic solar cells [9, 12, 116] (Fig. 2.1b).
It is important to note that, while suppressing σabs near the band gap can also
increase the Voc, this simultaneously comes at a penalty in the short-circuit
current. As a result, suppression of absorption cannot be used in a macroscopic
device to surpass the Shockley-Queisser efficiency limit [66], unless when utilizing
this effect to construct a multijunction solar cell [69].

2.2.1 Maximum voltage in a single sphere

In order to further elucidate the difference between macroscopic and nanopho-
tonic systems, we consider as a basic example a resonant nanosphere that can have
large but isotropic absorption cross sections. More specifically, we use Eqs. 2.3 and
2.4 to calculate the generation and recombination rates in a GaAs sphere under so-
lar illumination as a function of sphere diameter. The cross section σabs, shown in
Fig. 2.2a, is determined using Mie theory [38]. Resonances clearly redshift with in-
creasing radius, eventually passing the band gap of GaAs at 860 nm (top of Fig. 2.2a).
Fig. 2.2b shows the corresponding maximum Voc that a spherical GaAs solar cell
could achieve. It is strongly modulated by diameter variations, significantly exceed-
ing the Voc in a similar Shockley-Queisser type solar cell (defined by a sharp onset
of an isotropic and constant absorption cross section above the band gap). Inter-
estingly, by comparing the two panels, it is easy to verify that these enhancements
indeed do not correspond to large absorption cross sections, but actually to the
opposite: suppression of absorption near the band gap [67, 69, 70, 113]. This is seen
noticing the anticorrelation of the voltage peaks and the absorption resonances
moving through the band gap, which has also been observed theoretically for a
single nanowire [68]. As we noted before, suppression of absorption near the band
gap decreases the equilibrium recombination rate, but cannot lead to efficiencies
above the SQ limit in a macroscopic device.

Microscopically, the changes in R0 are largely due to changes in the local den-
sity of optical states (LDOS), which affect the radiative transition rate [117, 118].
Fig. 2.2c shows the volume averaged LDOS 〈ρ〉 in the sphere relative to the LDOS in
a homogeneous medium with the same refractive index, n=3.64 (representative of
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Figure 2.2: The open-circuit voltage in a single GaAs sphere. a. Absorption
efficiency of a GaAs sphere as a function of photon energy and sphere diameter.
b. Open circuit voltage in the sphere as a function of diameter, which shows clear
dips whenever a resonance passes the band gap. Resonant sphere sizes are shown
by the vertical dashed lines, in good agreement with dips in the voltage. c. The
local density of states in a sphere with n=3.64 (representative of GaAs at the band
gap, but lossless) relative to the LDOS in a homogeneous medium with the same
refractive index. Whenever a resonance crosses the band gap, there is a significant
increase in the LDOS, corresponding to an increase in recombination rates and a
decrease in the Voc. The sharp features are not visible in c due to averaging over the
bandwidth of thermal emission and the presence of losses.

GaAs at the band gap, see Section 2.8.1 for calculation details). When a resonance
crosses the band gap the LDOS at frequencies near the band gap is significantly
enhanced, which corresponds to increases in the radiative recombination rate and
decreases in the Voc (as shown in Fig. 2.2b). Large absorption cross sections are
related to LDOS enhancements, and hence by themselves they do not lead to en-
hanced voltages: the generation and recombination rate are both enhanced, such
that the overall effect cancels out. If the LDOS is enhanced only in the region near
the band gap, the Voc actually decreases, as we saw previously.
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2.3 Directivity in nanophotonic structures

The discussion in the previous section has shown that efficiencies above the
SQ limit using nanostructures without external concentrating optics can only be
achieved by modifying the angular dependence of the absorption pattern: reducing
R0 while maintaining G . This angular anisotropy is captured in the directivity D
of the nanostructures, which in antenna theory is commonly used to describe
how much power an antenna receives from or transmits into a given solid angle
PΩ, relative to the average power received or transmitted by the antenna in all
directions [119]:

D = 4πPΩ/Ptotal. (2.5)

It is important to distinguish between directivity in radiation or scattering and di-
rectivity in absorption. A simple homogeneous sphere may be moderately directive
when it scatters a plane wave or redirects emission from a dipole inside the sphere,
sending more light in a certain direction than in others, but it can never be directive
in absorption since it looks identical for all directions of incidence. We will elabo-
rate on this distinction later in this chapter, but for now it is important to keep in
mind that the goal is to achieve directivity in absorption.

When the solid angle of maximum absorption directivity is pointed towards the
sun, we can use the directivity to derive an expression for the open circuit voltage:

Voc(D) =V iso
oc + kB T

q
ln(D), (2.6)

where

D = 4π
∫
Θ(ω)σabs(ω,θ =φ= 0)dωÎ
Θ(ω)σ(ω,Ω)dΩdω

. (2.7)

Here V iso
oc is the open circuit voltage of a nanostructure with isotropic absorption

cross section equal toσabs in the solid angle facing the sun, such as for the sphere in
Fig. 2.2b. Note that D is the directivity weighted to the emission spectrum, while D
is the directivity at a given frequency, according to Eq. 2.5. The weighted directivity
D reduces R0 with respect to the isotropic absorber, R0 = R iso

0 /D , and as such is
identical to the restriction factor in conventional angle restriction photovoltaics.
Just as with macroscopic angle restriction, directivity is beneficial to the efficiency
of a photovoltaic device until absorption within the solid angle subtended by the
sun is also reduced. The sun subtends 6.83×10−5 sr, resulting in a maximum usable
directivity equal to 1.84×105 and a voltage increase of 314 mV with respect to an
isotropic absorber. In macroscopic angle restriction photovoltaics, the solar cell is
planar, extended, and only exposed to a hemisphere, which results in a maximum
angle restriction factor of 4.61× 104 and a maximum voltage increase of 278 mV.
It is important to note that the maximum Voc in both cases is the same (when the
solid angles of emission and absorption are the same and equal to the solid angle
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Figure 2.3: Directivity in nanostructures. a-d. Schematics showing different
nanophotonic structures: a GaAs sphere (a), GaAs nanowire (b), a square
array of GaAs nanowires (c), and a lossless sphere with a 40 nm diameter
absorbing inclusion asymmetrically embedded in it (d). The top row shows
schematic representations of each nanostructure, while the middle row shows
the field intensity in the incidence plane, demonstrating the field enhancements
corresponding to strong absorption. The corresponding directional absorption is
shown in a polar plot in the bottom row, with directivities ranging from a directivity
of 1 (no directivity) for the GaAs sphere to a directivity of 7.5 for the lossless sphere
with a small absorbing inclusion.

subtended by the sun), but that the Voc without concentration of the nanostructure
is lower because it emits into 4π sr.

The absorption directivity of nanostructures strongly depends on their size and
shape. Fig. 2.3 shows four examples of nanostructures and their calculated directiv-
ity: a simple GaAs sphere (Fig. 2.3a), a GaAs nanowire, a nanowire array, and a small
lossless sphere with a GaAs inclusion. We have already discussed the GaAs sphere,
which can collect light from a large area (Fig. 2.3a, middle) but is fully isotropic
(Fig. 2.3a, bottom), and as a result cannot lead to efficiencies above the SQ limit.
Directivity requires anisotropy in absorptance, which in turn requires an asymmet-
ric shape. In the rest of this Chapter we will discuss the other three geometries of
Fig. 2.3, which effectively concentrate electric fields (Fig. 2.3b-d, middle row), but,
due to their reduced symmetry, can also provide absorption directivity (Fig. 2.3b-d,
bottom row).
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2.3.1 A single GaAs nanowire

An example of an anisotropic structure that frequently finds use as a nanophoto-
voltaic element is the nanowire [55]. This geometry has previously been suggested
as a candidate for nanophotonic concentration and voltage enhancement because
the absorption cross section, when illuminated along the long axis, can be very
large due to excitation of weakly confined guided modes at the end facet of the
nanowire [53, 112]. In addition, when illuminated perpendicular to the nanowire
axis, geometrical Mie resonances can be excited [38, 47, 120, 121], which also lead
to significant absorption. Figure 2.4a shows the calculated open circuit voltage (in
black) of a 2µm long GaAs nanowire as a function of its diameter, when illuminated
along the long axis of the nanowire. The Voc is higher than the Shockley-Queisser
voltage over almost the entire range of diameters. However, Fig. 2.4a also shows a
decomposition of the voltage enhancement into contributions due to absorption
directivity and absorption suppression (see Section 2.8.1 for details). From this de-
composition, it becomes clear that the gain in voltage is mostly due to suppression
of absorption near the band gap, just as with the previous example of the sphere. In
fact, for small diameters, the directivity contribution is even negative. This can be
understood from Fig. 2.4b, which shows the absorption cross section of the 50 nm
diameter GaAs nanowire as a function of angle of incidence (shown along the polar
angle) as well as wavelength (along the radial direction). At normal incidence, ab-
sorption rises strongly at 450 nm, but it is very low at longer wavelengths. However,
at larger angles and longer wavelengths the absorption cross section is significantly
larger, due to excitation of the TM01 resonance. As a result, the recombination
rate is enhanced with respect to the generation rate, which is suppressed at longer
wavelengths. This in turn leads to a voltage decrease instead of a gain.

Directivity does lead to a voltage gain in the nanowire when it has a diameter
around 150 nm, as shown in Fig. 2.4a. Fig. 2.4c shows the absorption cross section
of the GaAs nanowire for this diameter, showing a strong peak in absorption near
the band gap while absorption at oblique angles is suppressed. This peak in ab-
sorption is due to efficient excitation of the HE11 guided mode (note that it is not
a resonance [122]), while the suppressed absorption at oblique angles is associated
with the fact that the wire coincidentally does not support Mie resonances near the
band gap. As a result, the absorption pattern becomes more directive, leading to
an increase in the open circuit voltage. The directivity achieved here is about 2.1,
which leads to a voltage gain of 19 mV. The fact that voltage enhancements due
to concentration are small for nanowires has also been observed in arrays [122],
where detailed balance analysis has shown that InP nanowire arrays do not sur-
pass the regular SQ limit (but only surpass the SQ limit considering a high index
passive substrate, which under normal circumstances significantly increases R0),
even though the effective filling fraction is 10 times lower than for the bulk material.
Further optimization of the nanowire geometry and interference with the substrate
might lead to slightly higher directivities than those observed here [123], but in the
following we will show that these directivities are much lower than what can be in
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Figure 2.4: Open circuit voltage in a 2 micron long GaAs nanowire. a. The
Voc of a 2 µm GaAs nanowire as a function of diameter (in black) is significantly
larger than the expected Shockley-Queisser Voc. However, when disentangled into
the component due to absorption suppression (blue) and concentration (red), it
turns out that concentration contributes only weakly. b,c. Absorption spectra as
a function of wavelength and incidence angle for 50 nm and 150 nm diameter
respectively. In the 50 nm diameter wire (b), absorption due to Mie resonances
dominates near the band gap (at θ = π/2), while for the 150 nm (c) diameter wire
the HE11 guided mode is efficiently excited (at θ=0).
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principle achieved with more suitable nanophotonic structures.

2.4 Limits to directivity

We have discussed in the previous sections how the efficiency enhancement that a
nanostructure can achieve is directly related to its maximum absorption directivity.
In antenna theory, bounds on directivity have been actively studied for decades in
the case of radiation and scattering and, although there is no fundamental limit,
there are a few useful practical bounds. These bounds are derived for radiation
from an antenna, but they also limit the absorption directivity, and it may there-
fore be instructive to investigate these bounds and in what regime they apply to
absorption.

The optical response of small structures can usually be captured accurately by
only a small number of spherical harmonics. This is the basis of Mie theory, which
allows the calculation of the scattering and absorption response of canonical ob-
jects, such as spheres and infinite cylinders [38]. However, even if the system is not
highly symmetric, the scattered and absorbed power of structures with size in the
order of the wavelength can be described accurately as a superposition of only a
few scattering harmonics [124].

The radiation directivity is bounded by the number of spherical harmonics that
the structure supports [125]. The radiation patterns associated with the first three
spherical harmonics (dipole, quadrupole, and octupole) are shown in Fig. 2.5a (top
row). The octupole radiation pattern is the most directive, with a directivity of
4.5. However, by properly combining these harmonics with appropriate relative
amplitudes and phases, an even more directive radiation pattern can be obtained.
This is shown in the bottom row of Fig. 2.5a: the directivity clearly increases with an
increase in the number of harmonics that are supported. This leads to the Harring-
ton limit, which provides the highest possible radiation directivity for a structure
that supports up to the N th spherical harmonic [125]:

Dmax (N ) = N 2 +2N . (2.8)

There is also no strict limit on the number of harmonics that can be supported
by a structure of a given size, but a useful approximate limit is nk0r , where n is
the refractive index of the medium, k0 is the free space wavevector, and r is the
radius of the smallest enclosing sphere. This is equivalent to the number of wave-
lengths that fits around the circumference of the enclosing sphere. Inserting this
into Eq. 2.8 leads to the maximum directivity as a function of radius Dmax (r ) =
(nk0r )2+2(nk0r ), which for large radii is in fact approximately equal to the directiv-
ity of a uniformly illuminated circular aperture antenna, Dmax (r ) ≈ (nk0r )2 [119].
Higher-order harmonics can be in principle supported by a structure of limited size,
but only at the expense of very large Q-factors and sensitivity to losses and disorder
[126]. Since here we focus on absorption directivity, the presence of losses is crucial,
and super-directive solutions are not feasible.
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Figure 2.5: Directivity as a function of spherical harmonics. a. Radiation patterns
of the first three harmonics and increased directivity due to the combination of
these spherical harmonics. b. Maximum directivity as a function of size, assuming
that the highest harmonic is given by nk0r , or by taking the amplitudes of the
harmonics as in a GaAs sphere at 860 nm. Note that we are only interested in
the supported number of harmonics by a physical structure, and that the sphere
itself is not directive in absorption as discussed in the previous Section. The cross
depicts the directivity from the nanowire in Fig. 2.4, which is significantly lower
than directivities that should in principle be achievable for structures with the same
size.

Figure 2.5b shows the aperture directivity limit (in blue) as a function of diame-
ter for n=3.66, representative of GaAs near the band gap. This figure also shows the
equation for directivity, Eq. 2.8, evaluated with the harmonic amplitudes in a GaAs
sphere as a function of its diameter. Although a sphere by itself is not directive in
absorption, it is instructive to see how many harmonics a known nanophotonic
structure supports at these diameters. Interestingly, this curve is significantly lower
than the aperture limit, partially because not all harmonics that are supported have
the proper amplitude and phase, but also because the highest harmonic supported
is actually much lower than N = nk0r . In a GaAs sphere with a diameter of 3µm and
at 860 nm the highest harmonic with a significant amplitude is N = 13, while based
on the aperture limit one would expect N = 39. On the other hand, at very small
diameters the nk0r limit underestimates directivity because the lowest harmonic
(N = 1) can lead to a radiation directivity of 3 (a so called Huygens source [127]) and
the lowest harmonic has a non-zero amplitude even for very small sizes. If such a
directivity of 3 can also be maintained in the absorption pattern over a significant
bandwidth (such that D = 3), this leads to an increase in open circuit voltage of 28.5
mV.

The maximum directivities calculated in Fig. 2.5 are much higher than what
we have observed for the single nanowire, whose directivity was at most 2.1 for an
object with a “’diameter” (longest dimension) of 2 microns (see cross in Fig. 2.5). In
contrast, the aperture limit suggests that a directivity of 600 may be achievable, and

36



2.5 Designing highly directive nanostructures for absorption

even the harmonics supported by a sphere imply a directivity that is significantly
higher (about 70). It appears that achieving directivity in absorption is much more
challenging than in scattering. To understand why, it is instructive to think of a
lossless dielectric sphere and a single dipole emitter as an exemplary system. The
exact placement and orientation of the emitter in the dielectric antenna yields great
control over the excited harmonics, both in their phase and amplitude. With such
a single feed point and control over its position and its dielectric environment,
directivities close to the Harrington limit can be approached. However, achieving
absorption directivity is equivalent to looking for radiation directivity from inco-
herent sources placed all over the absorptive nanostructure. The fact that these
sources are incoherent, and placed over the entire volume, makes achieving high
directivity in absorption a significant challenge.

2.5 Designing highly directive nanostructures for
absorption

While the Harrington limit may not easily be achieved in an absorbing body, we can
still use the limit to gain insight on how to enhance the directivity in absorption.
For example, since the limit clearly depends on the effective aperture, a sensible
approach to enhance the directivity is to place individual antennas in an array.
This approach is already commonly taken to enhance the directivity of small an-
tennas in so-called directional arrays. Hence, to boost the directivity of the indi-
vidual GaAs nanowire, we also place it into an array (see Fig. 2.3c). This of course
largely increases the overall aperture of the absorbing nanostructure, but in any
case the final device layout will require using large arrangements of nanostructures
to cover an entire solar cell. In this case, we use the lattice arrangement to maximize
absorption directivity, making use of the fact that for certain arrangements and
angles of incidence lattice resonances can be excited. These resonances result in
strong absorption even at low filling fractions. By tuning the pitch to be close to
the wavelength of interest (a pitch of 834 nm), the second order Bloch mode can
be resonantly excited at normal incidence (see Fig. 2.6a at 860 nm and 0◦). This
leads to a strong directive absorption enhancement at the band edge, which, when
averaged over azimuthal angles, gives the absorption/emission pattern shown in
Fig. 2.3c. Although absorption at angles close to normal is significantly enhanced,
the directivity is still limited to 3.5 (note that since there is no ground plane the
array is exposed to free space on both sides). The main reason resides in the strong
absorption of sparse nanowire arrays at larger angles [56], which in this case lies
between 10% and 20%, while the absorption at normal incidence peaks at 70%. In
contrast, to achieve high directivity, the absorption at off-normal angles needs to
be significantly smaller than the peak absorption.

While the directivity of the single nanowire can be enhanced by placing it in an
array, the obtained directivity is still small. Suppressing emission and absorption
except at specific angles is clearly complicated in nanostructures that completely
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2 Opportunities for nanophotonic structures to exceed the Shockley-Queisser limit

Figure 2.6: Designs for high directivity. a. Absorption of unpolarized light in a
square array of nanowires with 834 nm pitch as a function of angle and wavelength
for 2 micron long GaAs nanowires with a diameter of 150 nm. Excitation of Bloch
modes is clearly visible. b. Emission/absorption pattern at λ=860 nm from a 906
nm diameter sphere with n=2, with a 60 nm diameter lossy inclusion (n=2+2i)
located at 412 nm from the center of the sphere. c. The electric field intensity
inside the sphere due to plane wave illumination as a function of incident angle,
corresponding to the numerals in b. The peak in absorption/emission occurs when
the hot spot overlaps with the lossy inclusion, and consecutive peaks and dips in
emission correspond to peaks and dips in the intensity distribution. The scale bar
is 500 nm.

comprise of an absorbing material. To demonstrate that reducing the absorbing
volume can actually increase directivity we make use of the principle of micro-
scopic reversibility: if it is possible to design a structure that emits directively when
excited from a certain feed point in the structure, it is also possible to realize a struc-
ture that absorbs in an angularly selective fashion by concentrating the loss at that
feed point. For very small lossy inclusions the absorption directivity approaches
the radiation directivity from a feed point at the same location.

We explore a spherical non-absorbing antenna (refractive index n = 2) which is
driven by spontaneous emission from a small amount of absorbing material inside
the sphere (n = 2+ 2i , see schematic in Fig. 2.3d). The spherical harmonics are
now only excited efficiently with amplitudes and phases fixed by the location of
the inclusion, which can lead to much increased directivity (Fig. 2.6b), in this case
up to D = 7.5. A simple way to understand this is by looking at the absorption
of the structure when it is driven by a plane wave. For this specific size (907 nm
diameter) there is a large hot spot in the sphere, at the position where we place the
lossy inclusion (Fig. 2.6c). In this case, the hot spot overlaps with the lossy inclusion
and absorption is strong. However, if we change the angle of incidence the hot spot
rotates along the sphere and moves away from the lossy inclusion, which reduces
the absorptance. Hence, the peaks and nodes in the directivity pattern correspond
to the intensity maxima and minima in the sphere overlapping with the inclusion,
as shown in Fig. 2.6c.
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2.6 Practical implications for nanophotonic solar
cells

Although the nanowire array and spherical lossy inclusion that we explored in the
previous section may achieve enhanced directivity, they are not yet practical de-
signs to achieve efficiencies above the Shockley-Queisser limit in macroscopic solar
cells. Both designs suffer from low short-circuit current due to the low filling frac-
tion of absorbing material. However, in principle directivity and large currents can
be obtained at the same time, allowing for efficiencies above the Shockley-Queisser
limit. This property requires designing a solar cell that achieves strong absorption
between the band gap of the semiconductor and the shortest wavelength in the
solar spectrum, but that at the same time is very directive in the narrow region near
the band gap that is dominated by emission (a width larger than kB T /q , about 26
mV). For example, an efficient directive GaAs solar cell needs to absorb all of the
incident sunlight between 300 and 860 nm to achieve high current, while simulta-
neously being directive between about 800 and 860 nm.

The importance of maintaining high Jsc is evident from Fig. 2.7, which shows
the efficiency relative to the SQ limit for a GaAs solar cell as a function of its Jsc

(relative to maximum current) and directivity. Because the efficiency depends log-
arithmically on the directivity but linearly on the Jsc, small penalties in the current
reduce the overall device efficiency to below the SQ limit even at reasonable direc-
tivities. For example, a weighted directivity of 10 only leads to efficiencies above the
SQ limit if the Jsc remains above 95%. So far we have not yet demonstrated a peak
directivity of 10 even in poorly absorbing structures, highlighting how challenging
it may be to achieve both goals simultaneously. However, as is clear from Fig. 2.5,
this outstanding design challenge may well be worth the effort since significant
enhancements in efficiency can be expected. Based on our analysis it appears that
the best approach to enhance intrinsic directivity in a nanophotonic solar cell is
to combine an absorber with a non-absorbing nanostructured host material that
enhances directivity, as in Fig. 2.3d. Such an arrangement has already been inves-
tigated to enhance absorption in small lossy nanostructures [128, 129] and would
also be similar to the usual arrangement of an angle restriction solar cell, where a
multilayer structure is placed on top of the absorber [9, 10]. However, these multi-
layer structures are required to be many microns thick to achieve significant di-
rectivity, and simultaneously achieving broadband transmission over the whole
wavelength range is very challenging [9]. Hence, it is worthwhile to investigate
additional approaches to angle restriction.

It is important to stress that the previous considerations hold for materials
strongly dominated by radiative recombination. However, many materials appro-
priate for photovoltaic purposes have significant non-radiative recombination.
In the presence of non-radiative recombination, the total recombination current
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Figure 2.7: Practical implications for high-directivity designs. a. The color map
shows the efficiency of a GaAs solar cell as a function of its directivity and fraction of
maximum current. At very small penalties in Jsc the solar cell will already perform
below the SQ limit, even for reasonable directivities. This indicates the importance
of maintaining high currents, when trying to achieve directivity. b. The color
map and black contour lines show the Voc gain due to directivity as a function of
the semiconductor internal quantum efficiency (ηint) for planar angle restriction
systems, with respect to no angle restriction. To the right of the white contour line
the SQ limit is surpassed.

increases [130, 131]:

R tot al
0 = R0

(
ηintpesc

1−ηintpabs

)
= R0

(
Γr pesc

Γnr +Γr (1−pabs)

)
(2.9)

where pabs and pesc are the reabsorption and escape probabilities of radiative re-
combination events in the semiconductor averaged over the semiconductor vol-
ume, ηint is the internal quantum efficiency, and Γr and Γnr are the radiative and

40



2.6 Practical implications for nanophotonic solar cells

non-radiative recombination rates. The term in parentheses in Eq. 2.9 is known
as the external radiative efficiency (ηext), and it directly reduces the open-circuit
voltage:

Voc =V rad
oc + kB T

q
ln(ηext). (2.10)

In the following we assume that there is no parasitic absorption, so that pesc = 1−
pabs.

In the traditional approach to angle restriction, which relies on external mul-
tilayer structures, the angle restriction factor and photon escape probabilities are
intrinsically linked due to conservation of momentum along the multilayer inter-
faces. From Snell’s law one can show that the probability that a photon escapes a
sufficiently thin solar cell with ideal back reflector is given by:

pesc =
Ωc

2π
= 1−

√
1− sin2(θD )/n2 ≈ sin2(θD )

2n2 , (2.11)

where Ωc is the solid angle subtended by the critical angle in the substrate and θD

is the angle to which emission is limited by the angle restriction filter. Eq. 2.18 gives
an upper limit to the escape probability for planar solar cells, which is achieved
only if the cell is sufficiently thin (such that αd ¿ 1, where α is the absorption
coefficient and d is the thickness of the active layer). See e.g. Refs. [10, 130, 132] for
a discussion of escape probabilities in the presence of larger αd .

By restricting the emission angle the escape probability decreases simultane-
ously, due to the fact that the critical angle decreases. In fact, if ηint is sufficiently
low (so that ηext ≈ ηintpesc), the decrease in R0 and pesc due to angle restriction
cancel out completely [10, 133]. This is clearly visible in Fig. 2.7b, where the color
map shows the gain in Voc due to angle restriction, relative to a planar cell with the
same ηint but no directivity. Even for ηint as high as 0.6 the enhanced directivity
and reduced pesc still cancel out, with only negligible enhancements of ∆Voc < 1
mV. To achieve voltage enhancements larger than 10 mV, an ηint of at least 93% is
required, which so far only GaAs has achieved [132]. In fact, due to the high rate
of photon recycling, even small amounts of non-radiative recombination lead to
large voltage drops when compared to ideal materials: for a directivity of 10 an
ηint of 95% reduces the open-circuit voltage by 69 mV, and at a directivity of 100
the voltage drop is 127 mV. To surpass the SQ limit with a planar angle restriction
system (shown by the white contour line in Fig. 2.7b), ηint > 0.94 is required. Note
that this is an optimistic scenario for planar films; in real systems where αd ≈ 1 the
requirement on ηint is even more stringent.

To reap the benefits of directivity, the relationship between the photon escape
probability and directivity thus has to be broken. This is automatically done in
nanostructures, where the absence of planar interfaces relaxes the constraints
placed by momentum conservation along the interfaces on the escape probability.
If directivity and the photon escape probability are uncorrelated, significant
increases can be achieved in the open circuit voltage even in the presence of
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Figure 2.8: Achieving large Voc in systems with non-radiative recombination.
The color maps show the gain in Voc for different combinations of D and pesc with
respect to a planar cell with ηint = 0.95 (a) and ηint = 0.01 (b), representative of
GaAs and Si or CIGS, respectively. The contour lines in both figures are now not
related to the color maps, but show the absolute distance in Voc to the SQ limit,
highlighting that in both cases the SQ limit can still be broken.

non-radiative recombination. This is shown in Figs. 2.8a and 2.8b for ηint = 0.95
and ηint = 10−2, which are ηint representative of the best GaAs (2.8a) and Si and
CIGS (2.8b) solar cells, respectively [134]. These color maps show the increase
in Voc relative to a planar cell with escape probability 1/2n2. Clearly, for both
values of ηint significant increases in Voc with respect to the planar reference case
can be achieved by enhancing simultaneously the directivity and photon escape
probability. Superimposed on these color maps are contour lines that show the
absolute difference in Voc to the SQ limit, highlighting that the SQ limit can still
be surpassed as long as both pesc and the directivity are sufficiently enhanced. In
general, from Eq. 2.9 one can derive the lowest ηint for which the SQ limit can still
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be beaten given a combination of directivity and pesc:

ηint >
(
1− (1−D)pesc

)−1
. (2.12)

From Fig. 2.8b it is apparent that, even for low ηint, increases in directivity and pesc
both contribute to enhanced Voc, as long as an increase in one parameter does not
come at the expense of the other parameter.

The photon escape probability can also be increased in planar angle restriction
solar cells by texturing the back surface, as discussed in the supporting informa-
tion of Ref. [10]. However, utilizing nanostructures to enhance directivity and
pesc may have additional benefits. For example, nanophotonics offers control over
the LDOS, which means that the radiative recombination rate Γrad and thus ηint

itself can be increased. Additionally, through control over the LDOS, light trapping
can also be enhanced even beyond the 1/4n2 limit [45, 46]. As a result, the total
number of bulk defect centers in the solar cell can be reduced by reducing the
amount of bulk material, without sacrificing current. If simultaneously the surface
recombination velocity does not increase, Γnrad decreases and ηint increases again
[135, 136]. This means that, even if the degree of directivity attainable in broadband
absorbing nanostructures is limited, these nanostructures can perhaps be used to
enhance ηext in conjunction with e.g. concentrating lenses, angle restriction filters
[9, 10, 12, 32, 137], or even external cavities [10, 12, 138] to achieve directivity. How-
ever, in the latter two external approaches care must be taken not to reduce pesc
too much, or the benefit of nanostructuring is undone.

2.7 Conclusion

In this chapter we have discussed efficiency enhancement above the Shockley-
Queisser limit using nanophotonic principles. We showed that the increase
in absorption cross section available in nanoparticles cannot help break the
Shockley-Queisser limit, but that increased directivity in absorption can provide
such an efficiency gain. Achieving directivity in a small absorbing nanostructure
is challenging, and it requires careful engineering. Fruitful ways to achieve
directivity in actual nanophotonic solar cells may be to use arrays or combinations
of absorbing and lossless nanostructures. However, while designing a directive
solar cell, care should be taken that the penalty in short-circuit current is minimal.
Furthermore, in the presence of non-radiative recombination, efficiencies above
the Shockley-Queisser limit can still be realized as long as both the directivity
and photon escape probabilities are enhanced. These photon escape probability
and directivity enhancements are additive to traditional voltage enhancement
strategies, such as concentrating lenses, which make nanostructuring a powerful
approach even in combination with other more traditional schemes.
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2.8 Supplementary Information

2.8.1 Methods

The calculations for the sphere were performed using Mie theory [38], except for
the sphere LDOS calculations. LDOS calculations rely on evaluating the imaginary

part of the Green’s dyadic, Im
{←→

G (r,r)
}

, at the source location, which we averaged

over the sphere volume:

〈ρ〉
ρ∞

= 6π

V k

Ñ
1

3
Tr

(
Im

{←→
G (r,r)

})
d 3r. (2.13)

Here V is the sphere volume, we take the trace of the Green’s dyadic to account for
dipole orientation, and we used the fact that the homogeneous Green’s dyadic eval-

uates to Im
{←→

G (r,r)
}
= Ik/6π (where I is the identity matrix and k is the wavenum-

ber in the medium). Ref. [139] gives convenient formulas for normalized transition
rates of dipoles located inside a sphere (Eqs. 10 and 11 in Ref. [139]), which readily
enable evaluation of Eq. 2.13.

Fig. 2.4a shows disentanglement of the contributions to the Voc due to sup-
pression or enhancement of absorption near the band gap and due to the angular
distribution of the absorption cross section. To distinguish between the different
contributions, we first calculate the total “concentration factor”

X = 4π
∫
Θ(ω) f (ω−ωbg)dωÎ

Θ(ω)σabs(ω,Ω)dΩdω
, (2.14)

where f (ω−ωbg) is a step function with onset at the band gap frequency ωbg, nor-
malized so that integrating f over the solar spectrum yields the same G as fol-
lows from Eq. 2.4. Θ(ω) is the black body spectrum at ambient temperatures. The
numerator with the Heaviside step-function is thus proportional to the standard
isotropic Shockley-Queisser emission rate, while the denominator is proportional
to the actual emission rate. The ratio of the two rates naturally gives the enhance-
ment factor. We can rewrite Eq. 2.14 as

X =
∫
Θ(ω) f (ω−ωbg)dω∫

Θ(ω)σabs(ω,θ =φ= 0)dω
× 4π

∫
Θ(ω)σabs(ω,θ =φ= 0)dωÎ
Θ(ω)σabs(ω,Ω)dΩdω

(2.15)

where now the first term only corresponds to the spectral shape of σabs, but σabs

is assumed to be isotropic, while the second term captures the contribution of
the angle dependence of σabs. The first term gives the enhancement factor due
to suppression of emission near the band gap, A, while the second term indeed
corresponds to D as given by Eq. 2.7. To calculate the contributions to the voltage
explicitly, we use:

∆Voc = kB T

q
log(X ) = kB T

q

(
log(A)+ log(D)

)
=∆V A

oc +∆V D
oc, (2.16)
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where ∆V A
oc and ∆V D

oc are the contributions to the Voc due to the absorption edge
and directivity respectively.

The simulations for the single nanowire and lossy inclusion were performed
with Lumerical FDTD [140], and the simulations of the array of nanowires were
performed using S4, a free package for the Fourier modal method [141].

2.8.2 Equivalence of angle restriction and concentration

It is instructive to take a closer look at concentration and angle restriction in macro-
scopic photovoltaic systems, to further elucidate why large absorption cross sec-
tions are not necessarily comparable to concentration. The limiting efficiency of
a photovoltaic device can be calculated by considering fluxes entering and exiting
the solar cell, where the solar cell itself is considered a "black box" with a given
absorptance and quantum efficiency. It should not matter whether we consider a
flux surface just above the solar cell or above the concentrator lens, in which case
the lens is considered an integral part of the solar cell and resides inside the black
box. However, this leads to an apparent paradox: the intensity of sunlight incident
on the solar cell is much higher than the one incident on the lens, yet in both cases
we should find the same increase in Voc. This paradox is resolved by considering the
angular response of the lens/solar cell system, as shown in Fig. 2.9a. If we consider
the lens as an active part of the photovoltaic system the generation rate per unit
area is identical to that of a regular solar cell without a lens, but the recombination
rate is strongly affected by the presence of the lens. For flat, extended systems
Eq. 2.3 becomes [7, 67]:

R0 =
∫ ∞

Eg /ħ

∫ 2π

0

∫ π/2

0
A(ω,θ,φ)Θ(ω)sin(θ)cos(θ)dθdφdω (2.17)

where the cos(θ) follows from Lambert’s rule and A is the absorptance. From
Fig. 2.9b it is clear that for certain angles (θs < θ ≤ θL , where θL is the angle
of the edge of the cell to the edge of the lens) black-body radiation does not
generate carriers in the semiconductor at all, because the action of the lens directs
the radiation next to the solar cell. At very large angles the solar cell is directly
exposed to black-body radiation, but because it doesn’t pass the lens the intensity
is lower by a factor X , where the concentration factor of the lens is given by
X = sin2(θL)/sin2(θs ). If we evaluate Eq. 2.17 according to Fig. 2.9b, we find:

RL
0 =π

(
sin2(θL)+ 1

X
cos2(θL)2

)∫ ∞

Eg /ħ
Θ(ω)dω (2.18)

When comparing this to the recombination rate of a solar cell without a concen-
trating lens to find the angle restriction enhancement factor X AR , we find

X AR = (
sin2(θL)+ 1

X
cos2(θL)2)−1 = X (2.19)
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Figure 2.9: Equivalence of angle restriction and concentration. a. A lens also
acts as an angular filter for a solar cell, which only transmits light into the solar cell
that is incident within the solid angle of the sun, while light that is incident with
larger angles is focused next to the solar cell. Light incident at very oblique angles
still hits the solar cell, but with lower intensity. b. Polar plot representation of the
absorptance of an ideal solar cell when considering the lens as an integral part of
the system. A refers to the absorptance of the solar cell and lens system in each
angular range. The lens has a concentration factor of X.

where we used the expression for X given above. Hence, as one would expect, the
voltage enhancement due to a lens can be described both from the perspective of
concentration and angle restriction, and both lead to the same result. This even
holds in the presence of non-radiative recombination: a lens does not affect the
escape probability or internal quantum efficiency, and as a result ηext is indepen-
dent of the concentration factor X. The total recombination rate given in Eq. 2.9
therefore still scales with 1/X . Note that in practice a lens and an angle restriction
filter block different angles, and they can therefore be used in conjunction with
additive voltage enhancements, as long as the angle restriction filter does not block
angles incident from the lens [133].

46



3
Nanophotonic spectrum splitting for ultra-thin
multijunction solar cells

We present an approach to spectrum splitting for photovoltaics
that utilizes the resonant optical properties of nanostructures for
simultaneous voltage enhancement and spatial separation of different
colors of light. Using metal-insulator-metal resonators commonly
used in broadband metamaterial absorbers, we show theoretically
that output voltages can be enhanced significantly compared to single
junction devices. However, the approach is general and works for any
type of resonator with a large absorption cross section. Due to its
resonant nature the spectrum splitting occurs within only a fraction of
the wavelength, as opposed to traditional spectrum splitting methods
where many wavelengths are required. Combining nanophotonic
spectrum splitting with other nanophotonic approaches to voltage
enhancements, such as angle restriction, may lead to highly efficient
but deeply subwavelength photovoltaic devices.

3.1 Introduction

The conversion efficiency of solar cells is an important factor in the cost per kWh,
and improving it has therefore been a key goal of photovoltaic research. For a single
junction solar cell, such an efficiency enhancement can come from improving the
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3 Nanophotonic spectrum splitting for ultra-thin multijunction solar cells

current or voltage output, or both. Nanophotonic engineering has so far mostly
been applied to solar cells with the goal of enhancing the absorption and thereby
current of a thin semiconductor layer. This has been achieved using optical reso-
nances in plasmonic [43] or dielectric structures [39]. By eliminating reflection and
maximizing light trapping, such resonances can bring the solar cell short-circuit
current (Jsc) close to that expected under the Shockley-Queisser limit [7]. More
recently, interest has shifted towards using nanophotonics to enhance the open cir-
cuit voltage (Voc) of a solar cell [44]. In general, this is achieved when the recombi-
nation rate is reduced with respect to the generation rate, resulting in higher carrier
densities which correspond to a larger Fermi-level splitting and thus higher output
voltage [142]. Nanophotonic modification of the recombination rate is possible via
three different mechanisms: optical concentration, angle restriction, and optical
band gap engineering. Optical concentration occurs when nanostructures act as
antennas for light. This means that nanostructures absorb photons from an area
much larger than their physical cross section, leading to lower material consump-
tion and thus lower bulk recombination rates without the need for focusing lenses
or external optics [51, 53]. However, as discussed in Chapter 2, such an effect can
only be beneficial in the presence of non-radiative recombination. Alternatively,
for cells that are strongly dominated by radiative recombination, limiting the angles
of emitted light through for instance a nanophotonic multilayer structure leads to
photon recycling and as a result to higher carrier concentrations [9, 10].

In addition to intrinsic optical concentration and angle restriction, nanopho-
tonics can also be used to suppress absorption near a material’s electronic band
gap to create an effective photonic band gap that is higher in energy [66–68, 113].
This works because due to reciprocity, reducing absorption near the band gap also
makes it harder for carriers to recombine and emit a photon to the far field. Instead,
photons are recycled in bulk cells [66] or the recombination rate is actually reduced
due to changes in the local density of optical states (LDOS, see Chapter 2).

While this third approach increases the voltage output of the solar cell, the
higher effective optical band gap also reduces the maximum current; it therefore
cannot lead to a power conversion efficiency above the single cell Shockley-
Queisser limit. The standard method to exceed this limit is to build a solar cell
where materials with different band gaps are stacked on top of each other. This
is the multijunction solar cell concept, where a top cell only absorbs high energy
photons, but transmits lower energy photons into the next layer (see Fig. 3.1a).
In each subcell the thermalization losses are small, so the overall conversion
efficiency of photons is high. Efficiencies as high as 46% have been achieved
using four different semiconductor layers that are grown on top of each other
epitaxially [17]. It has recently been shown theoretically that, with a two-layer
multijunction architecture as in Fig. 3.1a, the single-junction SQ limit can actually
be surpassed even if both layers are made of the same material [69]. This is achieved
by increasing the voltage output of the top layer through photonic engineering, as
described above.

Although multijunction solar cells are a proven concept for high efficiencies,
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Figure 3.1: Different approaches to multijunction solar cells. a. The conventional
tandem geometry, in which light is separated through sequential absorption. b. A
conventional spectrum splitting approach based on spectrally selective filters. c.
Nanophotonic spectrum splitting, where light is separated spatially in parallel. In
each case the contacting scheme is shown as well, with in a a series connection, in
b each cell is connected independently, and in c a four-terminal connection with a
shared positive contact.

their design and fabrication is complicated. Since the standard multijunction solar
cell is grown epitaxially, each layer has to be lattice matched and produce the same
current (which puts constraints on the band gap). The difficulty involved in finding
the ideal combination of band gaps and lattice constants makes spectrum splitting
multijunctions - where the subcells are not placed on top of each other but next
to each other - quite appealing (see Fig. 3.1b) [143–145]. This spectral splitting is
typically done on macroscopic length scales using external optics, such as dichroic
mirrors.

Just as focusing optics can be replaced by nanoscale resonances to provide op-
tical concentration (as described above), nanostructures also provide an opportu-
nity for spectrum splitting without external macroscopic optics. In this chapter we
propose such an alternative approach to spectrum splitting, where the resonant
optical properties of nanoparticles are responsible for both the voltage enhance-
ment (due to an increased optical band gap) and the actual spectrum splitting
(see Fig. 3.1c). This approach is based on the fact that nanoparticles can have very
large absorption cross sections and that sufficiently detuned resonators operate
independently, even if they are closely spaced. As opposed to the approaches in
Fig. 3.1a and 3.1b, where colors are separated over distances of many wavelengths,
nanophotonic spectrum splitting occurs within a fraction of the wavelength. As a
result, the multijunction solar cell can have a subwavelength height, significantly
reducing material consumption.

3.2 Identical resonators

We begin by investigating an array of identical resonant particles, to gauge the
voltage enhancements that can be achieved through nanophotonic manipulation
of the band gap alone. We will then move on to an array of detuned resonators
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3 Nanophotonic spectrum splitting for ultra-thin multijunction solar cells

in one unit cell, to investigate nanophotonic spectrum splitting. Since the res-
onators are spatially separated, we are not restricted to certain materials or lattice
constants. Hence, we will also look at nanophotonic spectrum splitting when res-
onators are made from different semiconductors. Although in this study we in-
vestigate metal-insulator-metal patch resonators, the results are general and apply
to any nanostructured resonator with a large absorption cross section. We believe
that this approach to spectrum splitting facilitates further integration with other
nanophotonic concepts for voltage enhancements such as angle restriction [9, 10]
and, in the presence of non-radiative recombination, concentration [51, 53].

Nanostructures, particularly at resonance, can have an absorption cross section
that is much larger than their geometrical cross section [38]:

Qabs =
σabs

σgeo
À 1 (3.1)

where Qabs is called the absorption efficiency. As a result, an array of identical
nanostructures with large spacing in between can still absorb all of the incident
light at the resonance wavelength [146, 147]. An example of such an array is de-
picted in Fig. 3.2a, where a small metal-insulator-metal (MIM) resonator is shown
in a 400 by 400 nm unit cell. The metal-insulator-metal (MIM) configuration sup-
ports so-called MIM waveguide modes, which reflect off of the sides of the disk
and form a Fabry-Perot like resonance [148–151]. In our case the metal substrate
and top hat are silver (Ag) and in between is a disk of aluminum gallium arsenide
(Al0.3Ga0.7Sb). Using finite-difference time-domain simulations (Lumerical FDTD,
[140]) we calculated the absorption in the semiconductor under normal incidence
illumination for a range of wavelengths and MIM disk diameters (Fig. 3.2b, see
Fig. 3.6 for full spectrum and total absorptance including in silver). A strong absorp-
tion peak corresponding to the fundamental MIM resonance is shown redshifting
and increasing in intensity for larger diameters, until the peak amplitude starts to
decrease close to the band gap (1130 nm/1.1 eV [152]). This variation in amplitude
is due to changes in the absorption loss rate of the resonance, which depends on
the extinction coefficient of Al0.3Ga0.7Sb. Resonances absorb most strongly when
their radiative loss rate and absorption loss rate are equal (the so-called called crit-
ical coupling condition), and an increase or decrease in the absorption loss rate
reduces the peak amplitude [34]. The radiative loss rate of the MIM resonator is low
(its bandwidth is small), so counterintuitively it absorbs most when the extinction
coefficient is also low (close to the band gap).

If the absorptivity of a geometry such as an array of nanostructures is known
over the whole range of the solar spectrum and all angles, one can calculate the
maximum open circuit voltage (Voc) using the detailed balance framework [67]:

Voc = kB T

q
ln

(
Jsc

J0

)
(3.2)

where q is the electron charge, kB is the Boltzmann constant, T is the temperature
of the solar cell, and Jsc and J0 the short circuit and reverse saturation current
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Figure 3.2: The Voc of a lattice of identical gap-plasmon resonators a. Schematic
diagram of the MIM resonator array with a unit cell size of 400 by 400
nm. b. Absorption spectrum of periodic array of identical MIM resonators, for
different diameters d (see a). c. Voc of the MIM array (red), compared to the
Shockley-Queisser Voc for a perfectly absorbing solar cell (dashed black) with the
same band gap. d. Absorption spectrum of the MIM array for two diameters and
the black body spectrum at 300 K for unity emissivity in black.

density, respectively. The Jsc is obtained simply by integrating the semiconduc-
tor absorptance of the array under normal incidence and over the solar spectrum
(i.e. assuming 100% internal quantum efficiency), while calculation of J0 is a little
more involved. In the dark, a very small amount of carriers are generated because
of above band gap blackbody radiation, and in equilibrium the same amount of
carriers must recombine (the principle of detailed balance) [7, 67]. In the presence
of other absorbing materials near the semiconductor, parasitic absorption must
also be taken into account because it reduces pesc, the photon escape probabil-
ity*. However, such gap resonator structures can actually be very bright, with large
probability of emitting a photon to the far-field [153] and even enhance the total
external radiative efficiency [154, 155]. For simplicity we therefore assume that the
recombination current J0 can simply be found by integrating the full hemisphere
absorption spectrum over the blackbody spectrum at ambient temperatures, and

*See Section 2.6 on page 39 for extensive discussion on how pesc affects the Voc.
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3 Nanophotonic spectrum splitting for ultra-thin multijunction solar cells

that parasitic absorption can be neglected. This gives for Jsc and J0:

Jsc ≈ q
∫ ∞

ωg

S(ω)A(ω,θ = 0,φ= 0)dω (3.3a)

J0 ≈ q
∫ ∞

ωg

∫ 2π

0

∫ π/2

0
Θ(ω)A(ω,θ,φ)sin(θ)cos(θ)dθdφdω (3.3b)

Here S(ω) is the AM1.5 solar spectrum [4], and Θ(ω,T ) is the black body spectrum
at ambient temperature (Ta =300 K). A is the unpolarized absorbtance of the total
array in the semiconductor, thus excluding absorption in silver, as a function of
incident angle. In Eq. 3.3b the cos(θ) term is due to Lambert’s cosine rule and
the term accounts for the solid angle. We’ve assumed that the illumination only
occurs at normal incidence (Eq. 3.3a), which is a good approximation considering
the small solid angle occupied by the sun, while for recombination we integrate
over the full hemisphere (Eq. 3.3b). Furthermore, as mentioned earlier, we have
assumed that there is only radiative recombination and no parasitic absorption.
Finally, we have assumed that the absorption is in fact isotropic (A(ω,θ,φ) = A(ω)),
which is a good assumption [156] (see Supporting Information Fig. 3.7).

The Voc of this array, shown in red in Fig. 3.2c, varies with diameters and for
small diameters is significantly higher than the regular Shockley-Queisser Voc

(dashed black line). As the absorptance is isotropic, this voltage enhancement
is not due to angle restriction effects (see Supporting Information), but instead
the origin lies in the suppression of absorption near the band gap [66, 67, 113]. As
thermal emission peaks near the band gap and then decays exponentially for higher
energies, moving a resonance to shorter wavelengths reduces J0 dramatically. For
example, Fig. 3.2d shows the absorption spectra of 100 and 120 nm diameter
MIM resonator arrays together with the 300K black body spectrum. Because the
integrated product of the 100 nm disk absorption and the black body spectrum is
much smaller, the equilibrium thermal emission is lower and the Voc is increased.

Although voltages are enhanced significantly, the absorption bandwidth is
small and as a result, so is the current. However, because Qabs is large enough,
this can leave ample room to interdigitate a second (or third, forth, etc.) array
detuned from the first to absorb strongly at another wavelength. This is the
basic principle of some broadband metamaterial absorbers, where it is used to
enhance the absorbing bandwidth of an array [147, 151, 156–158]. Since at different
wavelengths light is absorbed in physically different positions, this phenomenon
has also been suggested for photon sorting [157, 159]. Photon sorting is exactly
what is required in a multijunction solar cell, where photons are directed to and
absorbed in a subcell where they are converted most efficiently. We can thus use
the resonant properties of these nanoscale resonators to simultaneously enhance
the voltage and split the spectrum.
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Figure 3.3: A lattice of detuned resonators a. Diagram of the MIM resonator array,
now with four resonators in a unit cell. They are positioned on a square lattice with
200 nm spacing between centers. b. Absorption spectrum of this array, where black
is total absorption and shades of blue are the different size resonators individually,
excluding absorption in the silver. c. Field enhancement plots showing the electric
field density at different wavelengths corresponding the resonant frequencies of
the different resonators. The scale bar is 100 nm. The plot depicts the 400
by 400 nm x-y plane in the middle of the semiconductor cylinder (z = 25 nm
above the Ag substrate). Polarization is along the y-axis in both b and c (the
other polarization is shown in Fig. 3.6). d. The current-voltage curves for the four
independent resonators shown schematically in a.

3.3 Detuned resonators

To achieve nanophotonic spectrum splitting we place multiple detuned resonators
in the same subwavelength unit cell (see Fig. 3.3a). The absorption spectrum of the
array is shown in Fig. 3.3b, with in solid black the total absorption, and in colors
the different semiconductor disks. The spectra over the whole solar range for both
polarizations are shown in Fig. 3.6. The absorption spectrum shows that this geom-
etry spatially separates colors: at different wavelengths absorption peaks in differ-
ent resonators (total absorption reaches over 90% in three out of four resonators),
which are physically separated, without the need for external optics. This is even
more clearly visible in Fig. 3.3c, where the electric field intensity enhancement
|E |2/|E0|2 is shown (E0 is the incident field amplitude). The two plots correspond
to the peak wavelengths of the two larger resonators in Fig. 3.3b. At the different
wavelengths high field intensities are visible in the resonant nanostructures while
the off-resonance nanostructures remain dark, which visualizes how light is cap-
tured and the spectrum is split by the resonators.
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3 Nanophotonic spectrum splitting for ultra-thin multijunction solar cells

Using Eqs. 3.2 and 3.3 we can calculate the open circuit voltage and short circuit
current from each resonator in the array. We can then calculate the J-V curve
corresponding to each resonator, which is given by the ideal diode equation [7,
67]. From these curves, shown in Fig. 3.3d, it is clear that again the Voc for each
resonator has increased: 825, 880, 905, and 937 mV for the largest to smallest res-
onators respectively. This remarkable increase of more than 100 mV in the Voc

(14%) using exactly the same material arises only through careful engineering of the
nanophotonic resonances. The current of each resonator is relatively small due to
the narrow bandwidth, as mentioned above, which limits the efficiency. Although
in the current design this limits the total power conversion efficiency to 13.91%, we
can show that spectrum splitting does actually improve the efficiency of the array
by making two comparisons. First of all, if each resonator in the array has the same
size, the efficiency would be comparable to the single resonator array discussed
before. Due to significantly lower currents this efficiency is below 6% (see Sup-
plementary Information, Fig. 3.5). Secondly, we can compare it to a configuration
where all resonators are connected in parallel. In that case the voltage over each cell
is equal, and the advantage of spectrum splitting is lost. For the device in Fig. 3.3a
this leads to an efficiency of 13.41%, so spectrum splitting has led to an increase in
efficiency of almost 4% relative.

3.4 Detuned resonators comprising different
materials

Although we have demonstrated that nanophotonic spectrum splitting can lead to
a multijunction solar cell using only a single material by proper resonance engi-
neering, the improvement in efficiency is still modest (4%). Further gains in Voc

are possible by making the different resonators from materials with different band
gaps. Fig. 3.4a shows a unit cell with two detuned Al0.3Ga0.7Sb resonators (band
gap = 1.1 eV), one indium phosphide (InP, band gap = 1.34 eV [152]), and one alu-
minum gallium arsenide (Al0.2Ga0.8As, band gap = 1.67 eV [152]) resonator. The
absorption spectrum of the array is shown in Fig. 3.4b, with absorption in each
semiconductor disk shown as a colored curve. Fig. 3.4c shows the J-V curves of the
different resonators, and we immediately notice that higher Voc values are indeed
achieved: the AlGaAs subcell has a Voc of 1.39 V and the InP subcell has a Voc of
about 1.06 V. This enhanced voltage compared to the AlGaSb resonators is due to
the fact that the AlGaAs and InP resonators naturally do not absorb at all below their
band gap, leading to a lower J0. This increase in output voltage positively affects
the efficiency: it has increased by 27% from 13.91% for the AlGaSb array to 17.53%,
while the total Jsc has only increased by 12% to 20.3 mA/cm2.
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Figure 3.4: A lattice of detuned resonators comprising different materials. a.
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along the y axis, see Fig. 3.6 for the other polarization. c. Current-voltage curves
for the four independent resonators in a.

3.5 Conclusion and discussion

To conclude, we have investigated theoretically spectrum splitting for photovoltaic
applications utilizing arrays of nanoscale antennas with different resonant frequen-
cies. This allows for simultaneous voltage enhancement and spatial separation of
different colors of light. Such an intrinsic spectrum splitting mechanism relaxes the
lattice and current-matching requirements compared to the typical multijunction
solar cells, while also eliminating the need for external splitting optics. Addition-
ally, this was achieved in an array with a deeply subwavelength height. Efficiency
enhancements are observed for a multijunction spectrum splitting design that uses
only a single semiconductor, due to suppression of absorption near the band gap
in some of the resonators, leading to higher voltages. Much larger efficiency en-
hancements are observed when the different resonators are made from different
semiconductors, due to the more stringent reduction of reverse saturation currents
that comes with increasing electronic band gaps.

In all array solar cells discussed in this chapter, the efficiency is limited by the
generated current, due to the narrow bandwidth resonances. To increase the ef-
ficiency, the current has to be increased either by including more resonators in
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3 Nanophotonic spectrum splitting for ultra-thin multijunction solar cells

the lattice, or by using resonators with a larger bandwidth. Ideally one would in-
crease the number of narrowband resonators to keep thermalization losses as low
as possible, but it may be more practical to use larger bandwidth resonances or a
nanostructure that supports multiple resonances in the same frequency window
[34, 160]. However, there is a trade-off between the size of the absorption cross sec-
tion and the bandwidth of the resonance: the larger the absorption cross section,
the narrower the bandwidth [125, 126, 161] and increasing the absorption cross
section at some point also requires increasing the physical size of the resonator
[161]. As a result, for very large currents the traditional sequential approach, or
nanophotonic interpretations of the multilayer approach [71], may be more suit-
able. Furthermore, the large metal-semiconductor interfaces present in the current
geometry might lead to high interface recombination rates, which have to be taken
into account through for instance interfacial contact passivation. Purely dielectric
nanophotonic structures might therefore be more favorable to achieve high inter-
nal quantum efficiencies, and to avoid ohmic absorption losses, but a contact to
extract carriers is always required.

In conclusion, the nanophotonic approach to spectrum splitting, in particu-
lar in combination with other nanophotonic approaches to voltage enhancements
such as angle restriction, may lead to deeply subwavelength, yet efficient photo-
voltaic devices with very low material consumption.
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3.6 Supplementary Information

3.6 Supplementary Information

Efficiency of a single resonator periodic device

For completeness, below we show the efficiency and short circuit current together
with the same Voc plot shown in the main text in Fig. 3.2. Clearly, although the
voltage shows significant shifts, the efficiency is still dominated by the current. The
plateau between 90-100 nm diameter is due to shifting of the resonance over an
atmospheric absorption band in the solar spectrum.

Full absorption spectra

Here we show the full absorption spectra as determined with FDTD for complete-
ness. To calculate the short circuit current we integrated the absorption from 300
nm to the band gap of the material. Hence, in this section we show those full
absorption spectra of all the simulations that are used in the main text.

In Figs. 3.6a,b the absorption spectra are shown for the array comprising a
single resonator. On the left side the absorptance in the semiconductor is shown,
while on the right side in b the absorption in the total array is shown. Note that
the absorption in the total array, calculated as 1−R where R is the reflection, goes
slightly over one (to 1.02) at around 400 nm. This is due to a very strong lattice
resonance, and convergence studies show that this result can be reduced closer to
one by decreasing the mesh size. However, this does not affect our results because
the simulation is converged at all other wavelengths and it does not noticeably
affect integrated absorption in the semiconductor.

The absorption remains strong right up to the band gap because the reported
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Figure 3.6: Full absorption spectra for the resonator arrays. a,b. Absorptance in
the single resonator array (Fig. 3.2) as a function of diameter and wavelength in the
total array (a) and in the semiconductor alone (b). c,d. Absorption over the full solar
range for the AlGaSb resonator array, with the electric field polarized along the y (c)
and x (d) directions, as shown in the schematic in Fig. 3.3a. e,f. Absorption over
the full solar range for the resonator array comprising different materials, with the
electric field polarized along the y (e) and x (f) directions (see Fig. 3.4a).

refractive index has few data points near the band gap (0.1 eV spacing), so we used
the band gap reported in [152] as a hard cut off. A change in band gap only affects
absolute numbers, and since we are mostly interested in relative enhancements,
this does not change the conclusions of this chapter.

Fig. 3.6c,d show the full absorption spectra corresponding to Fig. 3.3 in the main
text. Because in this case the array is no longer rotation symmetric, there are two
polarizations that are described by the axis shown in the cartoon in Fig. 3.3a. As
shown in Fig. 3.6 the spectra are slightly different, which is due to the difference
between “closest particle" when the polarization is changed. For example, the 98
nm resonator (absorption in blue) seems to be affected more by the 110 nm res-
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Figure 3.7: Angle dependence of absorption Absorption as a function of angle for
p (a) and s (b) polarized light for an array with two 84 nm, one 104 and one 124 nm
diameter resonators in the unit cell. The absorption is only affected by the angle of
incidence if it is sufficiently large.

onator (absorption in green) when the polarization is perpendicular to the spacing
in between them.

Similarly we have the full absorption spectrum for the multijunction array de-
scribed in Fig. 3.4 in the main text, as shown in Fig. 3.6e,f. Again the difference in
polarization is very small, and the majority of the current in each resonator is due
to the resonance.

Angle dependence of absorption

To probe the angular response of our array we used the fourier modal method (S4,
[141]), because of its convenience for angular calculations. The absorption of an
array of AlGaSb particles as a function of angle is shown in Fig. 3.7 for s and p
polarizations. This particular array had two resonators with 84 nm diameter, one
with 104 nm diameter and one with 124 nm diameter. The degenerate pair leads
to full absorption at 780 nm, where a single resonator would not achieve this (see
Fig. 3.6 in this Supporting Information).

Clearly the absorption only starts to deviate at angles larger than 80 degrees,
which is consistent with literature reports on MIM resonators [147]. Calculating
the difference in recombination rate using Eq. 3.3b in the main text we find that
due to the increased reflection of the array at large angles the recombination rate
in fact is reduced compared to a truly isotropic absorption spectrum, but only by
2.5%. Since the Voc goes with the natural logarithm of the ratio of generation over
recombination rate, this small decrease barely affects the results and can thus safely
be ignored.
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4
Photon recycling in nanostructured
photovoltaics

The performance of a photovoltaic device with non-radiative recom-
bination strongly depends on the probability that luminescence can
escape the solar cell. While this escape probability is important, there
is no known method to calculate it rigorously. Here we present such
a method, based on the fluctuation-dissipation theorem, and apply it
to a GaAs sphere. We demonstrate that the volume averaged escape
probability can be at least 85% in a sphere with diameter of 230 nm,
which is over 20 times higher than the escape probability in a planar
layer. Furthermore, we demonstrate that in these semiconductors
there can be a net benefit from the enhanced local density of states to
the internal quantum efficiency. Overall, these results strengthen the
case for nanophotonic photovoltaics.

4.1 Introduction

Optoelectronic devices such as light emitting diodes (LEDs) and solar panels rely
on the emission of light for their efficient operation [162–164]. In a photovoltaic
device, for example, the open circuit voltage (Voc) depends on the external radiative
efficiency (ηext) [162, 163]:

Voc =V rad
oc + kB T

q
ln(ηext), (4.1)
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4 Photon recycling in photovoltaics

where kB is Boltzmann’s constant, T is the solar cell and ambient temperature, q is
the electron charge, and V rad

oc is the Voc in case all recombination events lead to a
photon in the far field. ηext is defined as the actual probability that a recombination
event in the semiconductor leads to a photon in the far field, and thus reduces the
Voc from the limiting value V rad

oc . It naturally depends on the internal quantum
efficiency ηint, a material parameter that gives the fraction of recombination events
that are radiative, but also on the probabilities that a photon escapes the solar cell,
pesc, or is reabsorbed inside the semiconductor, pabs:

ηext =
ηintpesc

1−ηintpabs
, (4.2)

where pabs and pesc are related through pabs + pesc + ppar = 1, with ppar the par-
asitic absorption in e.g. a back reflector. In recent years there has been a lot of
progress in theoretically understanding why high pesc are required [162, 164], and
in implementing ways to achieve large external radiative efficiencies [130, 134, 165].
However, to date there is no rigorous method to calculate pesc and pabs directly.

In the ray optics regime, when the solar cell is large with respect to the wave-
length of light, the emission and reabsorption processes are frequently modelled
using the Lambert-Beer law [64, 65, 114, 130, 135, 166], but this approximation
may not fully capture the near-field of the emission process, nor is it strictly cor-
rect when the local density of optical states (LDOS) varies with position such as
near interfaces [118, 167, 168]. In the nanophotonic regime this approximation
completely breaks down, because the LDOS variations become very strong and the
reabsorption process no longer follows a Lambert-Beer law, but is strongly affected
by e.g. guided modes and resonance field profiles.

Recently there has been significant process on the rigorous modeling of pho-
tovoltaic devices, even when the solar cell has subwavelength dimensions. The
performance of a photovoltaic device is strongly connected to its thermal emission
when it is in equilibrium with its surroundings. Niv et al. [113] realized that they
could calculate this thermal emission even for complex structures by making use
of the fluctuation-dissipation theorem, which connects the microscopic stochastic
fluctuations of charges to averaged current densities. These current densities can
then be used in conjunction with a Green’s function for the structure to calculate
the radiated electromagnetic fields. This approach fully takes into account the op-
tical environment of the solar cell, including spatial variations in the LDOS, and the
probability that photons are reabsorbed. As a result, this approach can in principle
be used to determine ηext, but it cannot separate the contribution arising from pesc
and ηint. In the case that there is no parasitic absorption elsewhere in the solar cell
(ppar = 0), the approach can be considerably simplified by invoking Kirchoff’s law
of thermal radiation [67].

Here, we extend the approach introduced by Niv. et al. to calculate the es-
cape and reabsorption probabilities for photons originating from emission events
at any position r in the solar cell. Furthermore, we can now calculate local vari-
ations in ηint due to variations in the LDOS. As a result we can gain insight into
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4.2 Thermal emission from semiconductor nanostructures

the physical mechanisms that underly ηext. We will first discuss the application
of the fluctuation-dissipation theorem to calculate the external emission rate from
a nanostructure, and then discuss how the total radiative recombination rate in-
side the semiconductor can be calculated. By comparing the two rates we find
the escape probability, which we show can be as high as 85%, over 20 times the
escape probability in a planar film. We then use this technique to disentangle the
contributions from ηint and pesc to ηext in the same GaAs sphere, and show that
ηint in the sphere can increase by a factor of 1.6 with respect to a homogeneous
environment with the same quality material due to LDOS enhancements.

4.2 Thermal emission from semiconductor
nanostructures

The maximum open-circuit voltage V rad
oc of a solar cell is intimately related to the

rate R0 at which the solar cell emits and absorbs photons when it is in thermal
equilibrium with its surroundings:

V rad
oc = kB T

q
log

( G

R0

)
. (4.3)

Here G is the total generation rate due to solar insolation. The thermal emission
rate R0 is naturally related to the thermal electromagnetic fields emanating
from the structure, which in turn originate from the chaotic thermal motion
and spontaneous decay of charged particles. The connection between these
stochastic microscopic processes and macroscopic electromagnetic fields is made
by the fluctuation-dissipation theorem, which describes the stochastic processes
as averaged current densities [115, 169, 170]. Using a Green’s function for the
structure of interest, and integrating over the volume of the semiconductor then
allows calculation of e.g. the total emission rate R0 [113]. More specifically, we can
write for electric field at position r due to a current density j [118]:

E(r) = iωµ0

∫
V

G(r,r′)j(r′)dV′, (4.4)

where the integral runs over the volumeV that contains the sources and the thermal
current density j is given by the fluctuation-dissipation theorem [115, 169, 170]:

〈 jk (r,ω) j∗l (r′,ω′)〉 = ωΘ(ω,T,V )

π
Im{ε}δklδ(r− r′)δ(ω−ω′). (4.5)

Here the subscripts k and l refer to the dipole orientation, ε is the permittivity, and
Θ(ω,T ) is the mean energy of the quantum oscillator [113, 142, 170]:

Θ(ω,T,V ) = ħω
e(ħω−qV )/kB T −1

+ ħω
2

, (4.6)
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Figure 4.1: Thermal emission and absorption rates for a GaAs sphere. This figure
shows the emission rate of a GaAs sphere calculated by integrating over the far
field, using the fluctuation-dissipation theorem. We compare it to the absorption of
photons due to black-body emission incident on the solar cell, using the absorption
cross section of the sphere as calculated with Mie theory.

where qV is the chemical potential. In the following we will omit the zero point en-
ergy ħω/2, because ultimately we are interested in net fluxes at elevated potentials
(non-equilibrium processes), to which the zero point energy does not contribute.
From Eq. 4.5 it is clear that the thermal currents are uncorrelated in frequency,
position, and orientation. Using Eq. 4.4 we can thus define an expression for the
total emission rate:

R0 =
Ï

S(r,ω) · n̂

ħω dωd A = 1

2η

Ï |E(r,ω)|2
ħω dωd A, (4.7)

for r →∞. In this equation S(r,ω) is the Poynting vector at position r for frequency
ω, n̂ is the surface normal on the integration surface A, and η is the free space
impedance. Further calculation details are given in the Supplementary Informa-
tion, but for now it is mostly important to realize that the fields are evaluated out-
side the structure, while the sources are inside the structure: r ∉V.

Using Eq. 4.7 we can calculate the total emitted flux from a semiconductor body.
As an exemplary system we calculate the rate of photon emission from a semicon-
ductor sphere at T = 300 K and zero potential. This result is shown in Fig. 4.1,
and shows clear correlation with resonances in the nanostructure: if the structure
is resonant, the rate of thermal emission is enhanced.

Since we are describing a structure that is in thermal equilibrium with its sur-
roundings, the rate of emission should be equal to the rate of absorption of thermal
photons. We can calculate the rate at which photons are absorbed due to incident

64



4.3 Photon recycling

black body radiation using:

G0 = 4π
∫ ∞

0
σabs(ω)

ω2

4π3c2

1

exp(ħω/kB T )−1
dω, (4.8)

where σabs(ω) is the absorption cross section of the sphere, and the fraction cor-
responds to the spectral photon flux in Planck’s law for black body radiation. G0 is
also shown in Fig. 4.1, and indeed R0 and G0 are exactly equal. This also means that
it is often much simpler to deduce the value of R0 from G0, than it is to calculate
R0 from first principles. This approach to determine the radiative recombination
rate is therefore more frequently taken, such as in Chapter 2 in this thesis and in
references [67, 68, 171]. However, it only works if there is no additional absorbing
body present, because then only the total flux emanating from both bodies to the
far field can be determined using Eq. 4.8. To find the emitted flux from one of the
two bodies, the fluctuation-dissipation theorem has to be used. This for example
holds for a solar cell with a slightly absorbing back contact, where we are only
interested in the emission from the semiconductor [113]. Note that G0 and R0 are
still equal also if the zero point energy is included [172].

4.3 Photon recycling

In the previous section we saw that the thermal emission of an absorbing body
is governed by local thermal current densities inside that body. Since the body
is absorbing, photons originating from any position within that absorbing body
have a finite probability of escaping. We can quantify this by defining the radiative
recombination rate per unit volume and unit frequency inside the absorbing body,
Γinj(r,ω). Here the subscript “inj” signifies the number of injected photons, which
we want to distinguish from the photons that actually escape the absorbing body
and are radiated to the far field:

Γrad(r,ω) = pesc(r,ω)Γinj(r,ω), (4.9)

where pesc is the probability that a photon escapes the absorbing body. The emis-
sion rate density Γrad(r,ω) is connected to the total emission rate Rrad, which we
discussed in the previous section, via:

R0 =
Ï

Γrad(r,ω)dωdV, (4.10)

where the volume integral runs over the absorbing body. An explicit equation for
Γrad(r,ω) in a spherical body is given in Eq. 4.41 in the Supplementary Information.

To calculate the escape probability pesc, we thus need to know the rate of injec-
tion: pesc = Γrad/Γinj. To find the total power radiated by a dipole one commonly
evaluates the Green’s function at the source position r [118]:

P = ω

2
p†Im{G(r,r)}p, (4.11)
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4 Photon recycling in photovoltaics

where p is the dipole moment. Calculating the total radiated power in this way
is particularly important if the dipole is located near an absorbing structure, as
an integral over the far field power (as in Eq. 4.5) then does not yield the total
radiated power, but the radiated power minus the absorbed power. Note that we
are now required to evaluate the Green’s function at the source position, and no
longer outside of the emitting body. In lossless media this is no problem: evaluating
Eq. 4.11 yields Im{G(r,r)} = (k/6π)I if the medium is homogeneous, and in lossless
heterogeneous media this value is affected by the local density of optical states
[173]. However, when the medium hosting the dipole itself is lossy, the imaginary
part of the Green’s function diverges at the source position (see Supplementary
Information).

To resolve this we will consider the decay process in more detail. Using the
Helmholtz decomposition any vector field F can be decomposed into a component
that has no divergence and a component that has no rotation, F(r) = F⊥(r)+F∥(r).
We call these the longitudinal and transverse components [174]:

∇·F⊥(r) = 0, (4.12a)

∇×F∥(r) = 0. (4.12b)

In the Green’s function the divergence at the source position is contained in the
longitudinal part G∥, which in lossless materials is purely real and therefore does
not affect Im{G(r,r)}. However, spontaneous emission events are associated with
the transverse electromagnetic fields [175, 176], for which we only need to consider
the transverse Green’s function G⊥. For the decay rate in a lossy medium, one then
finds Im

{
G⊥(r,r)

}= (Re{k}/6π)I [177].
In the Supplementary Information we outline how to find the transverse Green’s

function in spherical harmonics, but to find Γinj(r,ω) we actually do not need the
full transverse Green’s function. Instead, we will make use of a proof that consider-
ably simplifies the procedure to calculate Γinj(r,ω). The total Green’s function in an
inhomogeneous environment is given by:

G(r,r′) = Gh(r,r′)+Gs(r,r′), (4.13)

where Gh is the homogeneous Green’s function and Gs is the scattered Green’s func-
tion due to the presence of heterogeneities. To find the transverse Green’s function
we can thus subtract the longitudinal part from the total Green’s function, which
allows us to make use of the following identity [178]:

G∥(r,r′) = εh

ε(r)
G∥

h(r,r′), (4.14)

where εh is the permittivity corresponding to Gh and ε(r) is the piecewise constant
permittivity. Eq. 4.14 states that the longitudinal Green’s function is not affected by
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4.3 Photon recycling

heterogeneities, except for a factor given by the permittivities. Using this identity
we can write for the transverse Green’s function at the source position r:

G⊥(r,r) = G⊥
h (r,r)+Gs(r,r). (4.15)

This simplifies the evaluation of Im
{

G⊥(r,r)
}
, since:

Im
{

G⊥(r,r)
}= Im

{
G⊥

h (r,r)+Gs(r,r)
}= Re{k}

6π
I+ Im{Gs(r,r)} . (4.16)

Hence, we do not need G∥ explicitly to find Γinj. To demonstrate, we will now
compare Γinj to Γrad in a GaAs sphere.

4.3.1 Internal and external luminescence spectrum

We show the injected rate density of photons originating from the center of a 115
nm radius GaAs sphere in Fig. 4.2a, in blue. A fraction of these photons will be
escape the absorbing sphere and make it to the far-field, which shown in orange. A
red-shift of the peak value is observed due to stronger reabsorption at shorter wave-
lengths. Note that these rates are markedly different from those in a homogeneous
environment, which is given by the van Roosbroeck-Shockley equation [179]. This
demonstrates how important it is to take into account the full optical environment
of the material.

In Fig. 4.2b we show the escape probability pesc for photons originating from
the center of the 115 nm radius sphere (solid, blue) and the 221 nm sphere (solid,
green). In both cases the escape probability increases to 1 for wavelengths at the
band gap, where the absorption coefficient vanishes. For the larger radius the es-
cape probability is generally lower, which may just be due to the larger size of the
absorbing body, but could also be due to properties of the specific resonances that
are excited by the recombination events.

To emphasize again the importance of taking into account the full optical en-
vironment of the semiconductor body, we also calculated pesc but using the van
Roosbroeck-Shockley equation for the injected power. This equation thus assumes
that the medium is homogeneous, and ignores variations in the local density of
optical states. The resulting curves are shown as dashed blue and green curves
for the 115 and 221 nm spheres respectively, and either severely overestimate or
underestimate the actual pesc. In fact, for the 115 nm sphere, this naive calculation
of pesc leads to values above 1 over all wavelengths, which is unphysical without
gain.

4.3.2 Spatial dependence of reabsorption

Fig. 4.2c shows the total per unit volume rates of injection and emission in the
same two spheres as a function of position along the radius. This is the integrated
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Figure 4.2: Emission and reabsorption in a GaAs sphere. a. The emission rate per
unit volume and unit frequency Γrad for photons originating from recombination
events at the center of a GaAs sphere (orange), compared to the rate density Γinj
that is injected at the center of the sphere (blue). The injected spectrum in a
homogeneous medium is shown in gray for comparison, highlighting the difference
due to the nanophotonic nature of the sphere. b. The probability that a photon
emitted in the center escapes the sphere, calculated by dividing the far field emitted
spectrum by the injected spectrum in panel a (solid lines). The dashed lines
show the same calculation, but using the homogeneous spectrum in panel a. This
results in erroneous estimates of pesc, emphasizing the importance of taking into
account the full optical environment. c. The injection and emission rate densities
rinj and rrad as a function of position inside the sphere, for the 115 and 221 nm
radius spheres. d. The escape probability as a function of position for both spheres,
demonstrating very large values.

emission over the spectra in Fig. 4.2a:

rinj(r) =
∫
Γinj(r,ω)dω (4.17a)

rrad(r) =
∫
Γrad(r,ω)dω. (4.17b)
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4.4 The total escape probability

Clear “hot spots” of emission are visible along the radius, corresponding to the
field profiles of resonances supported by the sphere. The lowest order resonance,
supported by the 115 nm sphere, has a single field intensity maximum in the radial
direction. The resonance supported by the 221 nm sphere is of higher order, and
supports two peaks in the radial direction.

The ratio of the emitted and injected rate densities gives the local photon escape
probability averaged over frequency, pesc,ω. This probability is shown in Fig. 4.2d
for both spheres as a function of position along the radius of the sphere. For the
small sphere the escape probability is almost constant over the size of the sphere,
and approximately 85%. This is very high, especially compared to planar semicon-
ductors, and provides evidence that nanophotonic structures may benefit the Voc

by enabling efficient outcoupling of light. Interestingly, while in the larger sphere
the probability of escape is still large, it decreases instead of increases as the emitter
approaches the interface. This is because there is a second higher order resonance
in the same spectral window of emission, which is strongly confined to the inter-
face. This resonance radiates less strongly, as it is most likely overdamped and
therefore leads to larger reabsorption of injected power [126].

4.4 The total escape probability

We will now discuss the total escape probability as a function of sphere radius. As-
suming again that the sphere is in equilibrium, we can define the escape probability
averaged over frequency and volume as:

pesc =
R0

Rinj
. (4.18)

Here R0 is the total emission rate in equilibrium as calculated with Eq. 4.7, and Rinj

is given by:

Rinj =
Ï

Γinj(r,ω)dωdV. (4.19)

Although for simplicity we assume that the sphere is in thermal equilibrium and
V = 0, this equation for pesc is in fact valid as long as the potential V is constant
throughout the absorbing body. This is because the potential in Eq. 4.6 only scales
the magnitude of recombination processes and therefore divides out in pesc. We
will briefly discuss situations with spatially varying potentials in Section 4.5.

Fig. 4.3 shows pesc as a function of sphere radius, together with dashed lines
indicating the presence of a resonance. The escape probability increases at lower
order resonances, but for larger sphere sizes the correlation between resonance
and escape probability becomes more complicated. This is most likely due to the
excitation of overdamped resonances that do not radiate well, as also seen in the
previous section.

69



4 Photon recycling in photovoltaics

50 100 150 200 250 300 350 400 450 500
Radius (nm)

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

p e
sc

Figure 4.3: Total escape probability in a GaAs sphere. This figure shows the
escape probability of thermal radiation in a GaAs sphere, which is characterized
by a constant carrier density throughout the sphere. The vertical dashed lines
correspond to peaks in the total emission shown in Fig. 4.2. The escape probability
peaks at a value of 85%, which corresponds to the first resonance in the sphere.
However, at larger sphere sizes the correlation between resonances and the escape
probability is more complicated, and sometimes the presence of a resonance
significantly reduces the escape probability. At very small sphere sizes pesc is
severely underestimated, so this curve should be interpreted as a lower bound on
pesc.

For very small sizes, pesc tends to zero. Mathematically this originates from
the divergence of Gh near the source position, which affects Gs even though we
removed G∥

h through Eq. 4.16. In fact:

lim
a→0

(
Im{Gs (r,r, a)}

)
=∞, (4.20)

where a is the sphere radius and r lies inside the sphere. This divergence is also
known, and is usually interpreted as non-radiative energy transfer from emitter to
absorber in the case that a single atom is embedded in an absorbing medium [180].
However, as the emitter and absorber in this case are the same, it is not immediately
clear how to interpret this contribution with regards to the decay rate. However, to
find only the radiative injection rate, Im{Gs (r,r, a)} can be expanded in powers of
a for small a. The term independent of a is finite and exactly corresponds to the
emitted flux, suggesting that actually the escape probability tends to 1, not 0, for
small sizes. This is also the more intuitive result, and the pesc in Fig. 4.3 should
therefore be taken as a lower bound on pesc.

4.4.1 Internal and external radiative efficiency

As we saw in the previous sections, the radiative recombination rate depends
strongly on its environment [118]. This is known to affect the quantum yield of
many systems, including atoms [181], molecules [23, 182], quantum dots [28, 183],
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Figure 4.4: The external and internal quantum efficiencies of radiation. a. ηext
as a function of the internal quantum efficiency in a homogeneous medium, η0

int,

and the sphere radius. ηext can actually exceed η0
int due to enhancements in the

LDOS, despite the probability that photons are reabsorbed. b. ηint as a function of
η0

int and the sphere radius, demonstrating that indeed ηint reaches values over 1.6

η0
int. For high η0

int the fluctuations in both ηint and ηext vanish, as both also tend to
1.

2D materials [154, 155], and semiconductors [184]. We can write for the volume
averaged probability that a recombination event is radiative:

ηint =
γr 0

inj

γr 0
inj + rnrad

, (4.21)

where r 0
inj is the injection rate density in the homogeneous medium and rnrad is

the non-radiative recombination rate density. We define γ as the volume averaged
LDOS enhancement with respect to the LDOS in the homogeneous medium, γ =
〈ρ〉/ρ∞. The probability that, out of all recombination events, a photon makes it to
the far field is then given by ηext:

ηext =
pescγη

0
int

1+ (pescγ−1)η0
int

. (4.22)

Here we have assumed that there is no parasitic absorption (ppar = 0), and η0
int is the

internal quantum yield corresponding to a homogeneous medium (γ = 1). While
in principle ηext can be calculated using existing approaches, it was not possible
to discern between enhancements in ηint and pesc. Here we investigate how ηext

changes with changing sphere radius, and to what degree this is due to changes in
ηint and pesc. The external radiative efficiency is shown in Fig. 4.4a as a function of
η0

int and sphere radius, also normalized to η0
int. Interestingly, ηext is seen to exceed

η0
int by a factor of almost 1.2 at the two lowest order resonances. This indicates

that even semiconductor structures that exhibit photon recycling, such as this GaAs
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sphere, can benefit from enhancements in ηint through LDOS enhancements. This
LDOS enhancement is crucial, because enhancements in pesc alone could never
lead to ηext/η0

int above one. In fact, using Eq. 4.22 we can make the requirement on
γ to achieve ηext > η0

int explicit:

ηext > η0
int for γ> 1

pesc
. (4.23)

In Fig. 4.3 we show ηint as a function of sphere radius. Again clear enhance-
ments are seen, correlating with the lowest order resonances. We omitted small
radii due to the underestimation of pesc, which would lead to unrealistically high
enhancements of ηint. However, even at larger radii the quantum efficiency en-
hancements are significant, reaching values over 1.6. At very high η0

int the effect
vanishes both in ηext and ηint, as in this case photon recycling barely leads to in-
creased non-radiative recombination. In the limit of η0

int = 1, we therefore also find
ηext = ηint = 1.

At very low η0
int, the enhancement factor approaches γ, which in this case is

thus at most slightly over 1.6. It is interesting to compare the LDOS enhancements
we see here with the LDOS enhancements that we observed for the GaAs sphere
in Fig. 2.2c on page 30. In that case the LDOS enhancements were much higher,
in particular for higher order resonances, but we see here that these higher order
resonances are in fact severely damped due to the presence of absorption losses.
This difference emphasizes the importance of taking into account the absorption
losses in the semiconductor.

4.5 Application to solar cell modelling

Modelling a solar cell is a complicated task, because the charge carriers in a photo-
voltaic device are subject to various currents, generation rates, and recombination
rates. For example, writing the continuity equation for the electron density [166]:

∂n

∂t
= 1

q
∇· J+ gth + gnr + gs + gpr(V )− rnr(V )− rrad(V ). (4.24)

Here J is the current density, gth, gs, and gpr are the generation rate densities due
to thermal radiation from the surroundings, due to sunlight, and due to reabsorp-
tion of photons following a recombination event elsewhere, respectively. gnr is the
generation rate density due to non-radiative processes (such as impact ionization),
and rnr is the non-radiative recombination rate density. Finally, rrad is the radia-
tive recombination rate density, given by Eq. 4.17b. Some of these processes are
schematically shown in Fig. 4.5.

To solve Eq. 4.24 some simplifying assumptions have to be made. As we men-
tioned in the introduction of this chapter, rrad(V ) and gpr(V ) can be approximated
by assuming that the recombination rate is given by the van Roosbroeck-Shockley
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gpr rnr
rr

J

J

gs

Figure 4.5: Schematic depiction of microscopic processes in a semiconductor. In
a semiconductor body under solar irradiation charges are photogenerated, which
may then diffuse and recombine. This recombination can be radiative rr , resulting
in either an escaped photon, or a recycling event, where it reincarnates as a new
electron-hole pair (gpr ). This recombination may also be non-radiative (rnr ), e.g.
due to surface recombination, in which case the recombination event leads to heat.

equation for an infinite medium [179], and that the reabsorption process is gov-
erned by Lambert-Beer type behavior [64, 65, 114, 130, 135, 166]. Alternatively,
one can also assume that the charge carrier density is constant throughout the
entire device, not only in thermal equilibrium but also at elevated potentials V .
As we mentioned earlier in this chapter, due to this assumption local processes
do not have to be taken into account anymore, and the solar cell performance
can be evaluated based solely on total rates. This assumption is frequently made,
for example by Shockley and Queisser in their derivation of the detailed balance
limit [7], but also by Niv et al. and others [67, 113, 135].

With the approach we presented in this Chapter, we can now calculate gpr and
rrad without assuming Lambert-Beer type behavior, and therefore in complex pho-
tonic environments. This enables investigating e.g. the role that photon recycling
can take in charge transport in nanophotonic structures, which can be an impor-
tant factor in materials with a high internal quantum efficiency [185]. Furthermore,
deviations from a constant charge carrier density can be investigated numerically,
which may offer important insights for practical nanophotonic devices.

4.6 Conclusion and discussion

In this chapter we demonstrated an approach to evaluate the radiative recombina-
tion rates inside a semiconductor, so that the probability that a photon escapes can
be calculated. Likewise, our approach also yields the photon recycling probability.
These probabilities has important consequences for the ultimate performance of
a photovoltaic device, as well as for carrier transport through the device. We find
that both the radiative recombination rate and the recycling probability in a GaAs
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sphere depend strongly on position, and that the net external radiative efficiency
of such a sphere may actually be larger than the internal radiative efficiency of the
same medium when infinitely extended. This confirms that nanophotonics has
great potential to improve photovoltaic devices: not only can nanostructures lead
to very high escape probabilities (we observed pesc > 0.8), the ηint can be enhanced
at the same time.

For future work it is important to further investigate the divergence at very small
sphere sizes, and exactly how this diverging contribution to the total decay rate
should be interpreted. Furthermore, using the presented approach it is interesting
to investigate quantitatively how charge carrier transport is affected by photon re-
cycling. Once a spatial distribution of reabsorption probabilities as a function of
emission locations is obtained, this can also be used to investigate regimes where
the potential is not constant throughout the device, by numerically solving the
charge continuity equations. Additionally, the emission and reabsorption proba-
bilities can be disentangled into the different dipole moment orientations, which
may offer more insight in the interaction with resonances.

4.7 Supplementary Information

4.7.1 Dipoles in lossy media

The power injected by a dipole is proportional to Im{G(r,r)} at the source position
r, as given in Eq. 4.11. To investigate what happens in a medium with complex
refractive index we consider the homogeneous Green’s function, given by [118]:

Gh(r,r′) = exp(i kR)

4πR

((
1+ i kR −1

k2R2

)
I+ 3−3i kR −k2R2

k2R2

R⊗R

R2

)
, (4.25)

with R = r− r′, R = ||R||, and I the identity matrix. To evaluate this function at the
source position, we consider the xx component of the Green’s function and choose
the dipole positioned at the origin, so that we can take the limit R → 0 as x → 0:

Gxx (x,0) = exp(i kx)

4πx

(
1+ i kx −1

k2x2 + 3−3i kx −k2x2

k2x2

)
(4.26)

= exp(i kx)

4πx

(
2−2i kx

k2x2

)
. (4.27)

This still diverges, so to obtain a useful value we use the series expansion of the
exponent [exp(i kx) = 1+ i kx + (1/2)(i kx)2 + (1/6)(i kx)3 +·· · ], and obtain for very
small x:

Gxx (x,0) = 1

4π

(
2i k

3
+ 2

k2x3 + 1

x
− k2x

3

)
. (4.28)
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Now, only the real part diverges, and we find for the imaginary part of the Green’s
function:

Im{G(r,r)} = k

6π
I. (4.29)

However, this is only true if k ∈R. For materials with a complex index of refraction,
ñ = n + iκ, we see from Eq. 4.28 that the imaginary and real parts of the Green’s
function become mixed. The divergence that in lossless media is contained in the
real part now bleeds into the imaginary part, which therefore diverges as well. This
problem can be averted by considering only the transverse Green’s function, as we
will see next.

The transverse Green’s function

The Green’s function can be split into its longitudinal and transverse parts, which
have no curl and divergence respectively (see Eqs. 4.30). These can be found for
example through reciprocal space [174, 177, 186]:

G⊥
h (r,r′) = exp(i kR)

4πR

((
I− R⊗R

R2

)
+

(( i

kR2 − 1

k2R3

)exp(i kR)

4π
+ 1

4πk2R3

)(
I−3

R⊗R

R2

)
(4.30a)

G∥
h(r,r′) =− 1

3k2 δ(R)+ 1

4πk2R3

(
3

R⊗R

R2 − I
)
. (4.30b)

Here it is immediately clear that the longitudinal Green’s function is real for real k
and diverges for R → 0. For the transverse Green’s function we can follow the same
procedure as before, by assuming a source at R = 0 and evaluating the function at
position x:

G⊥
xx (x,0) = 1

4π

(
1

k2x3 +exp(i kx)
k2x2 + i kx −1

k2x3

)
. (4.31)

Again expanding the exponent near the origin, we find:

G⊥
xx (x,0) ≈ 3+2i kx −k2x2

12πx
. (4.32)

This enables us to calculate the limit for x → 0:

lim
x→0

(
Im

{
G⊥

xx (0, x)
})= Re{k}

6π
. (4.33)
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4.7.2 Green’s function for spheres

The Green’s function for dipoles in the vicinity of spheres can be constructed from
spherical harmonics that form a complete basis. Examples are given in the classic
text books by Chew or Tai [187, 188], but in both cases they comprise even and
odd harmonics that together form a complete basis. It is also possible to form a
complete basis with a single harmonic that is summed over positive and negative
indices. We will use this approach here, as it requires less terms and is therefore
easier to implement. The solution to the scalar wave equation is given by:

ψ(r,θ,φ) = zn(kr )P |m|
n (cos(θ))e i mφ, (4.34)

where zn is the Bessel jn or Hankel h(1)
n function, and P m

n is the Legendre polyno-
mial. The vector spherical harmonics are then formed using:

M =∇× (rψ) (4.35a)

N = 1

k
∇×M. (4.35b)

The Green’s function is then given by:

Gh(r,r′) =−δ(R)

k2 (r̂ ⊗ r̂ )+ i k

4π

∞∑
n=1

n∑
m=−n

Cnm

(
M(1)

n,m ⊗M′
n,−m +N(1)

n,m ⊗N′
n,−m

)
, (4.36)

where the superscript (1) means that h(1)
n is the radial function, and without su-

perscript jn is the radial function. This particular expression is valid for r > r ′, to
find the expression for r < r ′ the radial functions should be switched. The prime
denotes that this harmonic is the harmonic for the source position r′. The normal-
ization constant Cnm is given by:

Cnm = 2n +1

n(n +1)

(n −|m|)!

(n +|m|)!
. (4.37)

The scattered Green’s function outside of the sphere can be found following the
procedure in Tai [187], and the scattered field coefficients An and Bn are the same
in both formalisms:

Gs (r,r′) = i k2

4π

∞∑
n=1

n∑
m=−n

Cnm

(
An M(1)

m ⊗M′
−m +Bn N(1)

m ⊗N′
−m

)
, (4.38)

where k2 is the wavenumber in the source medium.

The radiated power density

Here we will now derive a direct expression for Γrad which does not require integrat-
ing over a spherical surface in the far field. Because the thermal current densities
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are uncorrelated spatially, in frequency, and in dipole orientation, we can write:

Γrad(r′,ω) = µ0ω

2ħc

∑
k,l

∫
A

Gkl (r,r′)〈 jl (r′) j∗l (r′)〉G†
lk (r,r′)dr. (4.39)

Here we integrate r over the far field to obtain the radiated power due to current
densities at r′. In Eq. 4.39 we have already taken into account the delta functions in
Eq. 4.5, but we can can simplify the equation further inserting the rest of Eq. 4.5:

Γrad(r′,ω) = µ0ω
2

2πħc
Θ(ω,T )Im{ε}

∫
A

Tr
(
G(r,r′)G†(r,r′)

)
dr. (4.40)

To integrate this expression over the far field we can make use of the orthogonality
of the vector harmonics [187]. This allows us to find a direct expression for the rate
density Γrad(r′,ω) which just requires summing over the scattered field coefficients:

Γrad(r′,ω) = ω2µ0|n|2
2ħc

Im{ε}Θ(ω,T )×
∞∑

n=1

n∑
m=−n

Cnm

(
|An |2M′

n,m ·M′∗
n,m +|Bn |2N′

n,m ·N′∗
n,m

)
. (4.41)

Integrating this expression over the volume of the sphere and all frequencies
yields the total emission rate Rrad. The local dependence of the emitted power
rrad(r′), shown in Fig. 4.2, is calculated by integrating the equation above only over
frequency.

The longitudinal Green’s function

To find the transverse Green’s function it is most convenient to subtract the longi-
tudinal one from the total Green’s function, which we gave in the previous section.
We need the longitudinal Green’s function as an expansion of vector harmonics. A
general equation is given by Howard [189]:

G∥(r,r′) =−∇∇′

k2 g (r,r′). (4.42)

Here g is the electrostatic Green’s function [190]:

g (r,r′) =
∞∑

n=1

n∑
m=−n

1

2l +1
CnmY ∗

nm(θ′,φ′)Ynm(θ,φ)
(r ′)n

r (n+1)
. (4.43)

The angular functions Ynm are given by:

Ynm(θ,φ) = P m
n (cos(θ))e i mφ. (4.44)
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5
Integrating sphere microscopy for direct
absorption measurements of single
nanostructures

Nanoscale materials are promising for optoelectronic devices because
their physical dimensions are on the order of the wavelength of
light. This leads to a variety of complex optical phenomena, that for
instance enhance absorption and emission. However, quantifying the
performance of these nanoscale devices frequently requires measuring
absolute absorption at the nanoscale and, remarkably, there is no
general method capable of doing so directly. Here we present such
a method based on an integrating sphere, but modified to achieve
diffraction-limited spatial resolution. We explore the limits of this
technique by using it to measure spatial and spectral absorptance
profiles on a wide variety of nanoscale systems including differ-
ent combinations of weakly and strongly absorbing and scattering
nanomaterials (Si and GaAs nanowires, Au nanoparticles). This
measurement technique provides quantitative information about local
optical properties that are crucial for improving any optoelectronic
device with nanoscale dimensions or nanoscale surface texturing.
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5.1 Introduction

A number of techniques to measure quantitative absorptance on single nanostruc-
tures exist [90–92], such as photothermal spectroscopy [88, 106, 107, 191], (spa-
tial modulation) extinction spectroscopy [94, 99, 102], and scattered field interfer-
ometry [89]. Although some of these techniques are extremely sensitive and can
even measure single molecules [87], they also rely on at least one of the following
assumptions: all absorbed power is converted into heat, the nanoparticle doesn’t
scatter light, or it interacts with light as an ideal dipole. Hence, to date there is no
generally applicable method available for quantitative absorption measurements
of nanostructures, even though for instance nanostructured semiconductor and
plasmonic hot-electron optoelectronic devices [192, 193] require such a technique
to quantify their performance.

Here we show that by combining an integrating sphere with an ultra-long work-
ing distance microscope objective, we can achieve submicron spatial resolution
inside the integrating sphere. As a result, quantitative local absorptance measure-
ments can be obtained, even on single nanostructures. In this chapter we detail
the working mechanism and explore the limits of integrating sphere microscopy
using weakly absorbing but strongly scattering structures (a silicon nanowire and
a large gold nanoparticle), a weakly absorbing and weakly scattering structure (a
small gold nanoparticle), and a strongly absorbing and strongly scattering structure
(a GaAs nanowire). Additionally, we demonstrate the spatial resolution with ab-
sorption maps on a highly tapered nanowire where resonances can be seen moving
along the length as a function of wavelength.

5.2 Integrating sphere microscopy

Single nanoparticle spectroscopy relies on illumination with a focused beam to
enhance the interaction with the nanoparticle. When illuminating a nanoparticle,
part of the power will be absorbed or scattered by the nanoparticle (Pabs and Psca,
see Section 1.3 on page 19). Additionally, even for a focused beam the majority
of the incident power will typically not interact with the nanoparticle and be ei-
ther transmitted or reflected (PT and PR). Just as with the standard integrating
sphere method [194, 195], integrating sphere microscopy relies on determining the
scattered, transmitted, and reflected light, such that the absorbed power can be
inferred: Pabs = Pin −PR −PT −Psca. To do so with submicron resolution, we com-
bined an integrating sphere with a ultra-long working distance microscope objec-
tive, which focuses the light on the sample inside the integrating sphere (see Fig.
5.1a). The sample is mounted on a 3D piezoelectric stage, which allows scanning
of the sample to obtain quantitative local information of the absorptance. The
ability to scan the focus with respect to the sample is crucial: without scanning,
integrating sphere microscopy can only be used in a wide field configuration, which
does not allow for quantitative spatial information [196]. Finally, broadband char-
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Figure 5.1: Schematic of the integrating sphere set-up. a. Schematic depiction
of the combination of microscope objective and integrating sphere. The objective
focuses light on the sample holder inside the integrating sphere, and the photode-
tector is behind a baffle on the backside of the integrating sphere. b. Schematic
diagram for the experimental set-up, including reflection photodetector (PD) and
half-wave plate to control the polarization. BS stands for beam splitter and BM for
beam monitor, which we use to account for fluctuations in laser power.

acterization is possible, since we use a supercontinuum laser as a light source (400-
2000 nm), and the integrating sphere inner surface remains Lambertian from 250-
2500 nm.

A detector behind a baffle on the backside of the integrating sphere measures
transmitted and most of the scattered power, while the reflected and backscattered
power is collected back through the objective and measured by a second photode-
tector (see Fig. 5.1b). For the absorptance we then obtain:

A = 1− R

Rref
− I S

I Sref
−C , (5.1)

where R and Rref are the reflection signal and reference measurement, and I S and
I Sref are the integrating sphere signal and reference measurement. Calibration of
the technique is thus extremely simple: it only requires two reference measure-
ments, usually a mirror for Rref and a small hole in the substrate for I Sref (meaning
that the beam misses the sample, but the sample is still in the integrating sphere).
C in Eq. 5.1 is an offset that arises from the reflection of the second interface of
the glass sample holder, which is collected by the objective but so far out of the
focal plane that it is not imaged on the photodetector. For glass C ≈ 0.04 (the
reflection of a single air-glass interface), but it depends slightly on how much power
is transmitted and scattered forward, and assuming that it is constant therefore
introduces a small source of error. The accuracy of the technique additionally de-
pends on the detection efficiency of all non-absorbed light: e.g., if some light is
scattered but not detected by either photodetector, it will appear as absorption.
Based on measurements on non-absorbing but strongly scattering silica beads we
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Figure 5.2: Absorptance maps of a silicon nanowire. a. SEM image of the silicon
nanowire under consideration. Its diameter ranges from 95 (bottom) to 160 nm
(top). The scale bar is 2 µm. b-f. Absorptance maps over the same spatial range
for different wavelengths. For all maps the laser polarization is aligned with the
long axis of the nanowire. The absorption peak shows how the TM12 and TM21
resonances shift position along the wire as the wavelength increases, and the TM11
is seen to appear on the bottom side of the wire. g. Wavelength dispersion of the
resonances of a circular silicon nanowire in vacuum as a function of diameter,
with the absorptance spectra at different wavelengths superimposed. The peaks
in absorption along the length of the wire clearly correspond to the presence of
resonances.

estimate that 95 ± 1.2% of the total scattered power is collected (see Supplementary
Information, Section 5.6.3).

5.3 Nanowire absorption measurements

5.3.1 Silicon nanowires

We will now demonstrate this technique by showing local variation in the absorp-
tance of a tapered silicon nanowire. Semiconductor nanowires are important build-
ing blocks for optoelectronics applications [197], including nanowire solar cells [51,
53], light-emitting diodes [123, 198, 199], lasers [200], and quantum information
technology [201]. Fig. 5.2a shows an SEM image of a 10 µm long silicon nanowire
on a glass substrate. The nanowire is slightly tapered, with a diameter that varies
from 160 nm at the top of the image to 95 nm at the bottom. Fig. 5.2b displays the
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Figure 5.3: Absorption spectra of a silicon nanowire. a, SEM image of the silicon
nanowire indicating the positions at which spectra were measured. The scale
bar is 1 µm. b. The measured absorption cross section of the silicon nanowire at
position 1 with the electric field polarized along the nanowire axis, compared to
simulations of a hexagonal nanowire on glass with an apothem of 68 nm (blue
line, see Supplementary Information Section 5.6.5 for details). The inset shows the
simulated absorption cross section (blue) compared to the scattering cross section
(red), indicating that the wire scatters much more strongly than it absorbs. c. Same
as in panel b but with the electric field polarized perpendicular to the axis. d-
e. Same as panels b and c, but measured at position 2 and with 48 nm apothem
hexagonal nanowire simulation. In b-e the error bars are due to variance in the
absorptance and uncertainty in the conversion to cross section.

absorptance A (absorbed fraction of the incident power, A = Pabs/Pin) at a wave-
length of 450 nm, measured while scanning over the area shown in the SEM image
using the 3D piezoelectric stage. In the center of the wire a peak in absorptance is
visible, which corresponds to resonantly enhanced absorption via a Mie (geometri-
cal) resonance. Mie resonances shift to longer wavelengths as the radius of the wire
is increased, as they occur for fixed values of the product nk0r , where n, k0, and r
are the refractive index, free space wavenumber and radius [202]. The absorption
maps in Fig. 5.2c-f show the peak moving from smaller to larger diameter along
the tapered nanowire as the illumination wavelength increases, providing a direct
visualization of these diameter-dependent resonance phenomena.

Fig. 5.2g plots absorption intensity line cuts along the tapered nanowire in
Fig. 5.2c-f, together with calculated dispersion relations to identify the relevant
Mie resonances (see Chapter 7, Section 7.6.2). These resonances can be specified
with the notation TMml , where TM indicates the magnetic field is transverse to the
long axis of the nanowire, m is the azimuthal mode number, corresponding to the

83



5 Integrating sphere microscopy

number of field maxima around the nanowire circumference, and l indicates the
number of radial field maxima. From these calculations shown in Fig. 5.2g it is
clear that we observe the TM21 and TM12 resonances. These resonances are nearly
degenerate and hard to disentangle spatially.

In addition to measuring nanoscale absorption maps at a fixed wavelength,
we can also fix the laser position and measure local absorption spectra. Fig. 5.3a
shows an SEM image of the same nanowire (but rotated) and indicates two posi-
tions where spectra were measured. Figs. 3b-e show the wavelength-dependent
absorption cross sections of the nanowire at the two different positions, with the
laser polarized either along or orthogonal to the nanowire axis. A geometric scaling

factor is used to convert from absorptance to cross section: σabs = A
√
πw2

0 /2,

where A is absorptance and w0 is the beam radius. This factor can be derived by as-
suming that the nanowire is infinitely thin, and integrating the Gaussian spot inten-
sity over the nanowire length. While the nanowire is not infinitely thin, agreement
with full-wave simulations is good (see Supplementary Information, Section 5.6.1).
However, because the scattered power significantly exceeds the absorption by up to
a factor of 75, disagreement between the measurement and full-wave simulations
is likely due to the small fraction of scattered light that is not detected.

5.3.2 GaAs nanowires

Due to the indirect band gap of silicon, these nanowires scatter very strongly, and
they therefore provide a particularly challenging test case. Agreement with theory
is even better for more strongly absorbing materials such as GaAs, as we will show
now. Fig. 5.4a shows an SEM image of a GaAs nanowire with a radius ranging from
110 nm at the top of the image to 84 nm at the bottom. Figures 5.4b-f show ab-
sorption maps for different wavelengths, just as for the silicon nanowire. However,
since this nanowire has a lower tapering angle the resonances do not appear local-
ized along the nanowire length. Additionally, the nanowire has a smaller diameter,
which means that a lower order resonance is excited (the TM11 resonance), which
has a broader linewidth and, interestingly, therefore also a larger spatial extent in
a tapered nanowire than a resonance with a narrower linewidth would have. Fig.
5.4g and 5.4h show the cross section versus wavelength, compared to full-wave
simulations of the nanowire absorption and extinction cross section for parallel
and perpendicular incident polarizations, measured at the top of the wire. Both
spectra show a resonance at 480 nm, which are the TM11 and TE01 resonances in
the parallel and perpendicular polarization respectively. Since GaAs has a direct
band gap, the scattering cross section is reduced and the absorption cross section
is increased, indeed improving the agreement with numerical predictions.
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Figure 5.4: Absorption measurements of a GaAs nanowire. a. SEM image of the
GaAs nanowire. The scale bar is 1 µm. b-f. Absorption maps from 460 to 540
nm. Due to the smaller diameter of the nanowire and the lower tapering angle
the resonances appear to be less confined along the length of the nanowire. g,h.
Absorption spectra with the electric field parallel (g) and perpendicular (h) to the
nanowire axis. The solid red and dashed blue lines show full-wave simulations of
the extinction and absorption cross sections for a GaAs nanowire with the same
diameter (110 nm).

5.4 Au nanoparticles

Due to the linear extent of the nanowire, the intersection with the focused spot is
significant and measurements above the noise floor are therefore easily achieved.
To probe the detection limits of our set-up, we also investigate small spherical gold
nanospheres with a plasmon resonance near 500 nm. While the absorptance of
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Figure 5.5: Absorption measurements of gold nanospheres. a. Absorption
spectrum of a 60 nm Au nanoparticle compared to Mie theory predictions for
absorption (dashed blue line) and scattering (red line). b. Absorption spectrum of
a 220 nm Au nanoparticle compared to Mie theory calculations for absorption and
scattering (dashed blue and red line respectively). The insets in both figures show
representative gold particles along with a 100 nm scale bar.

the nanowires reaches >10% easily, the absorptance of a 60 nm gold sphere will
lie below 1% due to the small absorption cross section. Since the nanoparticle is
localized in three dimensions, we now obtain for the absorptance (assuming that
the nanoparticle can be treated as a point): A(x, y) = σabsI (x, y), where I (x, y) is
the intensity distribution in the Gaussian spot. If the nanoparticle lies exactly in
the focus, we find σabs = A ×πw2

0 /2, where we used I (x = 0, y = 0) = 2Pin/πw2
0

and A = Pabs/Pin. This absorption cross section is shown in Fig. 5.5a for a 60 nm
diameter gold sphere and in Fig. 5.5b for a 200 nm diameter gold sphere.

Even though the absorptance peaks at 0.5% for the 60 nm diameter nanosphere,
the noise floor is low enough for accurate determination of the absorption cross
section. In fact, the error margin shown in Fig. 5.5 arises largely due to the deter-
mination of the Gaussian beam radius w0. For the absorptance measurements the
signal-to-noise ratio (determined as the peak absorptance relative to the standard
deviation of the baseline) is 530 for the 200 nm diameter sphere and 30 for the
60 nm sphere. The noise level relative to the total measured power is 5 × 10−5,
which is comparable to the relative intensity noise (RIN) of supercontinuum lasers
(1.5×10−5) as reported in Ref. [95]. These measurements were done using lock-in
amplifiers with a measurement bandwidth of 780 mHz (100 ms time constant and
24 dB/oct roll-off). The noise floor can be reduced further by using low noise lasers,
but at the cost of the broad bandwidth, since supercontinuum lasers are inherently
noisy [203]. Furthermore, tighter foci, longer integration times, or balanced detec-
tion schemes can also help, but the noise floor is clearly already is sufficiently low
to measure the absorption of a single small gold particle.
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5.5 Conclusion

To conclude, we have introduced a new technique to perform quantitative and
spatially resolved absorption spectroscopy on single scattering nanoparticles. The
technique uses an integrating sphere to measure directly the transmitted, reflected,
and scattered power, allowing for determination of the absorbed power. Calibration
of the absorption measurement is very straightforward and no assumptions on the
nature of the scattering particle are required. We demonstrated integrating sphere
microscopy by mapping the absorption cross section of tapered silicon and GaAs
nanowires. These are essential characteristics for many optoelectronic devices,
in particular for LEDs and solar cells, but can not be measured on the nanoscale
with photothermal spectroscopy or any other known method. We therefore believe
that this extension of the standard integrating sphere measurement to nanoscale
systems can be of great utility in nanoscale optoelectronics, single nanoparticle
spectroscopy, and other fields where quantitative and high spatial resolution mea-
surements are desired.

5.6 Supplementary Information

5.6.1 Conversion from absorptance to cross section

The equation to convert from absorptance to cross section can be found by consid-
ering the Gaussian intensity distribution of the focused spot:

I (x, z) = IG exp

(
−2

( x2 + z2

w2
0

))
= 2Pin

πw2
0

exp

(
−2

( x2 + z2

w2
0

))
, (5.2)

where IG is the Gaussian peak intensity and Pin is the total power carried by the
beam. The beam waist w0 is defined as the radius at which the intensity is IG /e2.
When the wire is subject to inhomogeneous illumination, as with a Gaussian spot,
the total absorbed power is found by integrating the intensity along the nanowire,
where we assume that we can ignore the field gradient over the width of the
nanowire (i.e. the wire is infinitely thin):

Pabs =
∫
σabsI (x = 0, z)d z =σabsPin

√
2

πw2
0

, (5.3)

where for simplicity we assume that the wire is aligned along the z-axis, and that
the cross section does not depend on position along the nanowire. Note that for
tapered wires this is an approximation. From Eq. 5.3 we obtain:

σabs =
Pabs

Pin
w0

√
π

2
= Aw0

√
π

2
. (5.4)

This formula has been applied before to carbon nanotubes [94]. Although the
assumption is made that the wire is infinitely thin, the agreement between
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Figure 5.6: Numerical verification of the conversion from absorptance to
cross section. Using finite-difference time-domain (FDTD, Lumerical [140]) we
determined the absorption in a hexagonal GaAs nanowire with apothem of 46 nm
on a glass substrate when positioned in the focus of a Gaussian beam (NA=0.25), as
shown in blue and red dashed lines. We compare this to total-field scattered-field
plane wave simulations to obtain the actual cross section σabs (gray solid lines),
which shows excellent agreement with the Gaussian beam simulations.

Gaussian beam and plane wave simulations using this formula is excellent even
for nanowires with a diameter of 100 nm and a beam waist of 570-760 nm (see Fig.
5.6).

Knife edge measurements

To determine the spot size we performed standard knife edge measurements, as
described in e.g. Ref. [204]. The measurements were performed on a gold film with
sharp edges on glass. The reflectivity is recorded as a function of position, resulting
in a curve with the typical error function shape (see blue circles in Fig. 5.7a). The
derivative of the reflectance (shown in red circles) is fit with the Gaussian intensity
along one axis:

f (x) = a exp

(
−2

( x −x0

w0

)2
)
, (5.5)

where a is a fitting parameter for the height, x0 for the position of the knife edge,
and w0 for the beam waist. The fit is also shown in Fig. 5.7a (red solid line), and is
in good agreement with the measurement. This fitting procedure is performed for
different wavelengths and for two directions (horizontal and vertical), the results of
which are shown in Fig. 5.7b. The measurements indicate a slightly elliptical spot
size, with the spot elongated in the vertical direction. The error bars in Fig. 5.7b
indicate the 68% confidence interval.

88



5.6 Supplementary Information

0.50 0.55 0.60 0.65 0.700.5

0.6

0.7

0.8

0.9

1.0

λ (µm)
−4 −3 −2 −1 0 1 2 3 4

0.0

0.2

0.4

0.6

0.8

x pos (µm)

R 
(a

.u
.)

 

 1.0

dR/dx
R

w
0 (µ

m
)

NA=0.25

Scan direction:

a b

Figure 5.7: Knife edge measurements to determine the beam waist. a. Recorded
reflection while scanning over a sharp edge of a gold film on glass (blue) at 500 nm
wavelength. The derivative (red dots) shows the beam profile together with the fit
(red solid line). b. Retrieved spot sizes as a function of wavelength for two scanning
directions (vertical in red and horizontal in blue). This indicates that the spot is
slightly elliptical. The increase in spot size is linear with an NA of 0.25 averaged
over both scan directions.

5.6.2 Error propagation

The error on the measured absorption cross sections in Figs. 5.3, 5.4, and 5.5 in
the main text is due to noise in the measured absorptance values δA, as well due
to uncertainty in the spot size conversion. Since the absorption measurements
themselves can be too lengthy to repeat many times we estimate the uncertainty
in the measurement from the standard deviation in 50 values of R and I S that
were measured next to a nanoparticle. Then, we obtain for the uncertainty in the
absorption measurement [205]:

δA =
√

(δI S)2 + (δR)2. (5.6)

For the conversion to cross section we assume that the 68% confidence interval
from the fit algorithm (see previous section) is representative of the uncertainty.
This then gives for the total error:

δσabs =σabs

√(δA

A

)2
+

(δw0

w0

)2
. (5.7)

5.6.3 Non-absorbing silica bead measurements

To examine the detection efficiency of scattered light in the integrating sphere mi-
croscopy setup, we have measured these detection losses on a SiO2 nanosphere
with a 460 nm diameter (see Fig. 5.8a), which strongly scatters but does not absorb.
Figs. 5.8b and 5.8c show the reflection and integrating sphere maps, respectively,
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Figure 5.8: Examination of accuracy based on a non-absorbing particle. a. SEM
image of a silica nanosphere with a diameter of 460 nm. b,c. Reflection and
integrating sphere signal of the same nanosphere at 600 nm wavelength. d. Maps
in b and c combined to give the absorptance map, showing that only a small
fraction of the scattered power is not detected. The scale bar in a-d is 1 µm. e. The
extinction cross section of the nanosphere (blue dots) together with the Mie theory
cross section (blue line). Red dots show the measured detection losses, indicating
that 95.2 ± 1.2% of the scattered light is detected. Error is due to variance and
uncertainty in the cross section conversion (see Section 5.6.2).

for the nanosphere. The 2% decrease in reflection is matched by an analogous
increase in the integrating sphere signal, but as shown in Fig. 5.8d a small difference
remains when reflection and integrating sphere signals are combined. The maxi-
mum of this detection loss is shown as an effective detection loss cross section for a
range of wavelengths in Fig. 5.8e. This figure also shows the extinction cross section
measured on the same nanosphere (blue points), which we determined by measur-
ing transmission of the focused light using a second microscope objective facing
the excitation objective (see Section 5.6.6). Following the same approach as forσabs

for the gold nanospheres, we find σext = (∆T /T )×πw2
0 /2. The extinction measure-

ments agree very well with the theoretical extinction cross section from Mie theory
for a 460 nm SiO2 sphere in vacuum (blue line, equal to the scattering cross section
since the nanoparticle does not absorb). Based on the ratio of detection loss to
extinction we estimate that 95 ± 1.2% of the scattered power is collected. This is
higher than what can be detected with other methods. For example, for microscope
objectives with the highest possible numerical aperture, the acceptance half-angle
is practically limited to about 75 degrees. As a result, in the standard extinction
setup with two objectives facing each other, only 80% of the power scattered by a
simple dipole in a homogeneous environment can be collected [206].

Although the collection efficiency is already quite high, we believe it can be
further increased. In our current set-up, there appear to be two major loss mecha-
nisms: 1) the outer few millimeters of the objective front lens do not contribute to
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laser light focusing or collection, but are also not covered by the integrating sphere;
and 2) light that is scattered within the critical angle of the glass substrate might be
guided out of the integrating sphere through the sample port. We believe that both
losses can be mitigated with an improved integrating sphere and sample holder
design, such that collection efficiencies even higher than 95% may be achieved.

5.6.4 Sample preparation

The silicon nanowires are grown epitaxially on a silicon substrate by the vapor-
liquid-solid growth mechanism using an atmospheric-pressure chemical vapor de-
position system. 40 nm gold particles were used as catalysts. The growth was
conducted at 800 ◦C for 5 minutes with silicon tetrachloride (SiCl4) as the precur-
sor. The carrier-gas flows during growth are Ar=200 Standard Cubic Centimeters
per Minute (SCCM) and H2=50 SCCM, while only 75 SCCM Ar gas flows directly
through the silicon tetrachloride precursor bubbler (held at 0 ◦C in a temperature-
controlled bath). Self-catalyzed GaAs nanowires were grown by solid-source III-
V MBE directly on p-type Si(100) substrates by solid-source III-V Veeco molecular
beam epitaxy (MBE) GEN-930. The nanowires were grown with a Ga beam equiva-
lent pressure of 8.7×10−8 Torr, a V/III flux ratio of 50, a substrate temperature of 630
◦C, and a growth duration of 1 hour. The substrate temperature was measured with
a pyrometer. The gold nanoparticles (60 nm and 200 nm diameter) were acquired
from BBI solutions.

5.6.5 Simulations

The nanowire cross section simulations were performed with Lumerical FDTD
[140]. The nanowire had a hexagonal shape and was assumed to be infinitely long
(the simulations were 2D). The refractive index of silicon and GaAs was based on
tabulated data from Palik [207]. In both the calculations of the dispersion diagrams
and simulations the parallel momentum was assumed to be zero, treating the wire
as if illuminated under normal incidence. Considering the low NA (0.42) in the
experiment this is an accurate assumption.

5.6.6 Experimental setup

The light source in the experiment was a supercontinuum laser (Fianium WL-SC-
390-3), which was made monochromatic using an acousto-optical tunable filter
(AOTF, Crystal Technologies). Power in the focused laser beam is on the order of
several to tens of µW. The microscope objective is a 17 mm working distance Mi-
tutoyo M Apo Plan NIR 50x with NA=0.42. The integrating sphere is a LabSphere
GPS-020-SL, modified so that it can accommodate our objective lens. The pho-
todetectors are Thorlabs amplified Si detectors (PDA100A), read out by Stanford
Research Systems SR830 lock-in amplifiers. For the Au NP measurements the IS
photodetector was replaced by a passive Newport 818-UV photodetector, which
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has a lower noise level than the Thorlabs transimpedance amplifiers. The trans-
mission of the AOTF was digitally modulated at 20 kHz with a 50 percent duty
cycle for the nanowire measurements, and at 700 Hz for the Au NP measurements.
The sample holder is mounted on a Piezojena Tritor400 3D piezoelectric stage for
high resolution scanning of the sample, while for rough alignment the piezoelectric
stage itself is mounted on a Newport mechanical stage. For the extinction mea-
surements on the silica beads in Fig. 5.8 we used a Nikon T Plan EPI SLWD 50X
0.4 NA objective for collection, which imaged the transmitted light on a PDA100A
amplified photodetector.
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6
Quantifying losses and thermodynamic limits
in a single nanowire solar cell

Due to the large absorption cross section of nanostructures the
interaction of a nanoscale solar cell with light is markedly different
compared to macroscopic solar cells. As a result, metrics such as
power conversion efficiency and external quantum efficiency, used for
all macroscopic solar cells, have become meaningless. Furthermore,
experimental metrics such as the internal quantum efficiency and
photoluminescence quantum yield have never been determined,
because an experimental technique enabling direct absorption mea-
surements on individual nanosystems was lacking. Using integrating
sphere microscopy, the technique we presented in Chapter 5, we now
determine the performance of a single nanowire device based on
intrinsic metrics like the absorption cross section, internal quantum
efficiency, and photoluminescence quantum yield. We then introduce
the nanoscale equivalent to the external quantum efficiency, enabling
us to quantify the losses and thermodynamic limit of nanoscale solar
cells.

93



6 Quantifying losses and thermodynamic limits in a single nanowire solar cell

6.1 Introduction

Nanophotonic engineering holds great promise for photovoltaics: the record con-
version efficiencies of nanowire solar cells are increasing rapidly [51, 208], and the
record open-circuit voltages are becoming comparable to record planar equiva-
lents [165, 209]. Furthermore, several authors have suggested that nanophotonic
effects could help photovoltaics surpass the fundamental efficiency limits of planar
solar cells [44, 53]. These effects are particularly pronounced in single nanowire
devices, where two out of the three dimensions are subwavelength. Therefore,
single nanowires provide an ideal platform to study how nanophotonics affects
photovoltaics [53, 120, 210–215]. However, in isolated nanophotonic systems the
standard definition of power conversion efficiency no longer applies, because the
device can absorb light from an area much larger than its own size. Addition-
ally, while a thermodynamic bound on the photovoltage still exists, it is a priori
unknown and may be very different from that of a planar solar cell. This com-
plicates characterization of such nanoscale devices: it is unclear how well they
perform with respect to fundamental limits and to other devices, how much can
be gained through optimization, and whether the efficiency limits of planar de-
vices can be surpassed by understanding and applying nanophotonics to photo-
voltaics. Here we analyze a record InP single nanowire solar cell using intrinsic
metrics to place its performance on an absolute thermodynamic scale. Determin-
ing these metrics requires novel integrating sphere microscopy, which combines
spatially resolved quantitative absorption, photocurrent, and photoluminescence
measurements. We measure a photocurrent collection efficiency of >90% and a
record open-circuit voltage (850 mV) that is 73% of the thermodynamic limit (1.16
V).

6.2 The internal quantum efficiency

The single nanowire device consists of a 310 nm diameter wurtzite InP nanowire
with a 50 nm SiO2 coating used to prevent oxidation and enhance stability (see
Fig. 6.1a and the Methods section in the Supplementary Information to this chap-
ter). It has a short-circuit current of Isc = 450 pA, an open-circuit voltage of Voc

= 850 mV, and a fill factor of FF = 0.76 under AM1.5 solar spectrum illumination
(Fig. 6.1b), all of which are high compared to previous nanowire devices. However,
to understand the origin of the obtained Isc and Voc we need to determine intrinsic
metrics like the device internal quantum efficiency (IQE) and photoluminescence
quantum yield (PLQY)*. To date the primary experimental challenge in determin-
ing intrinsic performance metrics for single nanowire devices has been measuring
quantitative absorption during solar cell operation, which is not possible with ex-
isting techniques. These methods assume that absorbed power is converted into
heat (photothermal spectroscopy [88, 106, 107, 191]), that scattering does not oc-

*Note that in other chapters the PLQY is referred to as “external radiative efficiency” (ERE).

94



6.2 The internal quantum efficiency

−0.2 0 0.2 0.4 0.6 0.8 1
−600

−400

−200

0

200

400

600

Voltage (V)

C
ur

re
nt

 (p
A)

ba

c

Isc = 450 pA
1 sun

dark

FF = 76% 

Voc = 850 mV

2 µm

InP nanowire

Hole 
contact

Electron 
contact

1

2

4

3

5

6

Figure 6.1: Characterization of a record single nanowire solar cell. A single
nanowire solar cell is characterized with integrating sphere microscopy. a. False-
color SEM image of the InP nanowire device (yellow) with hole contact (red) and
electron contact (blue). b. The nanowire I-V curve in the dark (blue) and under the
solar simulator at 1 sun intensity (red). The solid line is a smoothed fit to the data
points (shown as small crosses). c. A schematic depicting the integrating sphere
microscopy setup. A microscope objective (1) focuses light from a monochromated
supercontinuum laser source on the nanowire solar cell inside the integrating
sphere. The integrating sphere (2, only half is shown) collects transmitted as well
as scattered light via a photodetector (3) behind a baffle (4), while the objective
directs the reflected light to another photodetector (not shown here, see Fig. 6.6a).
Subtracting these calibrated signals from the input gives the local absorptance
(fraction of incident light that is absorbed) with submicron resolution. The device
is connected to electrode pads (5) and current leads (6) to simultaneously measure
photocurrent is measured simultaneously, enabling determination of the IQE. With
a long-pass filter in front of the detector (3), photoluminescence can be collected
quantitatively to give the PLQY. The sample is mounted on a piezoelectric stage,
enabling spatial mapping of all these output parameters.
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cur (extinction spectroscopy [94, 99, 102]), or that the particle is an ideal dipole
(scattered field interferometry [89]). As discussed in Chapter 5, integrating sphere
microscopy circumvents these assumptions by combining the standard tool for
measuring absorptance of macroscopic samples [194] or ensembles of nanopar-
ticles [196], with a long working distance microscope objective (see Fig. 6.1c). A
photodetector placed behind a baffle on the integrating sphere collects scattered
and transmitted light while the microscope objective collects reflected light (sent
to another photodetector). Simply calibrating and subtracting these signals from
the input gives the quantitative absorptance (see Section 5.2, p. 80). The sample
has current collecting leads and is mounted on a piezoelectric stage, which enables
two-dimensional scans of the absorptance and IQE for the first time.

Two-dimensional maps of the absorptance (fraction of incident power that is
absorbed) and IQE (fraction of absorbed light converted to current) are shown in
Fig. 6.2. A plan view SEM image of the device is shown in Fig. 6.2a for comparison
to the absorptance and IQE maps in Fig. 6.2b and 6.2c, measured at an excitation
wavelength of 600 nm. The IQE reaches a peak value of 100% and is strongly lo-
calized to the upper half of the wire, as is more clearly visible in the line profile
of the IQE along the nanowire in Fig. 6.2d. The color shading in Fig. 6.2d shows
the intended doping profile during growth. It should be noted that the p-type
dopant zinc might have diffused further into the nanowire during growth as it is
very mobile in InP at high concentrations [216]. Carrier collection is most efficient
near the n-type/intrinsic interface, and collection occurs over a length of 3.4 mi-
crons. In the p-type region the IQE is essentially zero, indicating short electron
diffusion lengths. This is confirmed by an electron-beam induced current (EBIC)
measurement shown above the IQE line profile, from which we determine the elec-
tron diffusion length in the intrinsic/p-type segment to be 285 nm (see Supple-
mentary Information, Section 6.6.5). The IQE is nearly independent of polarization
and wavelength, with values >90% over the whole wavelength range up to the band
gap (Fig. 6.2e). The difference in band gap depending on excitation polarization is
caused by the anisotropic nature of wurtzite InP and has previously been observed
with photoluminescence excitation spectroscopy [217].

6.3 The photoluminescence quantum yield

With integrating sphere microscopy we can probe not only the IQE to understand
the current collection efficiency, but also directly measure the PLQY [195, 196].
In absence of non-radiative recombination, PLQY=1 and the open-circuit voltage
reaches the thermodynamic limit V rad

oc . For a PLQY below 1, the Voc is reduced from

the radiative limit to the implied V imp
oc [134, 162, 218]:

V imp
oc =V rad

oc −VT |ln(PLQY)|, (6.1)

where VT is the thermal voltage (25.9 mV). Hence, the PLQY plays a crucial role
in understanding the photovoltage. To measure the PLQY, we place a filter in
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Figure 6.2: Internal quantum efficiency of a single nanowire photovoltaic. By
measuring quantitative absorption and photocurrent simultaneously the IQE can
be determined with high spatial resolution. a. False color scanning electron
microscopy (SEM) image of the single nanowire device (InP nanowire diameter =
310 nm, length = 12.1 µm, SiO2 shell thickness = 50 nm). The p-i-n doped InP
nanowire device is visible in the center with an electron contact (blue) and hole
contact (red). b,c. Absorptance and internal quantum efficiency (IQE) as a function
of position for the nanowire device. d. The IQE as a function of position along
the nanowire length, convoluted with the focused spot size (beam radius 730 nm).
The color shading shows the nanowire doping profile as intended during growth,
but it should be noted that the p-type dopant zinc may have diffused further into
the nanowire during growth [216]. The SEM image on top has an electron beam-
induced current (EBIC) measurement (blue shade) in good agreement with the
IQE profile. e. The peak IQE spectrum for light polarised perpendicular (red) and
parallel (blue) to the nanowire axis lies between 90% and 100% up to wavelengths
close to the band gap, where the anisotropic nature of wurtzite InP becomes
apparent. The shading displays the measurement uncertainty, which arises largely
due to noise in the photodetectors (see Supplementary Information, Section 6.6.3).

front of the integrating sphere photodetector, such that only photoluminescence
is detected (see Section 6.6.1 for details). Our spatially-resolved measurements
show that the nanowire PLQY peaks in the same region where the IQE is highest
(Fig. 6.3a), with an average PLQY over the active area of 0.9% at an excitation
intensity of 1 µW 600 nm light (≈ 1.4×103 suns, note that the PLQY is independent
of excitation wavelength as shown in Fig. 6.5). To determine the average PLQY at
1 sun intensity, we measure at a range of lower excitation powers (Fig. 6.3b). The
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Figure 6.3: Photoluminescence quantum yield, power dependence, and re-
combination mechanism. a. The photoluminescence quantum yield (PLQY) as a
function of position, indicating that the PLQY peaks where IQE is also highest.
The PLQY was measured at 1400 suns to increase the signal to noise ratio. b. To
determine the PLQY at 1 sun intensity we measured it for a range of intensities
lower than in panel a. The PLQY clearly shows linear behavior with intensity, which
indicates that Shockley-Read-Hall recombination dominates. The inset shows the
nanowire photoluminescence (PL) spectrum at the brightest position in panel a,
also at 1400 suns. All PLQY measurements were performed with 600 nm excitation
light polarized parallel to the nanowire axis.

PLQY decreases linearly with excitation intensity, indicating that in this regime
Shockley-Read-Hall recombination dominates (see Supplementary Information,
Section 6.6.1). Assuming linearity down to 1 sun intensity, the average PLQY
is 4.0 × 10−4 (0.040%). This value corresponds to a loss of 210 mV from the
thermodynamic limit, and is comparable to what is observed in world record
planar crystalline Si, Cu(In,Ga)Se2, and InP solar cells [134].

6.4 The collection cross section

The PLQY can provide the Voc loss from the thermodynamic bound V rad
oc , but in

order to calculate the latter value for our device we must know the recombination
current corresponding to radiative thermal emission, I rad

0 . This emission current
together with the Isc determines V rad

oc = VT ln(Isc/I rad
0 ) [162]. In a macroscopic

solar cell, the Isc and I rad
0 can be calculated by integrating the external quantum

efficiency (EQE, fraction of incident photons converted to current) over the solar
and blackbody spectra (T=300 K), respectively [134]. However, for nanoscale solar
cells the standard definition of the EQE is not valid, because the absorption cross
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section (σabs) can be much larger than the device area. To solve this important
issue, we define a new quantity called the collection cross section that takes on the
same role:

σEQE(λ,Ω) =
∫

IQE(λ, z)σ1D
abs(λ,Ω)d z, (6.2)

where IQE(λ, z) is the spatially resolved internal quantum efficiency (shown in
Fig. 6.2e) and σ1D

abs is the effective absorption width of the nanowire (see Section
6.6.4 for a derivation and additional details). Fig. 6.4a shows σEQE for the nanowire
device studied here, in both polarizations. Note that σEQE requires units of area,
while the conventional EQE is a unitless quantum efficiency. This is a crucial
difference, because for macroscopic solar cells the area collecting photons is
independent of the incident wavelength and simply equal to the geometric area.
In contrast, for nanostructures the interaction area with the incident light can be
strongly wavelength dependent [53], e.g. due to resonances [120]. Additionally,
in contrast to the IQE and PLQY, σEQE can be determined directly from the
photocurrent measurement, incident flux, and laser spot size, and an integrating
sphere is thus not required (see Section 6.6.4).

Integrating σEQE over the black body spectrum and all angles we find I rad
0 ,

which leads to a maximum open-circuit voltage for our nanowire device (see
Section 6.6.4). The difference between the ideal voltage (V rad

oc ) and the measured
(850 mV) is 310 mV: the Voc is 73% of the thermodynamic limit. The measured Voc

is 100 mV smaller than the implied open-circuit voltage V imp
oc in the semiconductor

nanowire, suggesting that the contact selectivity plays a significant role in the Voc

loss, likely due to diffusion of the highly mobile Zn out of the p-type doped region
[216] and/or Fermi level pinning due to the surface oxide [219]. Additionally,
knowledge of Isc and I rad

0 allows us to determine the ideal fill factor, which is 89.5%,
compared to 76% in our InP nanowire device. The deficit is likely due to large series
resistance, which can be observed from the slope of the I-V curve in Fig. 6.1b and is
supported by a fit of the I-V curve (see Supplementary Information Section 6.6.6).
The series resistance can most likely be reduced by increasing the contact quality
and reducing the length of the intrinsic nanowire segment.

The Voc for this device is significantly higher than the Shockley-Queisser Voc

for a planar cell with an absorption onset at 890 nm (like our nanowire device, see
Fig. 6.4a), which is 1.13 V [7]. The difference arises due to suppressed absorption
near the band gap, which thus leads to reduced emission and a lower radiative
recombination current [68]. It is important to note that such a voltage enhance-
ment due to suppressed absorption necessarily comes at a cost in current, and can
therefore not lead to efficiencies above the Shockley-Queisser limit in macroscopic
devices [66, 69].

Integrating the EQE over the AM1.5 solar spectrum [4] is a common procedure
used in macroscopic solar cells to verify the Isc from solar simulator measurements.
Here we find that an analogous procedure using σEQE instead of EQE gives a calcu-
lated short-circuit current of 320 pA, which is 29% lower than the value measured
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Figure 6.4: Measuring thermodynamic limits and quantifying loss mechanisms
in single nanowire solar cells. To determine the thermodynamic limit to the
in a nanoscale solar cell we introduce the collection cross section σEQE, the
nanophotonic equivalent of the external quantum efficiency (EQE). a. σEQE
for polarizations perpendicular (red) and parallel (blue) to the nanowire axis
as a function of wavelength. σEQE is the nanophotonic equivalent to the
standard external quantum efficiency (EQE) for a macroscopic solar cell, but
takes into account the effective area over which photons are absorbed. As
shown schematically in the inset, this area is determined by multiplying the
absorption cross section σ1D

abs (see Methods) by the internal quantum efficiency
(IQE) integrated over the nanowire length (see Fig. 6.2d). The shading displays
the uncertainty, which is largely due to determination of the focused beam waist
(see Methods in the Supplementary Information). b. Based on σEQE we estimate
the different contributions to the open-circuit voltage. The thermodynamic limit
is V rad

oc = 1.16 V, which is reduced by 210 mV due to the PLQY (non-radiative

recombination in the semiconductor) to V
imp

oc =950 mV, and further reduced by 100
mV due to losses at the contacts, to a final Voc= 850 mV.

under the solar simulator (450 pA). We attribute the difference to light trapping in
the glass substrate, which leads to an overestimation of the actual photocurrent
of nanowire photovoltaic devices when measured on glass substrates with a solar
simulator. This is supported by the fact that covering almost the entire sample,
including the nanowire, with opaque foil still results in a short-circuit current of
∼100 pA (22% of total, see Section 6.6.8). This suggests that just as with macro-
scopic solar cells, measurements under the solar simulator require proper masking
to avoid artefacts. We therefore used the Isc value based onσEQE for the calculation
of V rad

oc (see Section 6.6.4).
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6.5 Conclusion and discussion

In conclusion, integrating sphere microscopy measurements and analysis allow us
to place nanoscale solar cell performance on an absolute thermodynamic scale
and pinpoint loss mechanisms. These measurements may direct our efforts to
make more efficient integrated power sources for autonomous nanoelectronic ap-
plications [210] or macroscopic nanowire solar cells that can beat record planar
cell efficiencies. In terms of photocarrier collection, these nanowires are already
close to the limit, reaching IQE values >90% in both polarizations for a 3.4 micron
segment of the nanowire. In a vertical nanowire geometry, with the n-type segment
facing the sun, this is enough to absorb all incident light and collect the generated
carriers. Regarding the photovoltage, we determined three different values for the
Voc that can help us pinpoint remaining loss mechanisms (Fig. 6.4b): (1) the ther-
modynamic limit calculated from wavelength-dependent measurements (1.16 V),
which only includes radiative recombination; (2) the material limit extracted from
local PLQY measurements (950 mV), that includes non-radiative recombination in
the nanowire; and (3) the device limit extracted from solar cell operation (850 mV),
that also includes losses at the contacts. The 210 mV (18%) loss related to non-
radiative recombination in the nanowire could be reduced by lowering the surface
recombination velocity (surface passivation) or material defect density (purifica-
tion). Improvements in contact selectivity alone could lead to a 100 mV (12%)
increase in the Voc compared to our record single nanowire results. Combining
both makes Voc > 1 V for InP nanowire solar cells — far above world record planar
InP solar cell performance — certainly within reach.

6.6 Supplementary Information

6.6.1 Quantitative photoluminescence measurements

An integrating sphere is also commonly used to measure photoluminescence
quantum yield (PLQY) quantitatively, either by connecting a spectrometer to
the integrating sphere or by using a combination of long- and shortpass filters
[195]. To measure the PLQY on the nanowire we use a longpass filter in front
of the integrating sphere detector (Thorlabs FELH0750). The PLQY at low
intensities is not high enough to require a shortpass filter for accurate absorption
measurement. The photoluminescence collection efficiency of the integrating
sphere is determined by sending monochromatic light over the wavelength range
of photoluminescence into the integrating sphere, but missing the sample. The
total photoluminescence detection efficiency ηPL (Coulombs/emitted photon) can
then be calculated using:

ηPL =
∫

S(λ)η(λ)dλ∫
S(λ)dλ

. (6.3)
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6 Quantifying losses and thermodynamic limits in a single nanowire solar cell

Here S(λ) is the PL spectrum (shown in the inset in Fig. 6.3b), and η is the
wavelength dependent collection efficiency of the integrating sphere (also in
Coulombs/photon). The PLQY is then calculated as the number of emitted
photons divided by the number of absorbed photons.

Verification with R6G+

To verify that with integrating sphere microscopy we can indeed also quantify the
PLQY we measured the PLQY of a quantum yield standard. We used rhodamine
6G (R6G+), which in low concentrations in ethanol has a quantum yield of 95%
[220]. Since this integrating sphere setup is not capable of cuvette measurements
we sealed a few µL of 0.1 mM R6G+ between two microscope cover slips using
transparent nail polish. We then placed this sample in the integrating sphere to
measure the PLQY following the procedure described above, although the con-
tribution of photoluminescence emitted through the objective was not recorded
but estimated to be 4.6% based on the solid angle of collection. Additionally, a
“miss” was not possible without significantly moving the sample. The absorption
and photoluminescence measurements were done with Thorlabs FELH0500 and
FESH0500 long pass and short pass filters. The resulting PLQY is shown in Fig. 6.5a
for wavelengths between λ =460 and 490 nm, with an average PLQY of 86%. This
is slightly lower than the reported quantum yield of R6G+ in ethanol (95%), which
may be due to a number of reasons:

• The dye concentration is too high, since calibration typically occurs at µM
concentrations to prevent photoluminescence reabsorption and dye aggre-
gation. However, due to the short path length of the laser through the solu-
tions, high concentrations are required for sufficient signal.

• The nail polish slightly reduces the PLQY. We added a drop of nail polish
to a cuvette of R6G+, and did not observe strong quenching of emission.
However, we could not rule out small variations.

• The calibration of the photoluminescence and absorption collection efficien-
cies were not accurate enough, as the “miss” measurement required signifi-
cantly displacing the sample.

It is important to resolve this discrepancy to make sure that it does not originate
from a systematic error. However, even with the current underestimation of the

PLQY the V imp
oc would only be underestimated by ∼VT log(0.95/0.86) = 2.6 mV.

Excitation photoluminescence spectroscopy

In Fig. 6.3 we have determined the PLQY with an excitation wavelength of 600 nm.
Here we verify that the PLQY is wavelength independent, which is expected for
semiconductors in the linear regime (where one photon creates one electron-hole
pair). The result of the excitation spectroscopy is shown in Fig. 6.5b, where the
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Figure 6.5: Photoluminescence quantum efficiency calibration and wavelength
dependence. a. Measurement of the PLQY of Rhodamine 6G dissolved in ethanol
(0.1 mM) using integrating sphere microscopy. The average PLQY (86%) is in
reasonable agreement with the literature value of 95%. b. The PLQY of an InP
nanowire from the same batch as the nanowire under investigation in the main
text is shown as a function of the excitation wavelength ranging from 520 to 680
nm. The PLQY does not depend significantly on excitation wavelength.

PLQY is shown for a range of excitation wavelengths. While the luminescence in-
tensity will depend on wavelength due to variation in the absorption cross section,
this dependence is removed by correcting for the absorptance and calculating the
PLQY. The generation rate is almost 6 times higher than the highest rate shown in
Fig. 6.3, and as a result the PLQY is also higher, but it was roughly the same for each
wavelength to be able to compare the results.

Excitation power dependence of the PLQY

In Fig. 6.3b in the main text we show the slope of the PLQY versus the generation
rate, which has a linear slope. This slope can be explained by examining the ABC
model for the semiconductor carrier density [221]:

G = AN +pescB N 2 +C N 3. (6.4)

Here N is the carrier density (assuming that holes and electrons have the same
density, such that we are in the high injection regime), G is the generation rate
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6 Quantifying losses and thermodynamic limits in a single nanowire solar cell

of carriers, A is Shockley-Read-Hall coefficient, B is the radiative recombination
coefficient, and C is the Auger coefficient. pesc is the probability that a photon from
a radiative recombination event actually escapes the semiconductor structure and
is emitted, instead of reabsorbed. The PLQY can then be written as:

PLQY = pescB N 2

G
= pescB N 2

AN +pescB N 2 +C N 3 . (6.5)

If Shockley-Read-Hall recombination dominates (A À (B N ,C N 2)), the rate equa-
tion simplifies to G = AN , which indicates that the carrier density now increases
linearly with the generation rate. Inserting this into the expression of the PLQY, we
find that:

PLQY = pescB N 2

AN
= pescB

A
N . (6.6)

Hence the slope of the PLQY is linear with the generation rate, while the radiative
recombination rate goes with the generation rate squared. As noted in Chapter
4, pesc can be controlled by modifying the photonic environment of the emitting
semiconductor, and in this way the total PLQY and thus thus the Voc can be in-
creased. For the nanowire case, luminescence might end up in a waveguide mode,
reducing the probability that this photon escapes. By tuning the nanowire diameter
and silica coating thickness this probability may be modulated, enabling further
control over the device efficiency.

6.6.2 Integrating sphere microscopy

Integrating sphere microscopy is described in detail in Chapter 5. In this case the
set-up is slightly different because a near infrared arm was required for character-
ization near the InP band gap, as shown in Fig. 6.6a. A supercontinuum laser (Fia-
nium WL-SC-390-3) is fiber coupled into an acousto-optical tunable filter (AOTF),
which has a visibile output for wavelengths 400-750 nm and a near IR output for
wavelengths 700-1100 nm. We use polarizing beam splitters to ensure proper po-
larization, after which the light is sent through a 50:50 beam splitter to a beam mon-
itor photodetector (to measure long-term fluctuations in incident power) and to-
wards the integrating sphere. The light going towards the integrating sphere passes
through a half-wave plate to control the incident polarization. The objective fo-
cuses the light on the sample inside the integrating sphere, and collects reflected
light that goes towards the reflection photodetector. Light inside the integrating
sphere is monitored by the integrating sphere photodetector. The sample is moved
by a 3D piezo stage (Piezojena Tritor400). The incident intensity was controlled
with ND filters (Thorlabs, not shown in the schematic) and the AOTF RF power. We
used Newport 818-UV calibrated photodiodes as photodetectors, and modulated
the acousto-optical tunable filter (AOTF) output with a 50 percent duty cycle at
195Hz. The laser output power was further controlled using the AOTF RF power
and through neutral density (ND) filters.
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Figure 6.6: Schematic of the integrating sphere microscopy setup. a. A schematic
diagram of the integrating sphere microscopy setup. PD stands for photodiode,
BS for beam splitter, PBS for polarizing beam splitter, and AOTF for acousto-
optical tunable filter. b. The absorption cross section of a zincblende InP nanowire
(300 nm diameter with 50 nm SiO2 shell) as a function of wavelength for both
polarizations of light calculated with finite-difference time-domain simulations
(FDTD, Lumerical [140]), compared to the converted absorption cross section from
a Gaussian beam simulation (also FDTD) following the procedure in the main
text. There is about a 5% difference between the two, which becomes smaller
for longer wavelengths. c. The wurtzite InP nanowire absorption cross section
converted from the absorptance measurements using the same procedure. The
magnitude of the absorption cross section shows good quantitative agreement with
the simulated absorption cross section for zincblende InP in panel b, but since the
crystal structure is different a direct comparison is not possible. Additionally, the
absorption cross section does not appear to vanish near the band gap, which is
most likely due to the finite collection efficiency of scattered light. As absorption
in the nanowire decreases, scattering increases strongly, and some of this light will
not be collected (see Section 5.6.3 on page 89).

Absorption cross section spectra

To determineσ1D
abs from the absorptance A we assume that the nanowire is infinitely

thin, so that we can derive a conversion factor σ1D
abs = Aw0

p
π/2. This is discussed

in detail in Section 5.6.1 (p. 87), where we showed numerically that indeed even
for nanowires with a diameter of ∼ 100 nm and focused beams with an NA=0.25
this approximation is still valid. However, in the present case the nanowire has
a diameter roughly 4 times larger, and as a result the agreement will most likely
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be less good. This is verified again numerically in Fig. 6.6b, which shows a direct
comparison between the absorption cross section of a zincblende InP nanowire
(300 nm diameter, 50 nm SiO2 shell) from a plane wave simulation and a Gaussian
beam simulation using the conversion factor. The Gaussian beam underestimates
the real absorption cross section by about 5%. This underestimation can be under-
stood qualitatively from the Mie theory expansion: a tightly focused spot requires
fewer harmonics than a plane wave, and for large nanowires the contribution from
higher harmonics can be substantial. As a result, these harmonics contribute more
to absorption when excited by a plane wave than when excited by a tightly focused
spot.

To avoid underestimating the absorption cross section the beam waist can
be expanded, such that the focused spot again becomes much larger than the
nanowire. However, experimentally we did not observe a dependence of the
absorption cross section on the spot size, which we checked by underfilling our
objective until the spot size was increased by 60%. This experimentally obtained
absorption cross section for the InP nanowire is shown in Fig. 6.6c. Although
a direct comparison with theory is not possible, because the refractive index of
wurtzite InP is not known, the magnitude of the absorption cross section is in
quantitative agreement with the cross section for the zincblende InP nanowire
in Fig. 6.6b. The absorption cross section does not appear to vanish near the
band gap, which is most likely due to parasitic absorption from scattered light: as
absorption in nanowires decreases, scattering increases strongly (see Section 5.6.3
on page 89 for additional discussion). This may also explain why the IQE decreases
near the band gap.

6.6.3 Measurement uncertainty

Figs. 6.2e, 6.3b, and 6.4a show shaded areas corresponding to the measurement
uncertainty in each of these measurements. These areas indicate the standard de-
viation, which were determined following regular error propagation rules for each
of the individual signals [205]. For example, the IQE (shown in Fig. 6.2e) is given by
IQE=ħωIsc/(qPabs ), whereħω is the photon energy, Isc is the photocurrent, q is the
electron charge, and Pabs is the absorbed power. Denoting the standard deviation
by δ, we find for the measurement uncertainty:

δIQE = IQE

√(
δIsc

Isc

)2

+
(
δPabs

Pabs

)2

. (6.7)

For the absorptance a similar procedure is followed, which is described in Section
5.6.2 (p. 89). Due to the low incident power, the photodetector noise contained in
Pabs dominates for Figs. 6.2e and 6.3b, while for the cross sections in Fig. 6.4a fitting
of the spot size dominates the measurement uncertainty, which can be further
improved.
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6.6.4 The collection cross section σEQE

To derive a nanoscale equivalent to the external quantum efficiency (EQE), it helps
to define the EQE rigorously first. The EQE is a quantum number that relates the
generated photocurrent to the incident photon flux:

EQE(λ) = hc

λq

Isc

Pin
, (6.8)

where Pin = aI0, with a the solar cell area and I0 the incident intensity. To simplify
notation somewhat we will only consider plane waves under normal incidence, but
this derivation can readily be generalized to take into account more complicated
Pin. Microscopically, the actual photocurrent that is generated depends on the
generation profile of carriers in the semiconductor volume and the probability that
these carriers are collected (the local IQE(r)). If we denote the absorbed power
density by uabs, we can then write the generated current as [162]:

Isc(λ) = λq

hc

Ñ
IQE(r)uabs(r)d 3r. (6.9)

Combining these equations, we can relate the local IQE to the EQE:

EQE(λ) =
Ñ

IQE(λ,r)
uabs(r)

Pin
d 3r. (6.10)

What distinguishes the EQE from σEQE is how the total absorbed power Pabs =Ð
V uabsd 3r is related to Pin. For example, in planar thin film solar cells of suffi-

ciently high quality the IQE is only weakly dependent on r, in which case we can
approximate Eq. 6.10 as:

EQE(λ) ≈ Pabs

Pin
× IQE(λ) = (1−R(λ))× IQE(λ), (6.11)

where R(λ) is the reflection coefficient of the thin film solar cell. In nanoscale
systems, however, the incident power loses its meaning since the geometrical area
of the solar cell is no longer related to its absorption or extinction. We therefore
need to rewrite Eq. 6.10:

σEQE(λ) =
Ñ

IQE(λ,r)
uabs(r)

I0
d 3r. (6.12)

Since the area is left out from the denominator, it is now immediately clear that Eq.
6.12 indeed has units of area. If the IQE equals unity, σEQE simply becomes equal
to the absorption cross section. This also elucidates the physical meaning of the
collection cross section: for a given incident photon flux F (photons per unit area),
F ×σEQE gives the generated photocurrent.

To derive Eq. 6.2 from Eq. 6.12 we need to assume that the IQE in the cross
section of the nanowire is constant: IQE(r,θ, z) = IQE(z), where the nanowire is
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aligned along the z axis. Then, writing the effective absorption width as an integral
over the absorbed power density,

σ1D
abs(z) =

Ï
uabs(r)

I0
r dr dθ, (6.13)

we find Eq. 6.2:

σEQE(λ) =
∫

IQE(λ, z)σ1D
abs(λ, z)d z. (6.14)

Note that here we only considered plane waves under normal incidence, and that
the angle dependence is contained in σ1D

abs. This is explicitly captured in Eq. 6.2 by
adding theΩ dependency.

Experimental determination of σEQE

While σEQE can be determined using Eq. 6.2, it is important to note that σEQE can
also be determined directly from the beam waist, the incident photon flux, and the
laser induced photocurrent:

σEQE(λ) = w0

√
π

2

∫
IL(z)

Sin
d z, (6.15)

where IL is the laser induced photocurrent, Sin is the total incident photon flux, and
the integral again is over the nanowire length. This approach has two benefits: (1)
since it does not rely on the absorptance, σEQE can be determined with any laser-
beam induced current (LBIC) setup and no integrating sphere is thus required; and
(2) the experimental error will be smaller since both Sin and IL can be determined
accurately. For the latter reason we have determined σEQE in Fig. 6.4 using Eq.
6.15. We will also apply this approach in Chapter 8, where the absorptance of the
nanowire is actually unknown.

Angle dependence of σEQE

The highest possible open-circuit voltage is obtained for the lowest possible recom-
bination current I rad

0 , which is normally calculated by integrating the EQE over the
black-body spectrum [134]. Hence, for a nanostructure we obtain:

I rad
0 =

∫ ∫
σU

EQEΘ(T,λ)cos(θ)dλdΩ. (6.16)

Here the integration over the black-body photon flux densityΘ(T,λ) (where T is the
temperature, 300K) is over all angles (taking into account a factor n2 for the higher
density of states when integrating over the glass hemisphere), and the cos(θ) is the
Lambertian factor. Because thermal radiation is unpolarized we use the absorption
cross section σU

abs averaged over both polarizations, signified by the superscript
U. We assume that between 300 and 400 nm the absorption cross section stays
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constant, which is a good approximation given the weakly varying nature ofσEQE at
shorter wavelengths. Additionally, the fraction of the photon flux in the solar spec-
trum contained below 400 nm is very small. Assuming that the nanowire absorbs
light isotropically, we find a minimum recombination current of I rad

0 = 3.1×10−17

pA, resulting in an open-circuit voltage of V rad
oc = 1.16 V in the radiative limit.

To validate the assumption of an isotropic absorption cross section, we used
finite-difference time-domain (Lumerical FDTD, [140]) to investigate the angle de-
pendent absorption cross section. Because the refractive index of wurtzite InP is
not known, we investigated two comparable materials, zincblende InP and GaAs
(both also have direct band gap in the same energy range), with the same diameter
and coating thickness as the nanowire we investigated in the main text. We de-
termined the absorption cross section averaged over both polarizations (σU

abs) in a
series of single wavelength 2D simulations, using a total-field scattered-field source
and perfectly matched layers (PML) as boundary conditions. The results are shown
in Fig. 6.7a for zincblende InP and in Fig. 6.7b for GaAs. These figures show a polar
plot of the absorption cross section weighted by the black body spectrum,σU

abs,w(θ)
where the angle θ of the incident wave vector lies in the plane perpendicular to the
nanowire axis:

σU
abs,w(θ) =

∫ λBG

300
σU

abs(λ,θ)Θ(T,λ)dλ. (6.17)

The dashed lines show the isotropic σU
abs,w(θ = 0) (where the absorption cross sec-

tion is equal to the absorption cross section under normal incidence for all angles),
while the solid lines show the actual σU

abs,w(θ). To assess the difference between the
isotropic assumption and the actual angle dependence in this plane, we calculate
the relative difference in recombination rate:

∆R =
∫ π

0 σU
abs,w(θ)n2(θ)sin(θ)dθ

σU
abs,w(θ = 0)

∫ π
0 n2(θ)sin(θ)dθ

. (6.18)

Here n2(θ) is the squared refractive index of the medium (glass or air) to account for
the different intensity of black body radiation. Evaluating this factor for zincblende
InP and GaAs we find that they are ∆R = 0.91 and ∆R = 0.96 respectively. Inter-
estingly, while the angular distribution of σU

abs,w is modified by the presence of the

glass, the integratedσU
abs,w does not change significantly. This is in good agreement

with emission of dipoles near glass interfaces: while the angular distribution of
the emission may change dramatically in the presence of a substrate, in particular
near the critical angle of the substrate [222], the total decay rate does not change as
strong when the refractive index of the substrate is low [168]. Hence, the influence
of the glass substrate on the angular distribution can safely be ignored. In the other
plane of incidence (parallel to the nanowire axis) we observe similar behavior for
both nanowires (validating our initial assumption that σU

EQE(λ,θ) can be approxi-
mated as isotropic), but it should be pointed out that in this plane of incidence the
nanowire may have resonances with momentum parallel to the nanowire axis. As a
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Figure 6.7: Absorption cross section versus angle of incidence. Absorption
cross section in nm of a zincblende InP nanowire (a) and GaAs nanowire (b)
(300 nm diameter with 50 nm SiO2 shell), averaged over both polarizations and
wavelengths, weighted by the blackbody spectrum. The strong lobes in the
absorption cross section when incident from the glass side coincide with the critical
angle in the glass, which is also observed for dipole emission near an interface [222].
These simulations were performed using Lumerical FDTD.

result, one would ideally determine the angle dependence of emission experimen-
tally, for instance through Fourier microscopy [223], especially when modelling of
the nanowire system is not possible (e.g. if the refractive index is unknown).

The Isc can also be calculated using Eq. 6.16, but Θ(T,λ) has to be replaced by
the AM1.5 spectrum [4] and the integral is not carried out over all angles, but just
over normal incidence (or the angle subtended by the sun).

6.6.5 Electron beam-induced current measurement

The electron beam-induced current (EBIC) measurements are conducted with a
beam current of 100 pA and 5 kV acceleration voltage. The integration time per
pixel is 10 µs. The position of the electron beam is synchronised with the read-
out of the current signal which allows the superposition of the extracted current
signal with the SEM image. Supplementary Fig. 6.8 shows a profile of the EBIC
intensity along the length of the nanowire, which shows that only the part next to
the electron contact is active (at 0.5-4 µm). By fitting an exponential decay curve to
the tail between 4-6 µm, a diffusion length of Ld = 285±10nm in the p-doped part
of the wire is extracted.

6.6.6 Series resistance and diode ideality factor

Based on a fitting method described in Ref. [224] we have determined the diode
ideality factor and the series resistance (see Fig. 6.8b). The shunt resistance was too
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Figure 6.8: Electron beam-induced current profile and I-V curve fit. a. Electron
beam-induced current (EBIC) profile along the length of the wire, oriented as
shown in Fig. 6.2d in the main text. b. By fitting the I-V curve we determined the
series resistance and diode ideality factor, both of which contribute to the fill factor
FF=0.76 being below the maximum FF=0.895. The uncertainty in fitted values gives
the 95% confidence interval.

high to be able to determine accurately. The ideality factor (n = 2.08) and series
resistance (Rs = 0.12× 109Ω) both reduce the fill factor from its highest possible
value, FFrad = 0.895. The series resistance can possibly be reduced by improving
contact resistivity and reducing the length of the intrinsic part of the nanowire.

6.6.7 Sample Fabrication

Nanowires are grown in a low-pressure Aixtron 200/4 Metal-Organic Vapor Phase
Epitaxy (MOVPE) reactor, with the Selective Area MOVPE growth method. A 50 nm
thick silicon nitride layer is used as Selective Area growth mask, patterned by the
Soft Contact Nanoimprint Lithography technique [225, 226] on a (111)A oriented
p-doped InP substrate (Zn doping carrier concentration 2× 1018 cm−3 from AXT,
USA). Hydrogen (H2) is used as a carrier gas for precursors, with a total flow of
15 L/min. Growth is performed at 730 ◦C with a pressure of 100 mbar, using tri-
methyl-indium (TMI) and phosphine (PH3) as precursors with molar fractions Xi

(TMI) = 4.7×10−5 and Xi (PH3) = 3.9×10−3, resulting in a molar ratio of group III
and group V element fluxes in the MOVPE reactor of 83. The total growth time is
11 minutes with a doping profile p++ / p / i / n / n−−, with respective segment
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6 Quantifying losses and thermodynamic limits in a single nanowire solar cell

growth times of 0.5 min/3 min/4 min/3 min/0.5 min (1 µm/3 µm/4 µm/3 µm/1
µm). We use diethyl-zinc (DEZn) as p-dopant, with molar fractions 1.3× 10−5 in
the p++ region and 6.4× 10−6 in the p region. Di-tert-butylsilane (DTBSi) is used
as n-dopant, with molar fractions 9.5×10−6 and 4.9×10−7 for n−− and n regions,
respectively. After the growth, the wires were coated with a conformal SiO2 shell by
plasma enhanced chemical vapor deposition (PECVD), performed with silane and
nitrous oxide as precursors at 300 ◦C. The nanowire measured in this chapter had a
total diameter of 410 nm (310 nm diameter InP), a length of 12 µm (9.8 µm between
the contacts) and SiO2 shell thickness of 50 nm.

Au electrode patterns (see Section 6.6.8) with alignment markers are fabricated
on plasma cleaned glass substrates by UV lithography and metal evaporation. The
nanowires are transferred from the arrays (∼ 200×200 µm2) via a pipette in ethanol
and are randomly dropcast on the substrates. Electron beam lithography and metal
evaporation are used to contact the single nanowires to the Au electrodes (see de-
tails below). It was found that the exact placement of the contact position on the
highly doped end-segments of the nanowires is a crucial step to allow good ohmic
contact and prevent extraction barriers. Then, the glass substrates are wire-bonded
to glass holders, which have prefabricated metal contact lines (also by UV litho-
graphy and metal evaporation). The bottom of the glass holder is connected to a
printed-circuit-board socket which also connects to a flat electrical cable extending
outside of the integrating sphere (see Fig. 6.1c).

The metals used to contact the single nanowires were Ti (200 nm) and Au (30
nm) for the electron contact (on the n−− doped part) and Cr (∼ 3 nm), Zn (15
nm), Au (215 nm) for the hole contact (on the p++-doped part). Before the metal
was evaporated, the exposed and developed substrates were etched in buffered HF
(1:7, HF (49%):NH4F (40%)) for 10s to remove the protective SiO2 shell and the
native oxide of the InP under the contact. The latter is known to cause Fermi-level
pinning under the conduction band, which creates extraction barriers for the hole-
contact [219]. The etched samples were transferred into the evaporation cham-
ber immediately to minimise the regrowth of the native oxide. It is common to
use an additional annealing step at high temperatures to diffuse Zn into the p-
type InP nanowire and create a highly p-doped layer [215]. We found this treat-
ment to be damaging to our nanowires (a strong decrease in photoluminescence
efficiency was observed) and therefore omitted this step, as the in situ doping of
our nanowires allowed the formation of ohmic contacts even without annealing.
Nevertheless, we chose to evaporate Zn for the hole-contact to prevent diffusion of
Zn from the nanowire into the contact metal at elevated temperatures during the
evaporation and lift-off steps.

For the electron contact, Ti and Au were evaporated with an electron beam
evaporator at a pressure of ∼ 5×10−7 mbar at an evaporation rate of 0.3-2 Å/s and
acceleration voltage of 10 keV. For the hole contact Cr, Zn and Au were evaporated
with a thermal evaporator at ∼ 2×10−6 mbar at a rate of 0.2-1.5 Å/s.
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Device statistics

Table 6.1 shows the statistics of four different nanowire batches, that were grown
with a different pitch (p) and doping profile (d). Batch p2-d1 shows not only the
maximum Voc = 850 mV and Isc = 609 pA, but also the highest means can be found
in that batch. The second and third highest Voc’s in that batch were 820 mV and 800
mV, respectively. Even though the doping profile of batch p2-d1 (described above)
was the same as for batch p1-d1 the results show a clear difference in performance.
To understand the influence of a different nanowire pitch (density) on the growth
conditions, more studies are needed. The low yield of batch p2-d1 can be mainly
ascribed to the lower density of nanowires. However, during the contacting process
several additional steps are potentially lowering the yield of the devices. Transfer-
ring the wires from the array can lead to cleavage of the wires from the substrate in a
detrimental way. If the wire breaks not at the bottom, directly above the substrate,
the broken end-facet does not correspond to the highly p-type doped part of the
wire, that easily facilitates ohmic contacts. Furthermore, prior to the contacting the
orientation of the nanowire doping profile is not known. And finally, even a slight
misalignment during the electron beam-lithography will lead to metal contacts that
are placed onto the lower doped regions of the wire (or are missing the nanowire
altogether). In all those cases, the placement of the contacts on a region with a
wrong doping type and density will lead to a strong extraction barrier in the final
devices. In summary, great care has to be taken to yield any meaningful number
of single nanowire devices, even for arrays with a large density of wires, while low
densities almost certainly translate into low numbers of final devices.

Batch Isc δIsc I max
sc Voc δVoc V max

oc # nanowires
p1-d1 54 pA 22 pA 90 pA 228 mV 117 mV 512 mV 18
p1-d2 61 pA 20 pA 93 pA 285 mV 49 mV 320 mV 8
p1-d3 210 pA 83 pA 398 pA 329 mV 146 mV 640 mV 22
p2-d1 321 pA 175 pA 609 pA 696 mV 105 mV 850 mV 12

Table 6.1: Statistics of single nanowire devices from different growth batches.
The nanowires were grown under different growth conditions (array pitch (p) and
doping profile (d)). The device shown in the paper comes from batch p2-d1. While
the statistical interpretation of the results is limited due to the small number of total
devices for that batch (low density of nanowires), not only the maximum open-
circuit voltages and short-circuit currents but also the highest means can be found
in that batch. The second and third highest open-circuit voltages from that batch
were 820 mV, and 800 mV, respectively. and are the standard deviations, while and
are the average values.
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6 Quantifying losses and thermodynamic limits in a single nanowire solar cell

6.6.8 Macroscopic contact pads and solar simulator
measurement

The I-V trace of the nanowire device is measured with a solar simulator (Oriel
SOL2 94062A (6X6) Class ABA, Newport) with the AM1.5G spectrum at 1 sun (100
mW/cm2) illumination intensity and an operating temperature of at most 50 ◦C,
based on the temperature of a silicon reference cell. The lamp intensity of the
solar simulator is adjusted with the same silicon reference cell. Electrical probes
are used to contact the contact pads on the glass substrate with a source-measure
unit (Agilent B2910). The voltage is scanned with a positive and negative scan rate
between -1V and 1V in 2001 steps while the current is recorded (60 ms aperture
and 70 ms delay between measurements). We observed no hysteresis in any of our
measurements.

Au electrode with alignment markers were fabricated on plasma cleaned glass
substrates by UV lithography and metal evaporation. The nanowires are transferred
from the arrays (∼ 200×200 µm2) via a pipette in ethanol and are randomly drop-
cast on the substrates. Electron beam lithography and metal evaporation are used
to contact the single nanowires to the Au electrodes (see Fig. 6.9a). It was found that
the exact placement of the contact position on the highly doped end-segments of
the nanowires is a crucial step to allow good ohmic contact and prevent extraction
barriers. Then, the glass substrates are wire-bonded to glass holders, which have
prefabricated metal contact lines (also by masking and metal evaporation). The
bottom of the glass holder is connected to a printed-circuit-board socket which
also connects to a flat electrical cable extending outside of the integrating sphere
(see Fig. 6.1c).

Fig. 6.9b shows a top-down view on the electrode glass substrate under the
solar simulator. The connected nanowire (red, not to scale) is placed in the center
and black, fully opaque foil covers a large part of the substrate. Even though the
nanowire is fully covered the solar simulator measurement results in a short-circuit
current of (Isc ∼ 100 pA). We note that this amounts approximately to the difference
between the short-circuit current determined with the solar simulator (450 pA) and
the one determined with the integrating sphere setup (320 pA). Fig. 6.9c shows as
a schematic the side view on the setup configuration. The light is scattered into
the glass substrate at the glass and Au electrode edges and trapped inside the thin
glass slab. As a result the nanowire is not only illuminated from the top, but also
partially from the bottom, which results in an inaccurate measurement. Given
the common usage of glass substrates for single optoelectronic nanoscale device
measurements, we stress the importance of using appropriate setups or masking
conditions to avoid measurement errors.

The 28% higher intensity in the solar simulator measurement may lead to an
overestimation of the Voc under 1 sun of up to 8 mV. However, given that the Voc

seems limited by contact selectivity, it is not clear by how much exactly the Voc

would decrease.
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Figure 6.9: Contact pads and solar simulator measurements. a. Dark-field
microscope image showing the center of the substrate after nanowires (white)
have been drop-casted and contacted (gold). b. Schematic of top-down view on
electrode glass substrate under solar simulator. The connected nanowire (red,
not to scale) is placed in the center and black opaque foil covers a large part
of the substrate. Even though the nanowire is fully covered the solar simulator
measurement results in a short-circuit current of Isc = 100 pA. c. Schematic of
side view, showing the solar simulator and the glass substrate with the single
nanowire device. The light is scattered into the glass substrate at the glass and Au
electrode edges and trapped inside the thin glass slab. As a result the nanowire is
not only illuminated from the top, but also partly from the bottom, which results in
overestimation of the Isc.
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7
Superabsorption in thin semiconductor films
wrapped around metal nanowires

Metallic and dielectric nanostructures have highly tunable resonances
that have been used to increase light absorption in a variety of pho-
tovoltaic materials and device structures. Metal nanowires have also
emerged as a promising candidate for high-performance transparent
electrodes. In this chapter we propose combining these electrical and
optical functions. While absorption in semiconductor nanowires is
typically limited by the so-called “single channel limit”, we show that
metal-semiconductor core-shell nanowires can absorb significantly
more than this limit. Even when weighted to the broadband solar
spectrum, core-shell nanowires absorb more light than their solid
counterparts, while at the same time the semiconductor volume is
significantly reduced.

7.1 Introduction

Light trapping enables strong absorption of light in thin semiconductor layers,
which is crucial for low-cost yet high efficiency photovoltaics. Over the past decade,
light trapping research has shifted focus from large-scale texturing, intended to
increase scattering within the ray-optics limit, to nanoscale patterning, designed
to confine photons in the active layer via optical resonances and waveguide
modes [49, 120, 211, 227, 228]. This shift has been enabled by the flourishing
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7 Superabsorption in thin semiconductor films wrapped around metal nanowires

field of nanophotonics, which has demonstrated impressive control over photon
confinement using both metallic [43, 229] and dielectric resonators [118]. By
making the resonator from an absorbing material, the high field intensities inside
the structure can directly contribute to improved absorption [47, 228] and even
photocurrent [55].

As discussed in the Introduction (Chapter 1), the strength of the absorption in a
nanostructure is typically described by the absorption cross section σabs ≡ Pabs/I0,
where Pabs is the absorbed power and I0 is the intensity of the incident plane wave.
For resonances in systems with cylindrical geometry, such as nanowires, the ab-
sorption cross section of a single resonance is fundamentally limited to λ/2π. In
this chapter we show that, while a single resonance can not absorb more thanλ/2π,
the absorption cross section of the cylindrical nano-object itself can actually signif-
icantly exceed this limit. We will first discuss absorption in simple semiconductor
nanowire systems. We will then elaborate on how metal-semiconductor core-shell
nanowires can create “superabsorbers”, with σabs > λ/2π with low polarization de-
pendence.

7.2 Absorption in nanowires

We begin our discussion by investigating a solid semiconductor nanowire as a sim-
ple model system. Analytical calculations for such systems rely on Mie theory,
a powerful and well-known tool to analyze the optical properties of spheres and
(infinitely long) nanowires [38]. Mie theory relies on decomposing the electric and
magnetic fields into an orthogonal basis set of vector harmonics, and matching the
boundary conditions for each harmonic. It then turns out that the total scattering
cross section is simply given by:

σsca =
∞∑

m=0
(2−δm,0)|am |2, (7.1)

where am is called the Mie coefficient or scattering coefficient. Similarly, the ex-
tinction and absorption cross sections is given by:

σext ≡σabs +σsca =
∞∑

m=0
(2−δm,0)Re{am} (7.2)

σabs =σext −σsca. (7.3)

These equations can be derived by integrating the Poynting vector over a surface
surrounding the nanowire [38], or directly through energy conservation [33].

From Eqs. 7.1-7.3 it is clear that the absorption cross section can be decom-
posed into independent contributions σ(m)

abs , where m referes to the angular mo-
mentum channel. In other words, m describes the number of angular nodes in the
field distribution. Note that channels with m ≥ 1 contribute twice as much to the
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Figure 7.1: The magnitude of the absorption cross section depends on the
radiative and absorption loss rates. a. 2D color plot of the absorption efficiency
for a range of wavelengths and a-Si nanowire diameters. The white, black,
red and yellow lines correspond to resonances (see Supplementary Information
Section 7.6.1 for details). b. The absorption loss rate γi (green) and radiative loss
rates γe for the TM01 (red) and TM11 (blue) resonances. The intersections indicate
where the resonances are critically coupled. c. Absorption cross sections for the
TM01 (red) and TM11 (blue) resonances in 22 and 102 nm diameter a-Si nanowires,
respectively. The dashed line is the fundamental absorption limit for a single
channel, λ/2π.

total cross section as the lowest order, m = 0 channel, due to degeneracy in the
azimuthal phase (clockwise and counterclockwise propagation).

Within each channel there are “leaky mode resonances”, which have previously
been shown to correspond to peaks in the scattering and absorption spectra of
nanowires [120, 223]. Aside from the azimuthal mode number m these are charac-
terized by a radial mode number l , which signifies the number of radial field max-
ima within the nanowire. This notation is similar to the one used for atomic orbitals
to designate principle and angular quantum numbers, which also are related to the
number of radial and angular nodes, respectively. These geometrical resonances
occur for approximately fixed values of nk0r , where n is the refractive index of the
nanowire material, k0 is the free space wavevector and r is the radius of the cylinder
[202]. Thus, one can tune the resonant wavelength by changing the diameter of
the nanowire. This is clearly visible in Fig. 7.1a, where the unpolarized absorption
efficiency spectrum of an amorphous silicon nanowire under normal incidence is
shown as a function of the nanowire diameter. The absorption efficiency is defined
as the σabs normalized to the diameter of the nanowire.

The white, black, red, and yellow lines in Fig. 7.1a show the resonance disper-
sion calculated with mode-solver calculations for the 0th, 1st, 2nd, and 3rd order
azimuthal channels, respectively (see Supplementary Information for details on
the calculations). Note that a distinction is made between the TE and TM polar-
izations, which have the electric field perpendicular or parallel to the nanowire axis
respectively. In cylindrical coordinates the TM1 and TE0 channels are degenerate.
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7 Superabsorption in thin semiconductor films wrapped around metal nanowires

From Fig. 7.1a it is clear that the absorption efficiency of a specific resonance
is not constant for a given nk0r value, but always has a maximum at a particular
diameter/wavelength combination (d = 16/λ = 400 nm for TM01, d = 110/λ = 600
nm for TM11/TE01). To understand this behavior, we turn to temporal coupled
mode theory [33, 230], which gives expressions for the resonance lineshapes [231]:

σ(m,l )
abs = 2π

λ

γeγi

(ω−ω0)2 + (γe +γi )2 , (7.4)

whereω0 is the resonance frequency and γi and γe are the absorption and radiative
loss rates of the resonance. This equation gives a lorentzian lineshape, which has a
maximum absorption cross section when ω=ω0 and γe = γi :

max
(
σ(m,l )

abs

)= λ

2π
. (7.5)

This condition (γe = γi ) is called critical coupling: the direct and scattered contri-
butions to the outgoing field destructively interfere completely, such that all power
is absorbed inside the cavity. This fundamental limit to absorption in a single chan-
nel can also be derived starting from Mie theory [232]. Note that these equations
are strictly only valid when ω0 À γe +γi , but as we will see, the critical coupling
condition is a good indicator for the frequency of the maximum cross sections in
Fig. 7.1a nonetheless.

We estimate the absorption loss rates γi for the TM01 and TM11 resonances by
calculating the power loss per unit time:

γi =α c

ng
, (7.6)

where c is the speed of light, ng is the material group index, and α = 2k0κ is the
absorption coefficient with κ the material extinction coefficient. We thus find γi =
2κω/ng . When only a fraction f of the modal energy is confined within the absorb-
ing medium, the absorption loss rate is reduced linearly with that fraction. Here, for
simplicity, we assume that confinement f = 1. We estimate the radiative loss rates
from mode solver calculations, as discussed in Supplementary Information Section
7.6.2. Both loss rates are shown in Fig. 7.1b.

The critical coupling condition is met when the radiative and absorption loss
rates cross. For comparison, Fig. 7.1c shows the absorption spectrum of the crit-
ically coupled TM01 and TM11 resonances together with the fundamental limit to
absorption in a single channel (λ/2π, dashed line). Indeed, while coupled-mode
theory is strictly only valid in the low loss regime, the condition γe = γi predicts the
maximum absorption cross sections quite well.

Note that the higher radiative loss rate for the TM01 resonance is directly related
to the broader bandwidth in Fig. 7.2c. All higher order resonances have radiative
loss rates much lower than that of the TM01 mode. Paradoxically, this means that for
these higher order modes, absorption in the semiconductor increases when the ab-
sorption coefficient decreases. This counterintuitive result means that these optical
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resonances are especially effective at improving absorption in exactly the spectral
regions that can benefit the most from light trapping (for example near the band
edge).

7.3 Broadband and unpolarized absorption

So far we have discussed single resonances that contribute to a finite absorption
band in only one polarization, but in photovoltaic and solar fuel applications we
want to achieve broadband absorption in both polarizations. For a given geometry
we therefore calculate the integrated weighted absorption efficiency over the solar
spectrum:

ηabs =
∫

S(λ)ηabs(λ)dλ∫
S(λ)dλ

. (7.7)

Here ηabs is the absorption efficiency and S(λ) is the photon flux density in the
AM1.5 solar spectrum [4]. The weighted absorption efficiency reflects the total
number of photons absorbed in a single nanowire compared to the total above
band gap photon flux through the geometrical cross section. As noted earlier, the
absorption cross section in a single nanowire can exceed the geometrical cross
section, due to the well-known antenna effect in subwavelength structures [233].
This benefit becomes more complex in large-scale nanowire array devices, where
coupling between nanowires must also be considered.

Fig. 7.2a shows ηabs for a solid a-Si nanowire as a function of the nanowire
diameter (in red). We integrated over the solar spectrum from 280 to 730 nm (1.7
to 4.4 eV), which are the shortest wavelength in the AM1.5 solar spectrum and
the band gap of a-Si, respectively. The peaks that appear at 25, 110 and 180 nm
diameters are close to the diameters at which each of the resonances reach their
maximum absorption cross section: first the TM01, then the degenerate TM11/TE01,
and so forth.

The maximum weighted absorption of 0.9 is achieved close to where the
TM11/TE01 resonances are maximally absorbing (110 nm diameter). While the
TM01 resonance absorbs extremely efficiently at small diameters, in that size range
there is no absorption in the TE polarization (solid and dashed blue curves in
Fig. 4.3a respectively). This emphasizes the importance of a good response in
both polarizations. Furthermore, below 200 nm a solid nanowire is more strongly
absorbing in the TM polarization because the TE0 channel only contributes once
to the absorption cross section (not degenerate, Eq. 7.1), while the TM1 channel
contributes twice (it is doubly degenerate, Eq. 7.1).

A key strategy to enhance the absorption efficiency of a nanostructure is to
increase the number of supported resonances, while maintaining the same particle
size [45, 160]. This strategy is most effective when one maximizes the number of
resonances that are critically coupled. In a regular nanowire or sphere described by
a single size parameter this can not be done, because all resonances scale with the
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Figure 7.2: The broadband absorption efficiency of solid nanowires compared to
metal-semiconductor core-shell nanowires. a. The weighted absorption efficiency
of a solid a-Si nanowire for unpolarized light (red), in TM (blue, solid) and TE (blue,
dashed), as a function of diameter. The peaks correspond to critically coupled
resonances. b. The weighted absorption efficiency in an a-Si shell wrapped around
an 88 nm diameter Ag nanowire as a function of shell thickness for unpolarized
light (green), in TM (orange, solid) and in TE (orange, dashed). The red curve is the
unpolarized weighted absorption efficiency in a solid a-Si nanowire with the same
outer diameter (i.e. from 88 to 200 nm).

size parameter. In contrast, by adding an additional degree of freedom, resonances
can be tuned spectrally with respect to each other. This can be done for instance
through breaking the spherical or cylindrical symmetry and moving to ellipsoidal,
rectangular or other shapes [234]. In fact, in terms of absorption per unit volume
of a nanoscale object, spherical and cylindrical shapes are most likely not the most
efficient [235, 236].

Here, we will not break cylindrical symmetry but instead move to a core-shell
geometry. In particular, we will insert a metal nanowire into a semiconductor
nanowire, which aside from increased tunability has an additional benefit:
while the nanowire geometry itself already allows for excellent charge extraction
[210, 212, 237], metal nanowires have higher conductivity and should therefore
provide a more effective local contact. In fact, metal nanowire networks have
already been demonstrated as high-performance transparent electrodes in touch-
screen, display and photovoltaic applications [238]. One of the limiting factors
for such next generation electrodes is the parasitic optical absorption loss caused
by reflected and scattered light [51, 239, 240]. By embedding metal nanowires in
ultrathin semiconducting shells these parasitic losses may be reduced.

To calculate the optical properties we extended Mie theory for cylinders to core-
shell nanowires (see Supplementary Information Section 7.6.1). Note that we want
to maximize absorption in the shell, because absorption in the metal core does not
contribute to photocurrent generation. In this case, we investigate a Ag nanowire
coated with an a-Si shell. To calculate only the absorbed power in the shell we make
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use of the explicit expressions of the electric field [190]:

Pabs =−
Ï

∇· 〈S〉r d 2r = ωε0

2

Ï
Im{ε(r)} |E(r)|2r d 2r. (7.8)

Here the ε0 is the permittivity of free space, ω is the frequency, 〈S〉 is the time-
averaged Poynting vector, and ε(r) is the relative permittivity. By integrating over
the shell and normalizing to the incident intensity and diameter, the partial ab-
sorption efficiency in the shell can be obtained. We again weight the absorption
efficiency to the solar spectrum using Eq. 7.7. The result for increasing a-Si shell
thickness coated on an 88 nm diameter Ag core is shown in Fig. 7.2b. An unpo-
larized weighted absorption efficiency of 1 is observed at a shell thickness of only
18 nm (Fig. 7.2b, green). This extraordinary absorption is higher than what can be
attained in solid semiconducting nanowires (red, Fig. 7.2a and 7.2b). By comparing
the dashed curves from Figures 7.2a and 7.2b it becomes clear that the absorption
efficiency boost stems primarily from enhanced absorption in the TE polarization.

7.4 Superabsorption

To understand why absorption increases in the core-shell structure despite the sig-
nificant decrease in semiconductor volume, it is instructive to examine the absorp-
tion spectra of these nanowires. Fig. 7.3a shows the absorption efficiency spectra
in the TE polarization for the most efficiently absorbing solid nanowire (110 nm
diameter). It is clear that for this diameter the largest contribution to broadband
absorption stems from the critically coupled TE01 resonance (blue). This is inter-
esting, because it has previously been pointed out that the largest contribution of a
single resonance to broadband absorption is in the strong overcoupling limit (γe À
γi ) [45]. However, this is only true of the radiative loss rateγe can be tuned indepen-
dently of the absorption loss rate γi , and can be made arbitrarily large. In contrast,
in the present system the only way in which overcoupling can be achieved is by
enhancing the nanowire diameter and redshifiting the resonance (see Fig. 7.1b),
which at some point reduces absorption again due to a vanishing γi .

In the previous section we observed that single resonances can absorb at most
λ/2π, the single-channel limit, which is shown in Fig. 7.3 as a dashed line. However,
a straightforward approach to enhance the absorption is by enhancing the spectral
resonance density [202]. This is in fact the origin of the strong absorption in the
core-shell nanowire, as is shown in Fig. 7.3b: the TE01 and TE11 modes overlap,
causing the absorption peak to be significantly higher than the single-channel limit.
In this optimal configuration absorption is strongest near the band gap, which is
due to the almost critically coupled resonances. In the shorter wavelength region
where a-Si is strongly absorbing it is hard to enhance the absorption significantly
with resonances, because the absorption loss rate is so high that these resonances
are all undercoupled. It is also important to note that there is still a small amount
of light lost to absorption in the metal (Fig. 7.3c), but that we omitted this absorp-
tion for the weighted absorption efficiency in Fig. 7.2 as it does not contribute
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7 Superabsorption in thin semiconductor films wrapped around metal nanowires
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Figure 7.3: The absorption efficiency in solid and core-shell nanowires decom-
posed into angular momentum channels. a. Absorption efficiency spectra for
a 110 nm diameter a-Si nanowire in the TE polarization. Black shows the total
absorption, blue and red the 0th and 1st order channel contributions. The TE11
resonance is very close to being critically coupled. b. Absorption efficiency for 88
nm silver core with a 18 nm a-Si shell, demonstrating that the λ/2π limit is now
significantly surpassed due to closely spaced and strongly absorbing resonances in
the m = 0 and m = 1 channels. c. Absorption efficiency spectrum in TE1 channel
for the same core-shell nanowire, but broken down into absorption in the shell
(blue) and core (grey). In all figures the dashed line shows the fundamental limit to
absorption in a single channel (resonant mode), λ/2π, normalized to the diameter
of the nanowire.

to photocurrent. In the TM polarization, absorption in the solid and core-shell
nanowires is almost the same: in both cases the TM11 resonance dominates (see
Supplementary Information Fig. 7.6).

The nature of the optical resonances in these core-shell nanowires can be un-
derstood intuitively by considering the ratio of the inner to outer radius. For ex-
ample, in solid nanowires in the TM polarization the electric fields are strongest
near the semiconductor-air interface, except for the lowest order azimuthal modes
in TM0 where the fields peak in the center. For the higher order azimuthal modes
this means that a small metal core can be inserted into the center of the nanowire
without perturbing the resonance. This is shown in Fig. 7.4a: the scattering effi-
ciency (ηsca ≡ σsca/d) of a core-shell nanowire with silver core and dielectric shell
(n = 3) is shown as a function of wavelength and core size for a fixed outer diameter.
The TM11, TM21, and TM31 resonances are visibly perturbed at a core diameter that
increases with increasing mode number. This can be understood from the field
profiles of these modes, which are shown in Fig. 7.4b: the larger the mode number,
the stronger the confinement to the semiconductor-air interface, and the larger the
core can be without perturbing the mode. Because the metal inclusion squeezes
the fields outwards and reduces the mode size the modes blueshift.

If the core is large with respect to the shell, the modes are strongly perturbed
and the nature of the resonances essentially changes from Mie resonances to wave-
guide modes or Fabry-Pérot resonances travelling around the circumference of the
nanowire. In a simplified geometrical optics picture, the difference between the
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Figure 7.4: Perturbation of the resonances due to the metal core. a. The scattering
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angular momentum channels the mode starts to be perturbed at larger core
diameters. b. Field intensity plots of the resonance profiles for the TM11 and TM21
resonances for no core, a 40 nm core, and a 120 nm core. For resonances in higher
angular momentum channels the fields are more confined to the shell-air interface,
explaining why the core can be larger before the resonance is perturbed.

two regimes is that in the unperturbed case light only experiences total internal
reflection from the semiconductor-air interface, while in the latter case it also re-
flects off of the metal core [241]. This connection between planar waveguide modes
and resonances in the cylindrical structure has been observed before for coaxial
nanowires and metal-insulator-metal waveguides [242].

Interestingly, utilizing these different resonance types, resonances can also be
made almost degenerate across polarizations. Fig. 7.5a shows the TM11 and TE11

resonances for a 180 nm Ag core with a 10 nm a-Si shell. The TE11 resonance
is the plasmon resonance, redshifted due to the high-index shell, while the TM11

resonance most closely resembles a waveguide mode resonance in the shell. The
dispersion of these resonances is different: the TM11 resonance shifts with total
circumference and shell thickness, while the plasmon resonance only shifts with
shell thickness, and hence they can be tuned with respect to each other. This is
markedly different from the solid nanowire case, where these two resonances are
always spectrally separated.

Finally, it is important to note that while enhancing the density of resonances
can significantly increase the total absorption cross section, it is important to
keep in mind that resonances in the same angular momentum channel can not be
brought arbitrary close. Resonances in the same angular momentum channel are
not orthogonal to each other (see Supplementary Information, in Section 7.6.1),
and as a result they will couple. This coupling will be strong due to the large field
overlap of resonances in the same channel, and as a result these resonances will
repel and demonstrate avoided crossings [243, 244]. This is for example clearly
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Figure 7.5: Near-degeneracies across polarizations and avoided crossings in the
same channel. a. Absorption efficiency in TM11 (blue) and TE11 (red) for a 180
nm silver core with a 10 nm a-Si shell. The near-degeneracy indicates the Fabry-
Pérot-like behavior. The solid lines indicate absorption in the shell, the dashed
lines absorption in the core. The insets show the electric field intensities (with the
stream plot indicating the direction of the field) for the TM11 (left) and TE11 (right)
resonances. b. Two resonances within the same angular momentum channel are
not orthogonal, resulting in coupling between the resonances if they are brought
close together in frequency. The strong coupling between these resonances results
in avoided crossings, as shown in the color map. In this case, an n=3 shell is
added to a 100 nm diameter silver nanowire. The white lines show the resonance
frequencies of the plasmon resonance in a homogeneous medium with n=3 and
the dispersion of the TE11 Mie resonance without the metal core.

visible in Fig. 7.5b, where the dipolar plasmon resonance and first Mie resonance
in the TE1 channel are shown as a function of dielectric (n = 3) shell thickness
for a fixed core diameter. For very thin shells the plasmon resonance rapidly
redshifts, untill the redshift saturates when the evanescent fields of the plasmon
are contained entirely in the shell. In contrast, the TE11 Mie resonance shifts
linearly with total diameter, and hence at a certain diameter the resonances would
cross. However, due to the strong coupling rate, they display an avoided crossing,
and can not be brought arbitrarily close. Strong coupling is observed in many
other systems, such as particle arrays coupled to waveguides [245] and even single
molecules coupled to plasmonic spheres [246].

We have thus far shown results for systems involving perfect Ag cylinders coated
with a-Si. The high symmetry of such model systems allows us to use Mie theory to
break down the total absorption into the constituent channels. This provides deep
insight into the underlying physics while minimizing calculation time. However,
real nanowire core-shell structures will have a number of deviations from our
ideal calculations. First, the cross sectional shape will likely not be circular;
metal nanowires grown by the polyol process typically have a pentagonal cross
section [247], while semiconducting nanowires often have hexagonal or other
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7.5 Conclusion and discussion

complex cross sectional shapes [248]. We have used finite-difference time-domain
simulations (FDTD, Lumerical [140]) to confirm that as with solid semiconducting
nanowires [202] the cross sectional shape only has minor effects on the resonant
properties and absorption results. We have also used FDTD to confirm that
placing core-shell nanowires on low-index substrates like glass or plastic only
leads to minor perturbations, primarily by increasing the radiative loss rate in the
cavity and thus requiring a different shell thickness to maintain critically coupled
resonances. Both of these results are shown in the Supplementary Information at
the end of this chapter, Fig. 7.8.

These results are not limited to a-Si; silver nanowires with a CdTe shell show
very similar behavior, although the optimal shell thickness is 46 nm due to a lower
band gap energy and lower refractive index (see Supplementary Information,
Fig. 7.7). In fact, any combination of metals and semiconductors should benefit
from this geometry as long as the metal loss is low, the semiconductor absorption
coefficient has a rapid increase near the band gap (typically direct band gap
materials), and the shell refractive index is high (most inorganic semiconductors).

7.5 Conclusion and discussion

We have shown that the key to increasing absorption in nanoscale systems is to in-
crease the strength and number of resonances. We have demonstrated that a given
resonance is strongest when the loss rates due to absorption and radiation (leakage
from the cavity) are equal. For light-trapping purposes this leads to the counter-
intuitive but fortunate conclusion that most resonances are typically strongest in
spectral regions where the material absorbs the weakest. We have also demon-
strated that inserting a silver core into semiconducting nanowires can lead to en-
hanced absorption in the shell material. This occurs because the core-shell geom-
etry can increase the number of nearly degenerate resonances and lead to super-
absorption, absorption cross sections significantly exceeding the single-channel
limit. An added benefit of such a structure is that the metal core would provide
an ideal local contact for photogenerated carrier extraction, which we explore ex-
perimentally in Chapter 8.

For future work it may be interesting to investigate in more detail the dispersion
relation of these resonances depending on core and shell radii. In particular, a
connection between the planar metal-insulator-insulator geometry and the metal-
semiconductor core-shell nanowire may be unearthed, just as is the case for the
planar metal-insulator-metal geometry [242].
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7 Superabsorption in thin semiconductor films wrapped around metal nanowires

7.6 Supplementary Information

7.6.1 Mie theory

To facilitate the discussion of the mode solver calculations it is useful to briefly
derive the Mie coefficients for the scattered field. For simplicitly we consider a
nanowire illuminated perpendicular to the long axis of the nanowire, with the elec-
tric field polarized along the nanowire axis. In this case the electric field reduces to
a simple scalar field [38]:

E(r) = E0

(
e i k·r +

∞∑
m=−∞

(−i )mbmh(1)
m (k0r )e i mθ

)
. (7.9)

Here the first term is the incident electric field (with k the wavevector) and the
second term is the scattered field. am is the amplitude of the scattered field (or
“Mie coefficient”), h(1)

m is the mth order Hankel function of the first kind, and r and
θ are the polar coordinates. The incident and internal fields can also be expressed
in terms of vector harmonics:

Einc(r) =
∞∑

m=−∞
(−i )m jm(k0r )e i mθ (7.10a)

Eint(r) =
∞∑

m=−∞
(−i )m fmn jm(nk0r )e i mθ. (7.10b)

Boundary conditions for the electric field require that the tangential field is contin-
uous across the boundary, which allows us to write (after combining Eqs. 7.9 and
7.10):

n fm jm(nk0r )−bmh(1)
m (k0r ) = jm(k0r ). (7.11)

This equation has two unknown field coefficients, bm and fm . However, a similar
equation can be obtained from the boundary conditions for the magnetic field,
which allows us to set up a system of linear equations:(

hm(k0r ) n jm(nk0r )
h′

m(k0r ) n2 j ′m(nk0r )

)(
bm

fm

)
=

(
jm(k0r )
j ′m(k0r )

)
. (7.12)

Such a system of equations M ·x = u is easily solved through Cramer’s rule for the
coefficients bm and fm . For the core-shell nanowires the approach is exactly the
same, except that there is an additional region with fields for which the coefficients
have to be solved. In the shell region the fields are generally given by:

Eshell = n2

∞∑
m=−∞

(−i )m
(
vm jm(n2k0r )−wmh(1)

m (n2k0r )
)
e i mθ. (7.13)

Here n2 is the shell refractive index. From the two interfaces one now obtains a
4× 4 matrix which can be solved using Cramer’s rule again. The same approach
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Figure 7.6: Absorption efficiency in the solid and core-shell nanowire for the TM
polarization. a. Absorption efficiency in a 110 nm diameter solid a-Si nanowire
decomposed into its angular momentum channels. The numbers near the colored
curves indicate the order of the angular momentum channel. b. The absorption
efficiency of the core-shell nanowire in the TM polarization, with the same color
coding as in panel a. The dashed black line in both panels shows the single channel
limit, λ/2π.

can be followed for electric fields polarized perpendicular to the nanowire axis, in
which case a scalar equation is obtained for the magnetic field. The response of
the nanowire in the TM polarization is shown in Fig. 7.6. It is clear that the optical
response between the solid and core-shell nanowires differs less strongly than it
does in TE (see Fig. 7.3). The main difference is the strong redshift of the lowest
order resonance in the core-shell geometry, which is because the maximum field
intensity in the lowest order mode is in the center of the nanowire, resulting in
strong perturbation of the resonance. Note that all dielectric functions used in this
Chapter come from Palik [207].

7.6.2 Mode solver calculations

To find the eigenmodes we remove the incident field from the linear systems of
equations in Eq. 7.12, which results in a homogeneous system of equations M ·x =
0. Such a system only has a solution when the determinant vanishes, which leads
to the transcendental equation:

|det[M(
ω

c
)]| = 0. (7.14)

Here we are solving for ω to emphasize that we are not interested in guided modes,
as k∥ = 0. The values of ω for which this transcendental equation vanishes are
complex. The real part of this complex frequency is the resonance frequency ω0,
the imaginary part is the loss rate γ= γi +γe . To obtain the radiative loss rates only,
we set γi = 0 so that γ= γe . In practice, this means that we solve the transcendental
equation with only the real part of the refractive index. Here we thus implicitly
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Figure 7.7: Core-shell nanowires with a CdTe shell. a. Weighted absorption
comparison for a solid CdTe nanowire (red) and a CdTe shell wrapped around a 96
nm silver core (blue). The bottom plot shows the weighted absorption broken down
into TM (solid lines) and TE (dashed lines) polarizations for the solid nanowire
(red) and core-shell (blue). b,c. Absorption efficiency spectra for a 96 nm silver core
with a 46 nm thick CdTe shell in TM and TE polarization, respectively. The total
absorption is shown in grey, contributions from m = 0 in blue, m = 1 in red, and
m = 2 in green. The black dashed line shows the λ/2π limit, normalized to the
diameter of the nanowire.

make the assumption that the presence of absorption losses does not affect the
radiative loss rate.

7.6.3 CdTe core-shell nanowires

In Fig. 7.7a we see that, again, a core-shell with CdTe shell absorbs more efficiently
than a solid CdTe nanowire. Because of the lower refractive index and higher band
gap the total diameter at which absorption peaks is larger than with the a-Si shell,
as a redshift of the resonances is required to achieve critical coupling. Fig. 7.6b and
7.6c show absorption efficiency spectra for the most efficiently absorbing core-shell
nanowire in TE and TM respectively. In TM we see a clearly visible contribution to
absorption from the TM21 resonance (green curve) due to the larger diameter. In
TE, the near degeneracy of TE01 and TE11 is even clearer than with an a-Si shell. The
peak absorption cross section of the a-Si and CdTe systems is roughly the same, but
the absorption efficiency of the latter is lower due to the larger diameter of the wire.

7.6.4 FDTD calculations

In Fig. 7.8a and b we compare the absorption spectrum of a pentagonal Ag wire
conformally coated with a-Si, as calculated with FDTD, to absorption in a cylin-
drical configuration. The cylindrical Ag, a-Si core-shell nanowire has the optimal
configuration (88 nm diameter core, 18 nm thick shell) as discussed in the main text
of this Chapter. The pentagonal wire has apothems (distance from the midpoint
to the center of one of the sides) equal to the radius of the cylindrical wire (44
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Figure 7.8: The influence of non-cylindrical shapes and substrates on superab-
sorption. a,b. The absorption cross section for the cylindrical core-shell nanowire
discussed in the main text of this chapter, compared to a pentagonal core-shell
nanowire with comparable sizes, for the TM (a) and TE (b) polarization. c,d. The
absorption cross section for the same pentagonal core-shell nanowires in free space
(a) and on a quartz substrate (n = 1.5) (b).

and 62 nm). There are only slight differences between the two configurations, and
in general the main conclusions of this work hold: there is reduced polarization
dependence compared to solid nanowires, and geometrically induced resonance
degeneracy which in TE can be seen even more clearly from the two bumps in the
absorption spectrum.

Furthermore, the influence of a substrate is important to take into account. In
Fig. 7.8c and d, we show a comparison between a pentagonal wire on a quartz
substrate (n=1.5) and in vacuum. Again, the differences are very small, justifying
our approach to use Mie theory.
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8
Au-Cu2O core-shell nanowire photovoltaics

Semiconductor nanowires are among the most promising candidates
for next generation photovoltaics. This is due to their outstanding
optical and electrical properties which provide large optical cross
sections, while simultaneously decoupling the photon absorption
and charge carrier extraction length scales. These effects relax the
requirements for both the minority carrier diffusion length and the
amount of semiconductor needed. In Chapter 7 we found that metal-
semiconductor core-shell nanowires show even better optical absorp-
tion than solid semiconductor nanowires, and offer the additional
advantage of a local metal core contact. Here, we fabricate and
analyze such a geometry using a single Au-Cu2O core-shell nanowire
photovoltaic cell as a model system. Spatially resolved photocurrent
maps reveal that although the minority carrier diffusion length in the
Cu2O shell is less than 1 µm, the radial contact geometry with the
incorporated metal electrode still allows for photogenerated carrier
collection along an entire nanowire. Current-voltage measurements
yield an open-circuit voltage of 600 mV under laser illumination and
a dark diode turn-on voltage of 1V. This study suggests the metal-
semiconductor core-shell nanowire concept could be extended to low-
cost, large-scale photovoltaic devices, utilizing for example, metal
nanowire electrode grids coated with epitaxially grown semiconductor
shells.
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8 Au-Cu2O core-shell nanowire photovoltaics

8.1 Introduction

Nanophotonic engineering may facilitate the use of cheaper and lower quality
semiconductors by ameliorating the constraints placed on photovoltaic device
operation by these materials. For example, some semiconductors have a diffusion
length that is shorter than the absorption length, which limits the extractable
current from the device. Through light trapping the device thickness can be
reduced significantly, such that the diffusion length no longer poses a problem. For
example, in Chapter 7 we introduced metal core-semiconductor shell nanowires,
which simultaneously enhance absorption in ultra-thin semiconductor shells and
facilitate charge extraction through a local metal electrode.

In this chapter we experimentally investigate the optical and photovoltaic
properties of metal-semiconductor core-shell nanowires. Core-shell nanoparticles
with a metal core have been investigated previously for plasmon mediated
charge carrier dynamics for photovoltaics and photocatalysis [249–255]. In
these examples, however, the semiconductor materials were not used for strong
absorption of light explicitly, and the particles were frequently nanospheres or
nanorods suspended in solution. Here we synthesize a thin layer of cuprous
oxide (Cu2O) on silver nanowires and investigate their optical response. We then
synthesize Cu2O on gold nanowires and investigate and photovoltaic response of
single core-shell nanowires.

Cu2O is a direct band gap semiconductor (Eg ≈ 2 eV), which can be synthe-
sized from earth-abundant and non-toxic materials using many different fabrica-
tion methods (e.g. by evaporation, sputtering, and from solution). Due to the high
band gap, solar cells comprising only Cu2O can potentially reach power conversion
efficiencies of up to 20% [256]. However, when combined with silicon as the bottom
absorber (Eg ≈ 1.1 eV), Cu2O is a great candidate for the top absorber in a high
efficiency multijunction solar cell because its band gap is close to ideal [257–259].
Current research on Cu2O photovoltaics is largely targeted at thin-films and the
interfacial properties of Cu2O [260–267]. By using interfacial layers such as Ga2O3

and ZnO combined with transparent conducting oxides, the open-circuit voltage
(Voc) was recently increased to 1.204 V [268], which is 71% of the Shockley-Queisser
limit to the Voc (see Chapter 1). In contrast, the short-circuit current (Jsc) in the
record device (7.37 mA/cm2) is only 51% of the maximum Jsc. This implies that
indeed charge-carrier extraction in Cu2O devices can benefit from nanophotonic
engineering.

8.2 Optical characterization of a core-shell nanowire

We begin our characterization of these core-shell nanowires by investigating their
optical properties. The metal nanowires were synthesized using the polyol process
and subsequently coated with a Cu2O shell at room temperature in aqueous so-
lution, adapting a protocol originally developed for core-shell nanoparticles [247,
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Figure 8.1: Optical characterization of Au-Cu2O core-shell nanowires. a.
Absorption spectra of the core-shell nanowire in both polarizations compared to
theory. b. FIB cross section of a core-shell nanowire that we synthesized and
investigated optically. c. Top view of the core-shell nanowire before making the
FIB cross section, to highlight the surface roughness.

269]. This specific Cu2O synthesis route was chosen over other methods to pro-
duce Cu2O nanowires because it allowed for epitaxial growth on metal nanowires
suspended in solution [270, 271]. The synthesis procedure and materials character-
ization on the obtained core-shell nanowires are described in detail in Ref. [272].

Nanowires grown in solution were dropcast randomly on a glass substrate pre-
pared with markers to be able to identify the nanowires. We measured the absorp-
tion of the core-shell nanowires using integrating sphere microscopy, the exper-
imental technique that we describe in Chapter 5. The fraction of incident light
that is absorbed for a certain core-shell nanowire is shown in Fig. 8.1a for both
polarizations of incident light. This particular nanowire is shown in SEM images
in Fig. 8.1b and c. The pentagonal shape of the metal core is readily recognizable in
the FIB cross section in Fig. 8.1b, while from the shape of the shell it appears that
the epitaxial growth is seeded from the corners of the pentagonal nanowire.

Fig. 8.1a also shows Mie theory predictions for the core-shell nanowire absorp-
tance, as discussed in detail in Chapter 7. The absorption cross section σabs as

obtained with Mie theory is converted to absorptance using A = σabs

√
2/(πw2

0 ),

where w0 is the beam radius as determined with knife edge measurements (see
Chapter 5). Two of the resonant peaks observed in the spectrum correspond to the
TE21 and TM21 resonances observed in Mie theory calculations, but interestingly,
the experimental absorption spectrum shows an additional resonance in the TE
polarization that does not appear in the Mie theory spectrum. Naturally, Mie theory
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8 Au-Cu2O core-shell nanowire photovoltaics

assumes perfect cylindrical interfaces, which in this case do not accurately capture
the behavior of the core-shell nanowire. However, simulating the cross-section of
the nanowire more truthfully to the FIB cross section using finite-difference time-
domain simulations also does not yield an additional resonance in the spectrum
(Lumerical FDTD, [140]). The solution may lie in the surface roughness of the
nanowire, which is hard to capture accurately in a modelling environment. How-
ever, surface roughness can enhance the magnitude of an overdamped resonance
significantly, due to a larger radiative loss rate (see e.g. Section 7.2 on page 120).

8.3 Core-shell nanowire solar cells

To fabricate photovoltaic devices we contacted the core-shell nanowires with two
separate electrodes: one that collects photogenerated holes and one that is selec-
tive for photogenerated electrons. A simple and effective method to induce this
carrier selectivity is to use metal contacts with different work functions such that
one metal makes an Ohmic contact to the semiconductor, and the other creates
a Schottky junction [273]. Here we have chosen Au as the metal nanowire core
because it has a large work function (∼5.4 eV; similar to that of Cu2O) and makes an
Ohmic contact to Cu2O. Furthermore Au has a high chemical stability, low lattice
mismatch with Cu2O (∼4%), and a simple nanowire synthesis route [272, 274, 275].
As the Schottky contact we have chosen Ti, which has a low work function (∼4.3
eV), excellent adhesion to many materials, and a stable surface oxide [276].
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Figure 8.2: Photocurrent and reflection maps of a single Au-Cu2O nanowire
device. a. SEM image of a nanowire (yellow) connected between Ti and Au contacts
(blue and red respectively). The green particles are particles of Cu2O. b. Reflection
measured at λ = 405 nm over the same area as shown in the SEM image. c.
Photocurrent map for the same area, measured simultaneously with the reflection
map in b. The incident laser power is 42 µW, the polarization perpendicular to the
nanowire axis, and the spot radius is about 1 µm. From these maps it is clear that
photocurrent collection occurs only near the Ti contact.
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Figure 8.3: Current-voltage behavior of a single Au-Cu2O nanowire. The I-V curve
of the photovoltaic cell in the dark (red line) and under laser illumination (blue line)
at 405 nm with a power of 42 µW and polarization perpendicular to the nanowire
axis. The inset shows a magnified view of the region 0 - 0.7 V of the I-V curves.

In contrast to the optical measurements, which were performed on glass,
we started with Si3N4 covered Si substrates with evaporated macroscopic Au
electrodes. The core-shell nanowires were contacted using electron beam
lithography and subsequent metal evaporation. Details on the fabrication
procedure can be found in the Supplementary Information to this chapter (page
142). Fig. 8.2a shows a false color scanning electron microscope (SEM) image of
a typical single nanowire photovoltaic cell. The reflection map in Fig. 8.2b shows
the reflectance of the sample over the same area as in the SEM, measured at λ =
405 nm with an incident power of 42 µW. Fig. 8.2c shows simultaneously measured
photocurrent generation, which peaks at over 300 pA under these conditions.
Comparing the different images reveals that charge carrier collection only occurs
near the Ti contact finger, where the Schottky junction induces a built-in electric
field, such that the minority charge carriers don’t have to travel long distances to
get extracted. In contrast, carriers excited further away from the Ti contact are not
collected. This suggests that the minority carrier diffusion length is less than the
beam spot size of ∼0.6 µm, consistent with reported values for Cu2O synthesized
by different methods [277, 278].

By placing the illuminating spot at the location where the nanowire device
has the highest responsivity, we were able to measure current-voltage (I-V) curves
under illumination as well as in the dark (see Fig. 8.3). This nanowire device
showed clear rectifying behavior in the dark, with a turn on voltage of ∼1V in the
dark. Under laser illumination conditions similar to those in Fig. 8.2 an Isc > 300
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pA and a Voc of 600 mV were observed. These results demonstrate that single
metal-semiconductor core-shell nanowires show a photovoltaic response. The
photocurrent increases at higher reverse voltages and reaches reverse break down
before saturating. We attribute this slope to a higher carrier collection efficiency
at larger reverse bias voltages due to an increased depletion region. Furthermore,
from the strongly S-shaped I-V curve we deduce a substantial charge carrier
extraction barrier, which is a well-known phenomena that can be attributed
to accumulated space charges at the material interfaces or a non-ideal Ohmic
contact [279–282]. This observation can be explained by the non-optimized metal
semiconductor interfaces, which are likely to induce recombination-active trap
states and accumulated space charges, resulting in a charge carrier extraction
barrier at one or both of the metal interfaces. Furthermore, it is possible that
a redox reaction under the Ti contact converts the Cu2O to TiO2 and Cu at the
interface [283].

We note that the photocurrent under the AM 1.5 spectrum was below the detec-
tion limit (∼1 pA) of the source measure unit, and we could therefore not analzye
our devices under the full solar spectrum. One of the reasons for the the low pho-
tocurrent is the localized Schottky region close to the Ti contact: only a small frac-
tion at the edge of the contact can contribute to the photocurrent. To extend the
active area of the device, we will now cover part of the nanowire with an optically
thin layer of Ti.

8.4 Extended titanium contacts

To directly probe the importance of the radial built-in field and carrier diffusion
lengths, we compare the results in Fig. 8.2 to the case where a 10 nm thin Ti pad
covers approximately 2/3 of the nanowire, as shown schematically in Fig. 8.4a. This
arrangement is closer to a realistic large-scale device, where the whole nanowire
would be covered with an additional contact (either a transparent conductive oxide
or a continuous thick metal layer with illumination through a transparent sub-
strate). Fig. 8.4b shows a false color SEM image of the nanowire device, similar to
the device studied in Fig. 8.2, but now with a Ti pad on top of the nanowire. Fig. 8.4c
shows the reflection image and Fig. 8.4d the respective photocurrent map under 15
µW laser illumination at λ =405 nm, which reveals photocurrent collection from
an extended elongated area along the entire length covered by the Ti pad. This
supports the hypothesis that charge carriers generated by light passing through
the 10 nm Ti pad can be separated and collected at the metal core and the Ti top
contact. Normalized for incident power the maximum photocurrent is about 4
times lower than in the axial collection case shown in Figure 8.2, which is most likely
due to the presence of the extended Ti pad and other geometrical differences. These
results indicate that indeed the short diffusion lengths can be mitigated to some
degree by extending the electron contact along the nanowire length. However, in
absolute terms the collection efficiency of excited carriers remains low, which we
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Figure 8.4: Metal-semiconductor core-shell nanowire photovoltaic cell with
radial charge carrier collection. a. Schematic depiction of the photovoltaic device
layout and measurement, with a thin titanium pad covering a large part of the
nanowire. b. False color SEM image of a nanowire connected between Ti and Au
contacts (blue and red respectively) and partially covered by a 10 nm thin Ti pad
(darker blue). The nanowire is shown in yellow and the green particles are Cu2O
spheres. c. A reflection map of the same area as shown in the SEM image. d.
A photocurrent map measured simultaneously with the reflection map. In both
measurements the incident laser power is 7 µW, the polarization is perpendicular
to the nanowire axis, the beam radius is < 1 µm, and the illumination wavelength
is 405 nm.

can quantify using the collection cross section σEQE introduced in Chapter 6.
Fig. 8.5 shows the quantitative photocurrent response of the core-shell

nanowire for four different wavelengths: 405, 520, 620, and 700 nm. The
photocurrent response is quantified as the local σ(L)

EQE, which is different from
the unit used in Chapter 6 because it is not yet integrated over the length of the
nanowire. In this instance σEQE is thus given by the product of the IQE and σabs :

σ(L)
EQE(x) = IQE(x)σabs(x), (8.1)

where x is the position. In each of the maps in Fig. 8.5 the polarization is perpendic-
ular to the nanowire axis (TE). In the other polarization the photocurrent response
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Figure 8.5: Spectral response of a metal-semiconductor core-shell nanowire
photovoltaic cell. a. Reflectance map of the nanowire solar cell at λ = 405 nm.
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is significantly weaker, most likely due to suppression of absorption. Note that the
magnitude of σ(L)

EQE peaks at ∼ 1.5×10−6 µm, which means that if σabs = 0.15 µm,

the IQE ∼ 10−5. This is very low, in particular when compared to the IQE > 0.9
observed in Chapter 6. This low extraction efficiency may be due to e.g. a extraction
barrier, which is also observed in the I-V curve in Fig. 8.3, as discussed earlier. Atλ =
700 nm the photocurrent has disappeared altogether, which is consistent with the
literature value of the optical band gap (2 eV or 620 nm) and photoluminescence
measurements done on these core-shell nanowires [272, 284].

8.5 Conclusions and discussion

We have synthesized and characterized metal-semiconductor core-shell nanowires
for the first time, and used them to create a photovoltaic device. Optical mea-
surements on core-shell nanowires clearly show resonances, which show relatively
good agreement with theoretical predictions. However, a third resonance appeared
that is not at all visible in the theoretical spectra, possible due to enhanced radiative
loss rates as a result of large surface roughness. While the effect of surface rough-
ness on cavities with very high quality factors or waveguides is well known, it may
be interesting to investigate the effect of surface roughness on low quality factor
resonators such as the nanowires presented here in more detail.

In the photovoltaic device study we show that a Voc of 0.6 V and an Isc of 300
pA can be achieved without any detailed contact optimization, but only at very
high illumination intensities. By depositing a thin (10 nm) Ti layer on top of the
wire we demonstrate that two conductive radial metal contacts allow for improved
photogenerated carrier collection in semiconductors with short minority carrier
diffusion lengths <1 µm. However, the IQE in the photovoltaic devices is estimated
to be around 10−5, which is very low compared to high efficiency devices such as
the single nanowire device discussed in Chapter 6. We observe a strongly S-shaped
IV curve, which is also indicative of a charge carrier extraction barrier at one of the
two metal interfaces. Possible explanations may be that a redox reaction under the
Ti contact converts the Cu2O to TiO2 and Cu at the interface [283], or that there
is significant mid-bandgap Fermi-level pinning due to the direct contact between
the metal and a semiconductor. Performance may therefore be improved if interfa-
cial passivation layers can be incorporated into the geometry, as already shown in
thin-film Cu2O devices and for other material systems [262, 285, 286]. Ultimately
a spacer layer may also be required to prevent quenching of the photogenerated
carriers due to the presence of the metal nanowire [287, 288], which as discussed in
Chapters 2 and 3 would adversely affect the Voc.

Interestingly, given the plasmonic nature of the device and the low IQE, we can
not exclude that plasmon mediated charge transfer mechanisms such as resonance
energy transfer, direct energy transfer, and hot electron carrier injection contribute
to some degree to the optoelectronic response of the device [192, 193, 249, 289, 290].

While the limitations discussed above explain the overall low photovoltaic per-
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formance of our device, they do not present insurmountable obstacles on the way
to high efficiency metal-semiconductor core-shell nanowire solar cells. We note
that the metal-semiconductor core-shell nanowire geometry is not limited to the
materials used for this proof-of-concept study. An ideal structure would employ
low cost metals with appropriate interfacial layers, replacing Au and Ti. Therefore,
we propose metal-semiconductor core-shell nanowire photovoltaics as a promis-
ing geometry for solar cells made from low-cost and earth-abundant materials with
very short minority carrier diffusion lengths.

8.6 Supplementary Information

8.6.1 Fabrication

Au-Cu2O core-shell nanowires were prepared in solution as described in detail by
Sciacca et al. [272]. The nanowires used for the photovoltaic devices had a Au
core diameter of ∼ 50 nm and a Cu2O shell thickness of ∼ 30 nm and were then
dropcast onto 3 x 3 mm2 low-stress LPCVD-Si3N4 covered Si chips with evaporated
Au electrodes (∼ 150 nm thick). The core-shell nanowires were contacted using a
2 or 3 - step electron beam lithography and metal evaporation scheme (depending
on whether a thin Ti pad covering the nanowire was added). The Cu2O shell was
locally etched for 1-2 min with 0.1 mM sulfuric acid prior to Au evaporation (∼ 200
nm) to expose the core contact, while the Ti contact (∼ 200 nm) was directly evap-
orated on the Cu2O shell. For the multi-step electron beam lithography process,
pre-patterned alignment markers on the substrates were used to align subsequent
exposure patterns to the correct nanowire and electrode locations.

8.6.2 Characterization

The optical characterization was conducted with a home-built optical setup
discussed in Chapters 5 and 6, except for the photovoltaic device measurements,
where the integrating sphere was omitted. For the characterization at 405 nm
a Thorlabs S1FC405 fiber-coupled laser was used. For the other wavelengths
a supercontinuum laser (Fianium WL-SC390-3) was sent through an acousto-
optic tunable filter (Fianium AOTF-V1-N1) to select wavelengths in the range of
405 nm - 750 nm. The polarization was controlled with a λ/2 plate (Thorlabs)
before the light was focused through an objective lens (Mitutoyo M PLAN APO
NUV 50X) to a spot with waist w0 ∼ 600 nm on the electrically connected single
nanowire photovoltaic cells. The substrate was mounted on and wire bonded to
a custom designed printed circuit board to facilitate the electrical connections.
Then the substrate was scanned relative to the focused beam position with a
3-axis piezoelectric stage (Piezosystem Jena Tritor 400 CAP). The photocurrent
was measured with an Agilent B2902A Source-Measure Unit, while simultaneously
recording the reflected and incident beam power (both measured with Thorlabs
amplified photodiodes model PDA100A) to correlate the current with the position
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of the laser spot and to normalize to variations in the laser power during a single
measurement. The absolute beam power was measured using a calibrated silicon
photodetector (Newport model 818-UV-L). The I-V curves were also measured with
the source-measure unit (Agilent B2902A).
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9
Generalized anti-reflection coatings for
complex bulk metamaterials

Efficient utilization of optical power is of crucial importance not only
in photovoltaic devices, but in many other optical applications as
well. For this reason solar cells, optical elements, and even spectacles
are frequently equipped with anti-reflection coatings to enhance
transmission. A new generation of optical elements has recently been
introduced that uses metamaterials, which may for instance form flat
lenses that rely on a bulk negative refractive index. In this chapter
we show that regular anti-reflection coatings will not always work for
such materials, and we present the optimized design of a metamaterial
anti-reflection coating that solves this problem. We show that such
an anti-reflection coating must enable spatial engineering of the
field profiles at the coating/metamaterial interface to achieve high
transmission, and therefore it is required to be inhomogeneous.
As a demonstration we investigate theoretically a waveguide-based
negative-index metamaterial, which under normal incidence cannot
be excited, due to an antisymmetric propagating eigenmode. Through
careful engineering of the field profile, lateral position, and thickness
of the coating layer we enhance the transmission under normal
incidence from 0% to 100%. This principle may generally be applied to
overcome low coupling efficiency between incident plane waves and
complex mode profiles in metamaterials.
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9.1 Introduction

Optical metamaterials, structures of which the effective properties are derived
from sub-wavelength elements, have recently attracted a lot of attention [291, 292].
Metamaterials can be used to achieve hyperbolic dispersion [293–297], epsilon-
near-zero response [298], or an effective negative index response [299–302]. While
the effective optical properties of these metamaterials can be very interesting,
the excitation of such media is often quite poor. This is a direct result of the fact
that the propagating eigenmodes of such bulk metamaterials can have complex
field profiles, which are not excited efficiently by simple plane waves. In this
chapter, for instance, we focus on the interesting optical properties that arise
from antisymmetric eigenmodes supported by waveguide metamaterials. These
antisymmetric waveguide modes may support a negative refractive index [303],
which can e.g. be utilized to realize a flat lens, but cannot be excited from free
space under normal incidence due to their asymmetry.

To enhance transmission into bulk media, many optical systems use anti-
reflection coatings, which lead to reflection cancellation through destructive
interference between the reflected light from the air-coating and coating-medium
interfaces. However, the simple homogeneous anti-reflection coatings that are
used in conventional optical systems cannot solve the spatial field mismatch
between plane waves and antisymmetric metamaterial eigenmodes: in the
homogeneous coating the incident field profile is still symmetric.

Here, we propose structuring the coating layer to achieve very large coupling
into complex bulk metamaterials. The use of nanoscale structures to enhance
transmission into homogeneous media has been demonstrated before [47, 48,
304, 305]. Aside from impedance matching, we simultaneously utilize the more
complicated field profiles in such a nanostructured anti-reflection coating to
achieve significant field overlap with the substrate eigenmodes of interest, enabling
perfect transmission even for an extreme mismatch between the incident wave and
the substrate eigenmodes, as in the case of a plane wave coupling to antisymmetric
modes.

9.2 Excitation of metamaterial waveguide modes

The proposed approach is demonstrated in the case of a multilayer stack formed by
metal and dielectric thin films. There has been a lot of interest in light propagation
through such multilayer geometries [306–311]. For example, a metal/air grating
was first considered to explain the observed phenomenon of extraordinary optical
transmission [312, 313]. The special dispersive characteristics of these multilayer
metamaterials are due to coupled surface plasmon polaritons that propagate along
the metal/dielectric waveguide interfaces. Furthermore, multilayer structures al-
low the derivation of analytical formulas for their eigenmodes, and in several cases
for their transmission and reflection properties as well.
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Figure 9.1: A negative index metamaterial based on an antisymmetric propa-
gating eigenmode. a. Sketch of the metal-dielectric metamaterial geometry with
metal and dielectric regions depicted as grey and blue respectively. b. The negative-
index waveguide mode fieldprofile hy (x) (dm = 45 nm, εm =−3.5, dd = 20 nm, and
εd = 6.25 for λ0 = 450 nm). The field profile is antisymmetric across the dielectric
core. c. The calculated field profile due to a plane wave (λ0 = 450 nm) incident on
the metal dielectric waveguide array at normal incidence. The spatial field profile
shown is composed of 15 repetitions of the unit cell. d. Field profile due to a plane
wave at an angle of incidence of 70◦. Negative refraction is evident in the phase
fronts, indicated by θi and θr .

Figure 9.1a shows a sketch of the geometry under consideration. Our meta-
material is formed by a periodic array of thin metallic layers (with thickness dm

and permittivity εm) and thin dielectric layers (with thickness dd and permittivity
εd ), with unit cell size a = dm +dd . We take the direction of periodicity as the x̂
direction, and x = 0 to coincide with the center of the dielectric layer of the unit cell.
The waveguides are infinitely extended in the ŷ direction, and interfaces between
different regions are normal to ẑ.

For our demonstration, we investigate a lossless configuration which has a sin-
gle propagating mode with an antisymmetric profile and a negative mode index:
β(2)

1 . Following the sketch in Fig. 9.1a, the parameters of the structure are: dm = 45
nm, εm = −3.5, dd = 20 nm, and εd = 6.25 for λ0 = 450 nm. All other modes sup-
ported by the metamaterial are either evanescent or anomalous [310, 314]. Fig. 9.1b
shows the field profile of the negative index mode, confirming the odd symmetry
with respect to the dielectric core. We denote the field by hy (x), to differentiate the
waveguide mode field profile from the total magnetic field H(x, z), which is the sum
of all incident, reflected and transmitted modes. Fig. 9.1c shows the total magnetic
field distribution near the interface when the multilayer structure is illuminated
with an incident plane wave at normal incidence, calculated analytically with the
exact modal method as described in the appendix. The propagating mode is clearly
not excited at all, but evanescent modes with exponentially decaying field profiles
are visible near the interface. Since the propagating mode is not excited and the
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system is lossless, all power is reflected.
As mentioned in the introduction, systems supporting only an antisymmetric

propagating mode cannot be excited by a symmetric mode, such as a plane wave
at normal incidence. In order to excite an antisymmetric mode, the symmetry of
the incident wave has to be broken, which can be achieved by exciting the structure
from an oblique angle of incidence. Fig. 9.1d shows the calculated field distribution
near the interface for a plane wave incident at 70◦. Two features are evident: due
to a low coupling efficiency at the interface the incident plane wave is partially
reflected, leading to an interference pattern observed in free space. Secondly, for
this geometry the propagating waveguide mode is excited with a significant am-
plitude. Since the waveguide mode has a negative mode index, the wavefronts
refract negatively, as can be clearly seen in the figure. For an angle of incidence
of θi = 70◦, the waveguide mode index is β/k0 =−3.12, where β is the propagation
constant in the metamaterial and k0 = 2π/λ0 is the wavenumber in free space. This
mode index results in a refraction angle of θi = −17.5◦. Nevertheless, the high
gradients of the mode field profile, as can be seen in Fig. 9.1b, limit the excita-
tion efficiency of this waveguide mode by a plane wave. As discussed above, at
normal incidence the transmitted power T = (β1/β2)|t12|2 equals zero, where t12

is the complex transmission coefficient. At around an angle of 70◦ transmission is
maximum at approximately T = 0.5.

9.3 Antireflection coating design

9.3.1 Normal incidence

To improve transmission into the multilayer structure for arbitrary angles of inci-
dence, we use a dielectric grating structure between the air half space and the wave-
guide array as an intermediate coupling layer that allows us to tailor the overlap
between the incident field and the waveguide mode. A general expression for the
reflectivity of a two interface system is given by Airy’s formula for reflection [315]:

rtot al =
r12 + r23 exp(2iβ(2)

1 d2)

1+ r12r23 exp(2iβ(2)
1 d2)

. (9.1)

In Eq. 9.1 β(2)
1 is the propagation constant in region 2 (which now refers to the

coating) and the subscripts i j on r refer to the reflection coefficient from medium
i into medium j (i.e. r12 is the reflection coefficient from air to coating, and r23

is the reflection coefficient from the interface between coating and metamaterial).
From Eq. 9.1 it is clear that total destructive interference is achieved when |r12| and
|r23| are equal and the thickness d2 is properly chosen so that the two terms in the
numerator are π out of phase [305]. For homogeneous planar media, this condition
is satisfied when the coating has a quarter wavelength thickness and the refractive
index equals n2 = p

n1n3. In our case, however, an inhomogeneous geometry is
required. Figure 9.2a shows a sketch of the proposed coupling layer geometry: a
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Figure 9.2: Properties of the metamaterial anti-reflection coating. a. Schematic
of the anti-reflection coating metamaterial in contact with the metal-dielectric
metamaterial. The displacement between the two metamaterials is signified by
∆ and measures the distance from the center of the two low dielectric cores. b.
The magnetic field profile of the propagating mode in the coupling layer with
εH = 20.25, εL = 1, ρH = 0.87, and a 65 nm unit cell size. The propagation constant

of the eigenmode is β(2)
1 = 43.85 µm−1.

periodic multilayer with high-permittivity dielectric blocks with width dH and per-
mittivity εH , alternated with low-permittivity blocks with width dL and permittivity
εL in a unit cell with size a. If we match the unit cell size to the metamaterial, a = 65
nm, we find that for εH = 20.25 and εL = 1 there is only one propagating mode. This
mode is symmetric, and as a result it can be efficiently excited from free-space. By
varying the filling fraction of the high-index dielectric (ρH = dH /a) the reflectivity
of the air/coupling layer interface can be controlled, which gradually changes from
R = 0 when ρH = 0 to R = 0.4 as ρH = 1, where R is the reflected power (R = |r12|2).
We take an air/coupling layer reflectivity of R = 0.2, which corresponds to a filling
fraction ρH = 0.87. The field profile of the corresponding eigenmode is shown in
Fig. 9.2b and has a propagation constant of 43.85 µm−1.

The reflectivity of the coupling layer/metal-dielectric waveguide array inter-
face may be controlled by displacing the coupling layer with respect to the metal-
dielectric waveguide array. Such a displacement is necessary, considering that the
propagating mode in the coupling layer is still symmetric, and as a result it cannot
excite the antisymmetric mode if the unit cells of the two regions are symmetrically
aligned. However, if we displace the coupling layer with respect to the substrate,
this symmetry is broken, and the negative index waveguide mode can be excited.
This displacement ∆ is defined as the shift between the center of the low index
layer of the dielectric grating and the center of the dielectric slab in the metal-
dielectric array (see Fig. 9.2a). The reflectivity of the coupling layer/metal-dielectric
waveguide array interface is determined through numerical finite-difference time-
domain simulations (Lumerical FDTD, [140]), because the exact modal method
does not converge well for this problem (see appendix for discussion). The results
are shown in Fig. 9.3a, where the reflectivity r23 is plotted as a function of the
displacement ∆. A small imaginary part of the dielectric constant of the metal (ε=
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−3.5+0.01i ) was required for the stability of the simulations. This small amount of
loss in the metal does not significantly affect the coupling process compared to the
lossless system.

It is clear from Fig. 9.3a that the reflectivity is strongly modulated by the dis-
placement, with reflections in the range of |r23|2 = 0.1−1. We observe particularly
strong variations in reflection for a displacement between 5 and 7 nm, where the
interface between the high and low index region of the dielectric grating crosses
the metal/dielectric interface in the substrate. For∆= 0 nm and∆= a/2 = 32.5 nm,
the coupling layer is symmetrically oriented to the substrate, indeed preventing
excitation of the antisymmetric mode.

For a displacement ∆ = 7.8 nm the reflectivity |r23|2 = 0.2, which matches the
reflectivity of the air/coupling layer interface. Then, in order to achieve full trans-
mission of the incident wave to the metamaterial array, the thickness of the coating
layer has to be tuned such that the roundtrip phase pick-up isπ. Contrary to simple
lossless homogeneous media, the phase shift upon reflection at the interfaces of
the system under study generally will be different than 0 or π, because energy is
temporarily stored in evanescent fields close to the interfaces. Figure 9.3b shows
the simulated reflectivity |rtot al |2 as a function of the coupling layer thickness. As
expected, a clear periodic modulation of reflectivity is observed. Based on the
propagation constant of the waveguide mode in the coating (β(2)

1 = 43.85 µm−1),

we expect a modulation period of π/β(2)
1 = 72 nm, which agrees well with Fig. 9.3b.
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Figure 9.3: Reflection as a function of metamaterial coating displacement
and thickness. a. Simulated reflectivity (at λ0 = 450 nm) of the coupling
layer/waveguide array interface as a function of displacement ∆. The coupling
layer is defined by εH = 20.25, εL = 1, ρH = 0.87, and the unit cell size is a = 65
nm. The waveguide array is the same as in the above. b. Simulated reflectivity of
the combined coupling layer and waveguide array for ∆ = 7.8 nm with changing
coupling layer thickness L. Clear oscillations are visible, corresponding to a
standing wave in the coupling layer. The two local maxima in reflection are not
equal in amplitude due to the influence of evanescent waves in the coupling layer.
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Because of the very small thickness of the coupling layer, the evanescent fields
do not completely decay between the two interfaces, resulting in a different peak
reflectivity for the two local maxima. For a coating layer thickness of L = 86 nm,
a normally-incident plane wave is completely transmitted to the antisymmetric
mode of the metal-dielectric waveguide array. In contrast, without coupling layer
this waveguide mode cannot be excited at all at normal incidence.

The complete transmission into the metal-dielectric waveguide array is clearly
visible in Fig. 9.4a, which shows a normally-incident plane wave incident on the
optimized geometry. The dashed lines indicate the locations of the interfaces. The
incident field is visible above the coupling layer. The magnetic field distribution
in the coupling layer shows a periodic modulation with maxima in the high-index
dielectric, and is clearly symmetric. In contrast, the field distribution in the meta-
material substrate is clearly antisymmetric. Due to the displacement of the sym-
metric field distribution in the coating with respect to the antisymmetric fields
in the substrate, the symmetry constraint is relaxed and efficient excitation of the
antisymmetric mode is possible. By tuning the coating layer thickness a condition
can be found where destructive interference prevents any reflection, leading to
perfect transmission.

9.3.2 Angle dependence

Just as with a regular anti-reflection coating, transmission remains large up to very
high angles: Fig. 9.4b shows the magnetic field distribution for an angle of in-
cidence of 70◦, in which case 85% of the incident power is transmitted into the
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Figure 9.4: The angle dependence of the metamaterial anti-reflection coarting. a.
Simulated field profile at normal incidence. As is clear, the incident plane wave now
very effectively couples to the antisymmetric waveguide mode. b. Field profiles for
a plane wave at an angle of incidence of 70◦. c. Reflectivity from the total system
as a function of angle of incidence (red). As a reference, the reflectivity of the bare
multilayer substrate is also shown (blue).
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substrate. Fig. 9.4c shows that the reflectivity indeed remains low for a large range
of angles: |rtotal|2 < 0.15 for θi < 70◦. In contrast, reflection off of the bare waveguide
array does not go below 50% and is minimum at 70◦ (see also Fig. 9.1d). Interest-
ingly, the reason for the low reflectivity over a broad angular range in the presence
of the coupling layer is that the field overlap between the dielectric grating and
the multilayer substrate is affected very little by changing the angle of incidence,
due to the subwavelength periodicity: the field profile in all layers experiences the
same lateral phase gradient exp(i kx x). On the other hand, the increase in reflec-
tivity at oblique angles is because the condition for destructive interference is no
longer fulfilled due to: (1) the angle dependence of the mode index, which changes
the optical path length , and (2) the reflection coefficient of the first interface in-
creases. These reasons also cause higher reflectivity at oblique angles in regular
anti-reflection coatings.

While the proposed structure behaves very similar to a regular anti-reflection
coating in terms of the angle response, the frequency response will most likely be
different. For homogeneous media anti-reflection coatings typically operate over
a broad frequency range, given that material dispersion is limited (as is the case in
e.g. glass and silicon above 500 nm). Here, however, the reflectivity of in particular
the coating-metamaterial interface may be expected to vary more strongly with fre-
quency due to mode dispersion, thereby possibly limiting the operation bandwidth
of the anti-reflection coating.

9.4 Discussion and conclusion

We have demonstrated that it is possible to achieve perfect transmission into the
bulk metamaterial, as long as a coating layer can be found that satisfies |r12| = |r23|.
However, even in the case that this condition is not satisfied, significant trans-
mission enhancements can be achieved. This becomes evident if we look at the
equation for minimum reflectivity Rmin of such a multilayer system [315]:

Rmin =
∣∣∣∣ r12 − r23

1+ r12r23

∣∣∣∣2

. (9.2)

For example, it is possible that the coating/metamaterial interface remains very
reflective (r23 = 0.99) due to extremely high field gradients that cannot be efficiently
matched by the low field gradients in a dielectric coating layer. Even if the reflectiv-
ity of the air/coating interface is very low (r12 = 0.2, like glass), a total transmission
of 1−Rmi n = 0.56 is still achieved. Hence, even if perfect transmission is not attain-
able, significant transmission enhancements can still be achieved.

Finally, it is interesting to note that the two functions of the metamaterial anti-
reflection coating (spatial engineering of the fields at the interface and tuning the
propagation length to achieve destructive interference) does not necessarily re-
quire that the entire coating is inhomogeneous. For instance, one can also engi-
neer the fields at the interface through e.g. a plasmonic metasurface [171], which
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allows for strong field gradients, and use a homogeneous coating on top of the
metasurface to achieve destructive interference. Such an approach may also be
more straightforward to realize experimentally.

To conclude, we have proposed a method to enhance transmission from a plane
wave into a planar complex metamaterial with a complex field profile. We achieve
this by using an appropriately structured anti-reflection coating, which allows for
efficient excitation of complex field profiles through spatial engineering of the field
profile at the interface. In an example we show that by optimizing the relative
displacement between a coupling layer and a waveguide array, and by changing the
coupling layer thickness, even perfect transmission into the antisymmetric mode
of the waveguide array can be achieved at normal incidence. High transmission is
also observed for a broad range of angles: 100% at normal incidence and as high
as 85% at a 70◦ angle of incidence. Our results show that a thin metamaterial layer
can be used as an efficient anti-reflection coating, enabling efficient transmission
into structures with a complex field profile. In this chapter we have shown how
this may be applied to facilitate coupling to a waveguide array, but this approach
may generally apply to any structure with a non-uniform field profiles, such as
plasmonic waveguides, metamaterials with hyperbolic dispersion, epsilon-near-
zero response, materials with an effective negative index response, and optical in-
terconnects.

9.5 Supplementary Information

9.5.1 The modal method

Here we describe the modal method used to numerically calculate the transmission
and reflection from an interface between a homogeneous and a stratified medium,
or between two stratified media [188]. To calculate the reflection and transmission
coefficients for inhomogeneous media, we need to expand the field in each region

j into its eigenmodes |ψ( j )
n 〉, as:

H ( j )
y (x, z) = H0

∞∑
n=0

ane iβ
( j )
n z |ψ( j )

n 〉 . (9.3)

In Eq. 9.3, the superscript refers to the region j , β( j )
n is the propagation constant

of the nth eigenmode and an is the corresponding complex amplitude. Using Am-
pere’s law we find for E:

E ( j )
x (x, z) = E0

i

ε j (x)

∞∑
n=0

anβ
( j )
n e iβn, j z |ψ( j )

n 〉 . (9.4)
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These eigenmodes in each region j are defined such that they are orthonormal
under the pseudo-inner product [316, 317]:

〈ψ( j )
m |ψ( j )

n 〉ε = 〈ψ( j )
n | 1

ε j (x)
|ψ( j )

m 〉 =
a/2∫

−a/2

1

ε j (x)
(h( j )

y,n(x))∗h( j )
y,m(x)d x = δnm ,

(9.5)

where ε j (x) is the dielectric constant as a function of position and the asterisk
denotes complex conjugation. Note that the pseudo-inner product differs from
the normal inner product because it includes 1/ε j (x) as a weighting function. In
free space the eigenmodes are simply plane wave harmonics for normal incidence:

|ψ( j )
n 〉 = exp(i n 2π

a x)/
p

a, where a is the periodicity. In the stratified medium, the
expansion is performed using the waveguide modes of the geometry, which are
found by solving the interface boundary conditions in a periodic unit cell [311,
318]. Note that this orthonormality condition holds only for lossless systems, but
that systems with significant losses can also be treated analytically by applying
the modal expansion method through an adjoint definition of the pseudo-inner
product [319].

The transmission and reflection amplitudes of a wave impinging on an interface
at z = 0 can then be calculated by making use of the continuity of tangential fields
[190]:

H(1)(z = 0)× n̂ = H(2)(z = 0)× n̂ (9.6a)

E(1)(z = 0)× n̂ = E(2)(z = 0)× n̂. (9.6b)

Here n̂ is the normal vector to the interface and the superscripts refer to the two
half spaces. By substituting Eqs. 9.3 and 9.4 into the continuity Eqs. 9.6a and 9.6b
we find the following equations:

∞∑
m=0

(a+
m +a−

m) |ψ(1)
m 〉 =

∞∑
n=0

b+
n |ψ(2)

n 〉 (9.7a)

i

ε1(x)

∞∑
m=0

β(1)
m (a+

m −a−
m) |ψ(1)

m 〉 = i

ε2(x)

∞∑
n=0

b+
nβ

(2)
n |ψ(2)

n 〉 . (9.7b)

Here an and bn are the mode amplitudes in medium 1 and 2 respectively, and the
upper sign identifies forward and backward propagating amplitudes. Making use
of the orthonormality condition in Eq. 9.5 we can transform Eq. 9.7 into coupled
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equations for the amplitudes:

a+
m +a−

m =
∞∑

n=0
b+

n 〈ψ(1)
m | 1

ε1(x)
|ψ(2)

n 〉 (9.8a)

a+
m −a−

m =
∞∑

n=0
b+

n
β(2)

n

β(1)
m

〈ψ(1)
m | 1

ε2(x)
|ψ(2)

n 〉 . (9.8b)

To solve this system numerically we truncate the infinite series at a certain integer
l , typically around 50. This leads to the matrix equation:(−Il×l B(1)

m,n

Il×l B(2)
m,n

)(
a−
b+

)
=

(
a+
a+

)
, (9.9)

where Il×l is the identity vector and the elements of the B matrices are given by:

B (1)
m,n = 〈ψ(1)

m | 1

ε1(x)
|ψ(2)

n 〉 (9.10a)

B (2)
m,n = β(2)

n

β(1)
m

〈ψ(1)
m | 1

ε2(x)
|ψ(2)

n 〉 . (9.10b)

The elements of a+ in Eq. 9.9 are known, as this is the incident field which is
given by a single plane wave. Such a linear system is easily solved numerically. We
can relate these mode amplitudes to the reflection and transmission coefficients
through r12 = a−/a+ and t12 = b+/a+. In the case of the interface between free
space and a stratified medium, these equations simplify to:

B (1)
m,n = 〈ψ(1)

m |ψ(2)
n 〉 (9.11a)

B (2)
m,n = β(2)

n

k(m)
z

〈ψ(1)
m | 1

ε2(x)
|ψ(2)

n 〉 , (9.11b)

where k(m)
z is the component of the free space wave vector along the z direction for

the mth diffracted order. The free space eigenmodes are given by:

|ψ(1)
m 〉 = exp(i (kx +m

2π

a
)x). (9.12)

In this case the summation runs over negative indices as well, such that one sums
from m =−l /2 to m = l /2 (for even l ).

9.5.2 Convergence

When solving for an interface between two stratified media, this formalism often
shows very poor convergence. The reason is that due to the discontinuities in the
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9 Generalized anti-reflection coatings for complex bulk metamaterials

permittivity strong Gibbs oscillations arise in the finite expansions. When expand-
ing two discontinuous bases on each other, as is essentially done in Eq. 9.9, this
leads to artificially large amplitudes for high harmonics. The rigorous coupled
wave analysis formalism (RCWA) (or the Fourier modal method (FMM)), which
is intricately related to the exact eigenmode expansion [320], encountered similar
convergence problems for TM polarization [321]. Convergence can be improved
significantly by using a basis that is not affected by the discontinuities in ε, such as
Gegenbauer polynomials [322].
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10
Applications

In this dissertation we have investigated how nanophotonic engineer-
ing can affect the efficiency of solar cells, and how to experimentally
investigate photovoltaic devices on the nanoscale. In this chapter,
we present two applications that are inspired by these themes. In
Section 10.1 we present possible ways to incorporate integrating
sphere microscopy into commercial systems, enhancing the ease-of-
use, and propose an extension of the technique. In Section 10.2 we
study the escape probability in macroscopic solar cells, and design a
structure that simultaneously achieves high absorption over a broad
range of wavelengths and a large escape probability for luminescence,
both of which are crucial for high efficiency photovoltaics.

10.1 Integrating Sphere Microscopy in commercial
systems

In Chapter 5 we introduced integrating sphere microscopy, a single nanoparticle
spectroscopy technique to determine the absorption cross section quantitatively.
It relies on directly measuring all of the power that is not absorbed by the nanopar-
ticle, enabling determination of the power that is absorbed. The technique com-
bines two elements: a long working distance objective to focus the light, and an
integrating sphere to surround the sample and collect scattered light. Here we will
present approaches to make integrating sphere microscopy an add-on feature in
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two different commercial systems: a microscope and a ultraviolet/visible spectro-
meter (UV-VIS).

10.1.1 UV-VIS spectrometer

Integrating sphere measurements are commonly performed on macroscopic sam-
ples that scatter strongly, such as colloidal suspensions, powders, and textured so-
lar cells [48, 194, 195, 211, 227, 239, 240]. Integrating spheres are often applied in
an ultra-violet/visible spectrophotometer, to determine the absorbance of strongly
scattering samples. A simplified schematic of a common design of a UV-VIS spec-
trometer is shown in Fig. 10.1a, based on the Perkin-Elmer Lambda series. Light
originates from a tungsten (W) or deuterium (D2) lamp, depending on which part
of the spectrum is required. The light is monochromated by a grating monochro-
mater and then sent through a beam splitter, with half of the incident power in-
teracting with the sample inside the integrating sphere, and the other half is used
for a reference measurement. Variations exist where a reflective chopper wheel
is used to alternate illumination of the reference photodiode and the sample, or
where there is no reference photodiode, and the reference has to be measured by
removing the sample.

Since many UV-VIS spectrometers already ship with an integrating sphere or
have it as an upgrade option, they are a natural host to accommodate integrating
sphere microscopy. This requires combining the setup shown schematically in Fig.
10.1a with a long working distance (WD) objective compatible with the integrating
sphere size. The Perkin-Elmer Lambda series is shipped with a 150 or 60 mm diam-
eter integrating sphere, where the sample can be mounted on the rear (for quanti-
tative reflectance measurements), or in the center (for absorption measurements).
For the 60 mm sphere with the sample mounted in the middle a microscope objec-
tive with a working distance of at least 30 mm is required, which leaves the Mitutoyo
M Plan Apo HR NIR series 5X and 10X objectives as options (WD=37.5 mm and
30.5 mm respectively). These objectives have numerical apertures of 0.14 and 0.26,
enabling high spatial resolutions (depending on the coherence of the source, but
this can be improved through spatial filtering). Furthermore, these objectives are
wavelength-corrected from 480 to 1800 nm, so that use can be made of the large
operating bandwidth of UV-VIS spectrometers.

In UV-VIS spectrometers the sample is typically mounted at a fixed position,
without the ability to scan the sample position. Scanning the sample with respect
to the focused spot position is crucial for integrating sphere microscopy, because it
is otherwise virtually impossible to obtain an absorption measurement on a single
nanoparticle. Alternatively, measurements can be obtained using wide-field exci-
tation, but these then are typically no longer single particle, nor spatially resolved
[196]. Aside from adjusting the sample mount to enable spatial scanning, it is also
possible to scan the focal point position by changing the angle of incidence on the
back-aperture of the objective. This is perhaps most conveniently done in a “4f”
design, where a mirror is adjusted to change the angle of incidence, but two lenses
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Figure 10.1: Integrating sphere microscopy in a UV-VIS spectrometer. a. A
simplified schematic of a typical UV-VIS spectrometer. Light comes from a
tungsten or deuterium lamp and is sent to a monochromator, after which narrow
band light is sent through a beam splitter. Half of the beam goes to the integrating
sphere and interacts with the species, while the other half is measured as a
reference signal. b. The typical UV-VIS setup modified to accomodate integrating
sphere microscopy. A third photodetector is required to measure the reflected
signal, and a microscope objective is placed in front of the integrating sphere. c. To
enable scanning of the focused spot a “4f” approach can be used: with a 2-axis
rotating mirror and 2 lenses it is possible to change the angle of incidence on the
back aperture of the objective, without changing the center position of the beam
on the back aperture. Due to the change of angle of incidence the position of the
focused spot in the focal plane thus changes, enabling scanning.

placed their focal distances apart ensure that the back aperture remains homo-
geneously filled (see Fig. 10.1c) [323]. Such an approach is sometimes also used
to modulate the beam position as a means to obtain high sensitivity in extinction
measurements [324].

10.1.2 Inverted microscope

The other starting point to implement integrating sphere microscopy in a commer-
cial system is a microscope. Fig. 10.2a shows a schematic depiction of an integrat-
ing sphere mounted on an inverted microscope, which are popular for dark-field
spectroscopy [81, 325], near-field spectroscopy [28, 326], extinction (transmission)
spectroscopy [95, 98, 327, 328], and many other techniques. Fig. 10.2b shows a
close-up schematic near the integrating sphere, with the long working distance
objective visible below the integrating sphere. The top of the integrating sphere
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Figure 10.2: Integrating sphere microscopy in an inverted microscope. a.
Perspective schematic drawing of an integrating sphere incorporated into an
inverted microscope. b. A close-up of the area of interest. The sample (1) is
attached to the sample holder (2), which itself is mounted on the microscope
scanning stage (4). The bottom half of the integrating sphere (5) is mounted
at a set position from the long distance microscope objective (6). The top half
of the integrating sphere (7) comes down to close the integrating sphere, and a
photodetector on top of the integrating sphere detects the non-absorbed intensity
(8).

can be lifted to facilitate sample loading. Scanning the sample is relatively more
straightforward in this scenario, as most microscopes are equipped with an electri-
cally controlled stage.

Extinction spectroscopy

A large benefit of the inverted microscope setup is that it is straightforward to col-
lect the excitation beam with another objective, enabling extinction or transmis-
sion spectroscopy measurements [95, 325, 327, 328]. Combining extinction mea-
surements with an integrating sphere to collect the scattered light allows for quan-
titative determination of both the absorption and extinction cross section, which so
far can only be done for dipolar scatterers using an interferometric technique [89].
Similar experiments have been done without an integrating sphere but with a dark-
field objective, but in that case the result can only be made quantitative by making
assumptions on the scattering pattern [325]. With two 37.5 mm working distance
objectives there is sufficient space to fit a 60 mm integrating sphere in between,
and the solid angle of excitation and collection is sufficiently low to simulate plane
wave extinction (see Fig. 10.3 for a schematic drawing of a suggested approach).

For a small particle the extinction cross section is related to the collected power
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Figure 10.3: Extinction spectroscopy combined with an integrating sphere. In
the common quantitative extinction spectroscopy experiment two objectives are
aligned facing each other, with one objective exciting a nanoparticle, and the other
objective collecting the transmitted light. From the transmitted light the extinction
cross section can be determined. Here we propose combining the common
extinction spectroscopy experiment with an integrating sphere (the photodetector
in Fig. 10.2 has to be moved to the side). In such a setup quantitative extinction,
scattering, and absorption measurements can be performed simultaneously.

in transmission via:

σext = 2Pext

πw2 , (10.1)

where the extinct power Pext is determined from a reference measurement where
the nanoparticle is not in the beam and w is the beam waist. A similar equation
exists for the scattering cross section, but the scattered power is approximately
determined as:

Psca ≈ PR/P cal
R +PIS/P cal

IS −C , (10.2)

where C is a correction constant for the background reflection. The reflection sig-
nal is simply calibrated with a mirror, as is done in the current approach, but the
integrating sphere signal is harder to calibrate as in absence of a particle the there
ideally should be no signal at all. However, calibration could be done with non-
absorbing scattering particles, such as silica beads. In this case the scattered power
and extinction should be equal. Replacing the photodetectors by spectrometers
and using a broadband laser for excitation enables rapid characterization over a
broad spectral range.
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10.1.3 Conclusion and discussion

We have presented two possible approaches to incorporate integrating sphere mi-
croscopy as an additional feature on existing commercial products. First we dis-
cussed UV-VIS spectrophotometers, which are frequently used to measure the ab-
sorption or extinction on macroscopic samples such as powders or colloidal sus-
pensions over a very large bandwidth. As a result most of the infrastructure re-
quired for integrating sphere microscopy is already there: a broadband light source,
an integrating sphere, and two out of three photodetectors. The largest downsides
may be that scanning the sample is not straightforward, and may require modifying
the integrating sphere further or adding a “4f” beam scanning system. Additionally,
the coherence of the source may be an issue in achieving high spatial resolution,
but at the cost of incident power the coherence can be enhanced through filtering.

The second option we discussed is to add an integrating sphere as an add-on to
an inverted microscope. The largest benefit in this case is that the technique can
even be extended to combine integrating sphere microscopy with extinction spec-
troscopy, so that direct and quantitative measurements of extinction, scattering,
and absorption cross of arbitrary particles can be achieved.
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10.2 Reducing photon recycling in large scale solar
cells

The output power of a solar cell is given by the product of its current and voltage. To
optimize the efficiency of such a device it is therefore crucial to achieve both high
currents and voltages. Here we will discuss an approach to optimize the voltage of
a solar cell utilizing nanophotonics, while maintaining high currents. The open-
circuit voltage (Voc) of a solar cell is proportional to the maximum voltage V rad

oc
according to [162, 163]:

Voc =V rad
oc +VT log(ηext), (10.3)

where VT = 25.9 mV is the thermal voltage, and ηext is the probability that a recom-
bination event in the solar cell leads to an external photon. ηext is given by [130]:

ηext =
ηintpesc

1+pabsηint
(10.4)

where ηint is the probability that a recombination event is radiative, and pesc and
pabs are the probabilities that a photon originating from a radiative recombination
event escapes or is reabsorbed. These two probabilities are related via the parasitic
absorption probability, ppar+pabs+pesc = 1, which is the probability that a photon
is absorbed somewhere where it does not lead to a new electron-hole pair, such as
in a metal contact or back reflector.

In planar solar cells the escape probability is lower than ∼ 1/2n2, where n is
the refractive index of the substrate, due to trapping of the light in the high index
semiconductor when it is emitted outside of the critical angle [130]. If the internal
quantum efficiency is not unity, which is the case for most practical materials, this
leads to significant penalties in the Voc, due to increased non-radiative recombina-
tion from reabsorption events. Enhancing the escape probability can therefore lead
to significant enhancements in the performance of a photovoltaics device [130, 131,
162, 329], in particular at low ηint where ηext ≈ ηintpesc.

While an increase in pesc increases the Voc, actually enhancing the overal con-
version efficiency is harder, because the Jsc must be kept very high. For example, in
an InP solar cell with Voc = 900 mV a tenfold increase in pesc leads to a Voc increase
of ∼ 6%. For there to be a net benefit to the conversion efficiency, the Jsc therefor
has to remain above 94% of its initial value. Hence, for practical purposes it is
crucial to demonstrate that both high Jsc and high pesc can be achieved simulta-
neously.

Here we present a nanophotonic approach to simultaneously achieve very
large currents and very large escape probabilities. A nanophotonic structure that
demonstrates extremely high absorption over a broad wavelength range is the
tapered nanowire geometry [54, 227]. Fig. 10.4a shows the dimensions of the array
under consideration, together with the electric field intensity at λ= 844 nm. From
the field intensity plot it is clear that even at wavelengths close to the band gap
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Figure 10.4: Tapered nanowire absorbers. a. Field intensity distribution at λ= 844
nm, shown with the dimensions of the array. b. Absorption, transmission, and
reflection spectra for the array.

(λBG ≈ 930 nm) the light is strongly absorbed. The full absorption spectrum under
normal incidence is shown in Fig. 10.4b, with absorption over 90% almost over the
entire range of the solar spectrum.

10.2.1 Escape probability

We use finite-difference time-domain to investigate the escape probability of pho-
tons from recombination events in this geometry (Lumerical FDTD, [140]). We
encounter two problems when attempting such a simulation: first of all, the array is
infinite in size, while we are interested in the emission event corresponding to one
dipole. It is therefore not possible to use periodic boundary conditions, although
in principle this can be accounted for with an “array scanning method” [330, 331].
However, here we estimate the escape probability here by simulating 7×7 unit cells.
By recording the power flow through the edge of the simulation volume we place a
range of accuracy on our estimate, since that power is not yet absorbed, nor has it
escaped.

The second issue with using FDTD is determining the injected power Pinj. While
most FDTD clients have a routine to determine the injected power in lossless envi-
ronments, so that for example Purcell factors can be calculated, these appear to fail
when the dipole is placed in a lossy environment. Here we circumvent this problem
by measuring the transmission through an imaginary box very close to the dipole
(total size 40 nm), and we take this as the injected power (see inset in Fig. 10.4a). In
that sense our determination of pesc is thus an upper limit, ignoring reabsorption
events happening very close to the emission location. More accurate results are
thus obtained for smaller box sizes, but at the same time at least 5 mesh cells are
required between the dipole and field monitors for converging results.
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Figure 10.5: Determining the escape probability in a nanowire array. a. The
weighting function used to relate escape probability simulations at different
frequencies, which is the internal luminescence spectrum. The inset schematically
shows how the injected power is determined: a transmission box is placed around
the source, with minimal spacing, and the transmitted power is assumed to the
injected power. b. The obtained escape probability for the nanowire array and a
planar reference. The size of the bars depicts the uncertainty in our estimation
due to power that was neither reabsorbed nor escaped, but entered the perfectly
matched layers at the edge of the simulation volume. The inset schematically shows
escape probability sampling locations, where the circles are nanowires and the red
dots refer to dipole positions.

We estimate pesc by calculating:

pesc =
∫ ω2

ω1

Pesc

Pinj
W (ω)dω (10.5)

whereω1 andω2 are the smallest and largest simulation frequency, Pesc is the power
emitted into free space, and W (ω) is a weighting function to capture the emission
spectrum, based on the van Roosbroeck-Shockley equation [179]:

W (ω) = α(ω)Re{n(ω)}2

π2c2

ω2

exp(ħω/kB T )−1
(10.6)

where α is the absorption coefficient, n is the complex refractive index, kB is the
Boltzmann constant, c is the speed of light, and T is the temperature (300 K). We
calculated pesc for 503 dipole positions and orientations in the single nanowire,
sampling the bulk of the nanowire with 40 nm spacing as shown in the inset of Fig.
10.5b. The blue data points points show the results for the nanowire array (with
the range depicting the fraction of power leaving the simulation volume through
the edge). The red dots show the corresponding pesc near a planar interface, which
is significantly lower and is indeed close to 1/4n2 near the interface. The escape
probability peaks at roughly 16%, an enhancement of 8 times compared to 1/4n2.
The corresponding enhancement in ηext has been verified experimentally by etch-
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ing the array into an InP wafer, indeed demonstrating an enhancement in ηext of a
factor 14 despite the significantly increased surface area [332].

The 8-fold enhancement in pesc is very large considering previously achieved
enhancements. For example, an enhancement of 3.4 has been shown in organic
light emitting diodes [333], and we estimate that an enhancement of roughly 4
has been achieved through random texturing in semiconductor layers [334]. The
large escape probability in these nanowires may originate from the excitation of
guided modes [183, 335], which are then adiabatically transformed into poorly con-
fined guided modes via the tapering, facilitating transfer to free space [336, 337].
However, due to the lack of a back-reflector the escape probability is still severely
limited: approximately half of the photons are emitted downward instead of up.
This leads to large parasitic absorption rates in the substrate, which reduce the
Voc. In fact, for planar solar cells on a native substrate the recombination current
is approximately (1+n2) times higher than when the solar cell is fabricated directly
on a good back reflector, due to the large density of optical states in the substrate
[338]. By itself this already reduces the maximum Voc by 66 mV for n = 3.5. The back
reflector is thus a crucial element in any high efficiency photovoltaic device [130,
131]. Fortunately, while nanowires are typically grown epitaxially on a substrate (or
etched into a substrate), they can be transferred using a polymer peel-off procedure
[237, 339–342]. Furthermore, not only the Voc would benefit: from Fig. 10.4 it is
clear that the largest fraction of power that is not absorbed is in fact transmitted
into the passive InP substrate. Hence, replacing the substrate by a mirror can also
significantly enhance the Jsc.

10.2.2 Conclusion and discussion

To conclude, we have shown that it is possible to achieve very high pesc and high Jsc

at the same time, both of which are crucial for high efficiency photovoltaic devices.
The nanowire geometry provides a perfect platform because it facilitates more con-
trol over the direction of spontaneous emission: while in a semiconductor slab
the emission is unidirectional, resulting in only a small fraction of emission within
the escape cone defined by the critical angle, in nanowires spontaneous emission
largely excites guided modes. These guided modes are traveling towards free space,
where they experience only very little reflection, or towards the passive substrate.
As a result, even larger enhancements in pesc can be achieved by combining a
nanowire array with a back reflector such as a mirror.

Additional mechanisms to enhance the escape probability may exist as well.
For example, in Chapter 6 we saw that InP in the wurtzite crystal structure has
an anisotropic refractive index. This anisotropy may be utilized to enhance the
escape probability significantly, by aligning the lowest energy transitions so that
they radiate towards free space.
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Summary

The conversion efficiency of a solar panel is the most important lever in the cost of
electricity it produces. For photovoltaics to make a significant and lasting impact
as a renewable energy resource, the electricity costs have to decrease, and the con-
version efficiency therefore has to increase. This is the primary goal of photovoltaic
research, which combines fascinating aspects of solid state physics, materials sci-
ence, thermodynamics, electrodynamics, and more recently, nanophotonics.

The field of nanophotonics aims to understand and manipulate the interaction
of light and matter at the nanoscale. Since this interaction is at the heart of the
photovoltaic energy conversion process, it is only natural that nanophotonics can
play an important role in achieving high efficiencies. This thesis brings together
experimental and theoretical contributions aimed at deepening the understanding
of how nanophotonics can enhance photovoltaic conversion efficiencies. In partic-
ular, we focus on the photovoltage that a nanoscale solar cell can generate, both in
the ideal case and with practical limitations.

We begin with theoretical investigations of a number of nanophotonic mech-
anisms that can enhance the efficiency of a photovoltaic device. We then present
a new experimental technique to measure quantitatively the absorption cross sec-
tion of a single nanostructure. Using our experimental technique, we characterize
the limits and performance losses of a nanoscale photovoltaic device in detail. We
then investigate theoretically and experimentally the optical and electrical prop-
erties of metal-semiconductor core-shell nanowires, which can have very strong
absorption in very thin layers of semiconductor. Next, we design a perfect anti-
reflection coating for a metamaterial that under normal circumstances does not
permit light to enter at all. Finally, we present two applications based on central
themes in this thesis.

In Chapter 2 we investigate the photovoltaic response of single nanoparticles.
To do so, we extend the detailed balance framework pioneered by Shockley and
Queisser to the single nanoparticle regime. We find that, contrary to expectations,
a large absorption cross section is not equivalent to macroscopic concentration. A
large absorption cross section by itself can therefore not be used to increase effi-
ciency beyond the Shockley-Queisser limit. Instead, directivity in the absorption
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pattern is required for nanostructures to break such a limit. This discrepancy arises
due to the differences between geometric and wave optics. We continue by dis-
cussing fundamental limitations to the achievable directivity in a nanostructure,
and how directive structures can be designed. Finally, we discuss how the presence
of non-radiative recombination affects nanophotonic strategies to increase conver-
sion efficiencies.

In Chapter 3 we extend the theoretical investigation of single nanostructures to
periodic arrays of nanostructures. Specifically, we investigate a new architecture
that directs different frequencies of sunlight into adjacent nanostructures using
nanophotonic resonances. As a result, a multi-junction solar cell can be fabricated
where different solar cells are placed next to each other instead of stacked on top
of each other. This can help circumvent the current and lattice matching require-
ments that limit current multi-junction solar cells.

In Chapter 4 we investigate the photon escape probability, already introduced
in Chapter 2, in more detail. The photon escape probability describes the odds that
a photon originating from a recombination event inside the solar cell eventually
escapes the solar cell. While this parameter is crucial to understand realistic pho-
tovoltaic devices, there was no known method to determine its value. We present
a rigorous method to perform this calculation, and discuss how nanophotonic ob-
jects and their associated resonances affect the internal and external radiative ef-
ficiencies of a semiconductor material. We find that complex nanophotonic struc-
tures may offer intrinsic benefits over regular planar structures.

The photovoltaic performance of a single nanostructure is ultimately deter-
mined by its absorption cross section spectrum. In Chapter 5 we present a new
experimental and quantitative technique to determine the absorption cross section
of single nanoparticles. The technique, integrating sphere microscopy, is based on
the combination of an integrating sphere with a microscopy objective, resulting
in the direct determination of absorption with high spatial resolution. Contrary
to existing methods, it can be used to determine the absorption cross section of
scattering nanophotonic structures that for instance are strongly luminescent or
generate photocurrent.

We apply integrating sphere microscopy in Chapter 6 to determine for the first
time the internal quantum efficiency and photoluminescence quantum yield of a
single nanowire solar cell. These metrics are closely related to the photocurrent
and photovoltage of the solar cell, and are therefore crucial to understand the per-
formance a photovoltaic device. We also introduce a new quantity, the collection
cross section, that is the nanophotonic equivalent to the external quantum effi-
ciency. The collection cross section has units of area, to account for the strong
wavelength dependence of the effective optical area of nanostructures. Using this
cross section, we determine a thermodynamic upper limit to the performance of
the nanowire, which allows us to quantify the contribution of loss mechanisms
such as non-radiative recombination.

In Chapter 7 we discuss the unique optical properties of metal-semiconductor
core-shell nanowires, which can absorb light very strongly in only very thin layers of
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semiconductors. We show that this strong absorption originates from the ability to
tune resonances into the spectral window where they are most effective. Core-shell
nanowires are therefore interesting candidates for photovoltaic applications, espe-
cially considering the presence of a local metal contact, which facilitates charge
extraction.

We investigate these core-shell nanowires experimentally in Chapter 8. We syn-
thesized core-shell nanowires with a Cu2O shell and silver and gold cores using so-
lution chemistry. We then measure the absorptance of a single core-shell nanowire
with the integrating sphere microscopy technique described in Chapter 5. We find
good comparison with analytical predictions, but also interesting deviations that
may be due to surface roughness. Finally, we fabricate photovoltaic devices based
on these core-shell nanowires, which we investigate using laser-induced current
maps. The diffusion length in the Cu2O is limited, but we show that we can enhance
the extraction length by moving to a metal-semiconductor-metal geometry.

This geometry, a thin dielectric layer sandwiched between two metals, also has
very interesting optical properties. For example, by alternating layers of dielectric
materials and metals, a metamaterial can be realized that has a negative refractive
index. However, in certain circumstances, it can be impossible to obtain trans-
mission into these metamaterials, in particular when the optical properties rely on
antisymmetric eigenmodes of the structure. In Chapter 9 we propose an approach
to design anti-reflection coatings for these metamaterials. We show that, contrary
to regular anti-reflection coatings, these coatings must be nanostructured to be
effective. We demonstrate our approach by enhancing the transmission from 0 to
100% into a metamaterial with an antisymmetric mode with negative phase index.

Finally, Chapter 10 describes two applications that are related to the experimen-
tal and theoretical concepts in this thesis. First, we discuss how to incorporate
integrating sphere microscopy into a UV-VIS spectrometer and into an inverted
microscope. Secondly, we demonstrate how to achieve large photon escape prob-
abilities in structures that at the same time maintain very large absorption over
a wide range of wavelengths. Achieving both at the same time is crucial for high
efficiency photovoltaic devices.

Overall, this thesis provides new fundamental insights into nanoscale photo-
voltaics. We have explored limiting efficiencies and various loss mechanisms from
a theoretical perspective, and developed an experimental technique to quantify
these limits and losses in nanoscale devices. Our findings strengthen the role of
nanophotonics in photovoltaics, and may also be applied in other optoelectronic
devices such as light emitting diodes.
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Samenvatting

Zonnepanelen zijn te duur om een speler te zijn in de mondiale transitie naar een
duurzame energievoorziening. Het rendement waarmee een zonnepaneel zonlicht
omzet in elektrisch vermogen is de belangrijkste factor in deze kosten. Alleen door
zonnepanelen te maken met een hoger rendement, kan de elektriciteit goedkoper
worden geproduceerd. Het behalen van hogere rendementen is dan ook het voor-
naamste doel van onderzoek naar zonnecellen, waarin fascinerende aspecten van
vastestoffysica, materiaalkunde, thermodynamica, elektrodynamica en sinds kort
ook nanofotonica gecombineerd worden. Het onderzoeksgebied nanofotonica be-
studeert en beïnvloedt de interactie tussen licht en materialen op nanoschaal. Deze
interactie vormt het hart van het conversieproces in een zonnecel en daarom kan
nanofotonica een belangrijke rol spelen in het behalen van hogere rendementen.

Dit proefschrift bundelt experimentele en theoretische inzichten in hoe nano-
fotonica die rol precies kan vervullen. We richten ons in het bijzonder op het vol-
tage dat een nanozonnecel kan genereren, zowel in ideale als in realistische scena-
rio’s. Het proefschrift begint met theoretische beschouwingen van een aantal nano-
fotonische mechanismes die het rendement van een zonnecel kunnen verbeteren.
We presenteren daarna een nieuwe experimentele techniek om kwantitatief de ab-
sorptiedoorsnede van een individuele nanostructuur te kunnen meten. Met deze
experimentele techniek beschrijven we vervolgens in detail de verliesmechanismes
en fundamentele operationele limieten van een enkele nanodraadzonnecel.

In het volgende deel van het proefschrift onderzoeken wij de optische en elek-
trische eigenschappen van een nieuw soort nanodraad, zowel theoretisch als ex-
perimenteel. Deze nanodraden hebben een kern van metaal en een schil van half-
geleider. Ze kunnen licht zeer sterk absorberen, zelfs in een heel dunne laag van
halfgeleider. Daarna ontwerpen wij een ideale antireflectieve laag voor een me-
tamateriaal, die onder normale omstandigheden helemaal geen licht toelaat. Tot
slot presenteren wij twee toepassingen gebaseerd op centrale thema’s in dit proef-
schrift.

In hoofdstuk 2 onderzoeken wij de fotovoltaïsche eigenschappen van individu-
ele nanodeeltjes. Om dat te kunnen doen vertalen wij het raamwerk van Shockley
en Queisser naar enkele nanodeeltjes. In tegenstelling tot wat men zou verwachten,
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volgt hieruit dat een grote absorptiedoorsnede niet gelijk is aan “concentratie” zoals
met een lens. Een grote absorptiedoorsnede alleen kan dus niet gebruikt worden
om rendementen boven de zogenaamde Shockley-Queisser limiet te behalen. In
tegendeel, voor nanostructuren is directiviteit in de absorptiedoorsnede nodig om
deze limiet te verbreken. Deze tegenstelling komt voort uit verschillen in geome-
trische optica en golfoptica. We bespreken fundamentele limieten van de directi-
viteit en hoe structuren ontworpen kunnen worden die sterke directiviteit in hun
absorptiepatroon hebben. Tot slot bespreken we hoe niet-stralende recombinatie
de nanofotonische strategieën voor hoge rendementen beïnvloedt.

In hoofdstuk 3 verbreden we onze blik door naar periodieke roosters van na-
nodeeltjes te kijken. We onderzoeken een nieuwe architectuur voor zonnecellen,
waarin zonlicht van verschillende golflengtes naar verschillende nanostructuren
wordt geleid. Als resultaat hiervan kan een tandemzonnecel gemaakt worden waar-
van de verschillende zonnecellen niet op elkaar liggen, maar juist naast elkaar zijn
geplaatst. Bestaande problemen in tandemzonnecellen, zoals dat de stroom in elke
laag hetzelfde moet zijn, of dat de kristalroosters dezelfde grootte moeten hebben,
kunnen hiermee worden opgelost.

In hoofdstuk 4 onderzoeken we hoe waarschijnlijk het is dat een foton dat uit
recombinatie in een bepaalde halfgeleider volgt, die halfgeleider ook verlaat. Hoe-
wel deze “ontsnappingskans” cruciaal is om realistische zonnecellen te begrijpen,
was er nog geen methode bekend om deze waarde te berekenen. Wij bespreken hoe
resonanties in nanofotonische structuren die ontsnappingskans kunnen beïnvloe-
den en presenteren in dit hoofdstuk een methode om deze kans te berekenen. Het
blijkt dat nanofotonische structuren zoals resonante bollen intrinsieke voordelen
hebben ten opzichte van de normale planaire structuren.

De fotovoltaische eigenschappen van een enkele nanostructuur worden
gelimiteerd door zijn absorptiespectrum. In hoofdstuk 5 presenteren wij een
nieuwe kwantitatieve experimentele techniek om de absorptiedoorsnede van een
enkele nanostructuur te bepalen. Deze techniek is gebaseerd op de combinatie
van een integrerende bol met een microscoopobjectief. Hiermee kan de absorptie
van licht direct bepaald worden, met hoge ruimtelijke resolutie. In tegenstelling
tot bestaande technieken kan deze methode ook gebruikt worden om de absorp-
tiedoorsnede te bepalen van verstrooiende nanostructuren die bijvooorbeeld sterk
luminesceren of stroom genereren.

We gebruiken deze nieuwe techniek in hoofdstuk 6 om voor de eerste keer de
interne kwantumefficiëntie en fotoluminescentie kwantumefficiëntie van een en-
kele nanodraad zonnecel te meten. Deze eigenschappen zijn sterk verbonden aan
het voltage en de stroom die een zonnecel genereert en zijn daarom cruciaal om
het gedrag van een zonnecel te kunnen verklaren. Bovendien introduceren we
een nieuwe eigenschap, de collectiedoorsnede, die het equivalent is van de externe
kwantumefficiëntie in macroscopische zonnecellen. Op basis van de collectiedoor-
snede bepalen we de thermodynamische limiet op het voltage van de nanozonne-
cel en kunnen we de rol van verschillende verliesmechanismes kwantificeren.

In hoofdstuk 7 bespreken we de unieke optische eigenschappen van nanodra-
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den met een metalen kern en een halfgeleider schil. Deze kern-schil nanodraden
kunnen licht zeer sterk absorberen in een hele dunne laag halfgeleider. Daarnaast
kan de metalen kern dienst doen als een lokale elektrode. Dit maakt kern-schil
nanodraden zeer interessante kandidaten voor dunne zonnecellen. Wij laten zien
dat de sterke absorptie van licht voortkomt uit de mogelijkheid om de spectrale
positie van resonanties te kunnen beïnvloeden. Hierdoor kunnen meerdere reso-
nanties overlappen in het spectrale gebied waarin zij het meest efficient zijn en zo
de absorptie verhogen.

We onderzoeken deze kern-schil nanodraden experimenteel in hoofdstuk 8. We
hebben daartoe kern-schil nanodraden gemaakt met een kern van zilver of goud en
een schil van koper(I)oxide (Cu2O). Met integrerende bol microscopie hebben we
het absorptiespectrum van een enkele zilver-koper(I)oxide kern-schil nanodraad
gemeten, zoals beschreven in hoofdstuk 5. Vervolgens fabriceren we nanodraad-
zonnecellen van goud-koper(I)oxide kern-schil nanodraden en onderzoeken deze
zonnecellen op basis van laser-geïnduceerde stroommetingen. De diffusielengte
in koper(I)oxide beperkt de kwaliteit van de zonnecel, maar de extractie van la-
dingsdragers kan verbeterd worden door de andere elektrode over de lengte van de
kern-schil nanodraad te draperen en zo een metaal-halfgeleider-metaalgeometrie
te creëren.

Deze geometrie, een diëlektrische laag tussen twee metalen, heeft ook zeer in-
teressante optische eigenschappen. Door bijvoorbeeld lagen van een diëlektricum
af te wisselen met metaal kan een zogenaamd metamateriaal gevormd worden dat
een negatieve brekingsindex heeft. In sommige gevallen is het echter onmogelijk
om van die negatieve brekingsindex gebruik te maken, omdat licht niet toegelaten
wordt tot het metamateriaal. Dit is met name het geval als de optische eigenschap-
pen van het metamateriaal gebaseerd zijn op eigenmodes met een antisymme-
trisch veldprofiel. In hoofdstuk 9 stellen we een aanpak voor om antireflectieve
lagen te ontwikkelen voor zulke metamaterialen. We tonen aan dat, in tegenstelling
tot normale antireflectieve lagen, deze laag uit nanostructuren moet bestaan. Ter
demonstratie verhogen we de transmissie van 0 naar 100% in een metamateriaal
met een antisymmetrische eigenmode met negatieve fase-index.

Tot slot, hoofdstuk 10 bespreekt twee toepassingen gebaseerd op experimen-
tele en theoretische concepten in dit proefschrift. We beschrijven eerst hoe de
experimentele techniek uit hoofdstuk 5 een toepassing kan vinden in een UV-VIS
spectrofotometer en in een geïnverteerde microscoop. Daarna demonstreren we
numeriek dat het mogelijk is om nanostructuren te creëren die sterk absorberen en
de kans vergroten dat een foton volgend uit recombinatie ontsnapt. Om een zonne-
cel met heen hoog rendement te maken is het cruciaal dat aan beide voorwaarden
tegelijkertijd voldaan wordt.

Deze dissertatie presenteert nieuwe fundamentele inzichten in zonnecellen op
nanoschaal. We hebben vanuit theoretisch perspectief de fundamentele limieten
en verliesmechanismes van zonnecellen op nanoschaal onderzocht en een expe-
rimentele techniek ontwikkeld die deze limieten en verliezen kan kwantificeren.
Onze bevindingen versterken de rol die voor nanofotonica in zonnecellen is wegge-
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legd, maar kunnen ook toegepast worden in andere opto-elektronische apparaten
zoals leds.
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