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1
I N TRODUCT ION

In this chapter we introduce the topic of nanowire solar cells, starting off by sustainable
energy. We explain the need and progress of solar energy and describe the development of
photovoltaics. Semiconductor nanowires are introduced as elongated crystals which show
characteristic interaction with visible light. This property makes them interesting for

optoelectronic devices such as solar cells. At the end of the chapter, we describe the outline of
this thesis.

1.1 sustainable energy

The average wealth and life standards of the earth’s citizens has been increasing continuously
for many decades. Together with technological development a rapidly increasing demand for
energy has arised, mainly in the form of fuels and electricity. Since the industrial revolution
fossil energy sources – coal, natural gas and oil – have been dominating the general energy
supply. Already in the 19th century scientists such as Joseph Fourier [1] and Svente Arrhenius [2]
developed knowledge about the existence of the greenhouse effect. This effect describes how
greenhouse gases – especially carbon dioxide (CO2), water vapor (H2O) and methane (CH4) –
in the atmosphere transmit visible solar radiation, but reflect the infrared heat radiation from
the earth. Along with other processes, this causes an increase of the average temperature on
earth. It was Alexander Graham Bell who wrote in 1917 that “the unchecked burning of fossil
fuels would have a sort of greenhouse effect” [3]. In the 20th century the scientific knowledge
about the relation between fossil fuel burning and the greenhouse effect developed. In 1972
John Sawyer published a review entitled “Man-made carbon dioxide and the greenhouse ef-
fect” [4], in which he accurately predicted the human-induced temperature increase on earth
until 2000. In the last decades of the 20th century, more and more evidence was presented for
human-induced or anthropogenic climate change. Presently, there is consensus among the
scientific community about the existence of human-induced climate change [5, 6]. Stopping
anthropogenic climate change is identified by the United Nations as one of the major chal-
lenges of the twenty-first century. The concentration of CO2 is often used as an indicator for
the temperature on earth; its annual minimum has surpassed 400 ppm in 2015, which is the
highest annual minimum ever measured.
The rise in temperature of the last two centuries will probably continue due to several loop

processes and memory effects in the earth’s climate system. However, to slow down the tem-
perature increase we need to reduce the emission of greenhouse gases as much as possible.

1



2 introduction

Figure 1.1: The amount of globally installed photovoltaic capacity has doubled every two years since
1990. Figure reproduced from ref. [8].

There are two basic ways to do so: the first, and most important, is the reduction of energy
consumption. This is related to a change in the general human behavior and efficiency en-
hancements in basically all energy-consuming devices. Since it is not likely that people will
reduce their energy usage back to levels of the eighteenth century, we additionally need a
second solution: decoupling greenhouse gas emission from energy usage, by stopping to burn
fossil fuels. Therefore, we need alternative sources for fuels and electricity, which limit the
greenhouse gas emission to an absolute minimum.
A wide range of these alternative or sustainable energy sources has been investigated. The

most promising alternative fuels are biofuels, biomass, and hydrogen. The most mature non-
fossil source of electricity is nuclear fission. This energy source represents a large reduction
of greenhouse gas emission with respect to fossil energy and provides a reliable and efficient
energy production. However, nuclear fission involves a risk regarding the radioactivity of the
reactor and the waste, which makes it an impopular option. Even cleaner are energy sources
that make use of the natural landscape and local circumstances, such as water power, tidal
energy, wind energy and solar energy. In practice, it is expected that a combination of these
sources will be necessary to eventually provide the entire global energy supply [7], to ensure
any-time availability and reliability.
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Figure 1.2: Global horizontal irradiance. The black square shows that covering a fraction of the Sahara
desert with state-of-the-art solar panels would be sufficient to supply enough power for the
world. The color scale indicates the irradiance per unit area in kWh/m2. Reproduced under
Creative Commons license from ref. [9].

1.2 photovoltaics

The emphasis of this thesis is on solar energy, but more specific on photovoltaic devices or
solar cells (we will use these terms as synonyms, although there are other types of solar cells
available, which we will not address). These devices convert sunlight directly into electricity.
The share of photovoltaics (PV) in the global electricity market has increased to 1 % in 2015,
accounting for a global installed capacity of 233 GWp, which has doubled every two years since
the early 1990’s [8] (Figure 1.1). The potential of solar energy is that it can power the world. The
amount of energy that the sun delivers onto the earth’s surface in a single hour is enough to
provide the energy demand of the entire globe in a full year. It can be calculated that an equiv-
alent area of 470 km x 470 km covered with 25% efficient solar panels produces enough energy
to cover the global energy demand (Figure 1.2). Of course, efficient storage and transport of
solar energy is required, but these are fundamentally feasible technological challenges.
The development of solar cells has started with the discovery of the photovoltaic effect, as

discovered by Edmund Becquerel in 1839 [10]. This effect describes the process of a photon
which excites an electron, generating an electrical current. This notion led to the invention of
the first selenium solar cell by Charles Fritts in 1883 [11]. This cell had a power conversion effi-
ciency of no more than 1%, which means that from the incident solar irradiation onto the cell
only 1% was converted into electrical energy. Via the invention of the pn-junction in silicon by
Russell Ohl in 1940 [12], solar cell development speeded up. The first solar cells were fabricated
at Bell Labs for space applications. These cells had efficiencies of about 6% [13]. Afterwards,
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Figure 1.3: (a) A schematic representation of a simple semiconductor pn-junction solar cell. At the right
side the band diagram is depicted, both in the dark (b) and under illumination (c). The dashed
lines indicate the (quasi-)Fermi energy level(s) and the solid curves are the valence (black)
and conduction (red) bands of the semiconductor.

efficiencies have rapidly increased up to the record for a single junction solar cell of 28.8% [14].
Higher efficiencies have been reached by combining different materials, to absorb different
parts of the solar spectrum. This concept of multi-junction solar cells has led to a maximum
efficiency of 46.0% under concentrated sunlight, in 2014 [14].
Nowadays, the PV market consists of different branches: first-generation cells, which have

dominated the global market since the beginning: they consist of crystalline silicon solar cells,
with efficiencies of typically 15-20%. The second generation is considered to be much cheaper
cells, such as amorphous silicon or organic solar cells, with efficiencies that barely surpass
10%. In recent years, massive subsidies in China and consequent overproduction of solar cells
has caused a decrease in the prices of silicon. This has undermined the main advantage of
the second generation cells, and it is expected that cells with efficiencies below 20% will not
overcome the status of a niche market. The third generation solar cells include different tech-
nologies that promises very high efficiency solar cells [15]. They include quantum dot solar
cells, multi-junction solar cells, hot-carrier cells and other emerging strategies. This field has
been pushed forward by improved fabrication methods, industrial development and develop-
ing scientific knowledge. However, only multi-junction cells have proven to be a cost-effective
concept which is commercially available. In this thesis, we will only consider solar cells con-
sisting of a single junction.
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Figure 1.4: AM1.5 global spectrum (blue, solid) andmaximum energy conversion efficiency (red, dashed),
as a function of the material’s band gap energy (after ref. [17]). The range of human-visible
light is depicted by the colorbar.

1.2.1 Working principle of single junction solar cell

A pn-junction solar cell is schematically depicted in Figure 1.3. In simple terms, light (or, alter-
natively, a photon) from the sun falling onto a solar cell can either be reflected, transmitted
or absorbed. In the first two cases, the photon is lost for the generation of photocurrent. If the
photon is absorbed in the active region, an electron is released from its position in the semi-
conductor, carrying the energy through the cell. Similarly, vacancies in the electron clouds also
carry energy, acting as the opposite of electrons, and are named holes. The electron and hole
are separated by the internal electric field and can be collected at the cell’s contacts, resulting
in a net photocurrent, which can be stored or fed into the grid.

1.2.2 Solar spectrum

The sun emits a spectrum which can be approximated by a black-body emission at a temper-
ature of 5800 K. However, there is a significant absorption by the gases in the earth’s atmo-
sphere, causing sharp spectral features. The spectrum that reaches the earth’s surface is called
the air mass 1.5 global (AM1.5G) spectrum. Obviously this spectrum varies depending on the
location, time and day of the year. In this thesis we take the standard reference spectrum of
the American Society for Testing and Materials (ASTM) [16]. This spectrum is depicted by the
blue curve in Figure 1.4.
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Table 1.1: Properties of solar cell materials compared. Information retrieved from ref. [18], unless other-
wise specified.

Si InP GaAs

Band gap1 (eV) 1.12 1.344 1.424

Absorption coefficient at 2.5 eV (cm−1) 1.5 ∗ 104 1.5 ∗ 105 7 ∗ 104

Mobility holes / electrons (cm2V−1s−1) 450/1400 200/5400 400/8500

Surface recombination velocity (cm/s) 102 − 7 ∗ 104 103 − 106 5 ∗ 104 − 5 ∗ 106

Abundance in earth’s crust (ppm) [19] 270000 0.25 (In), 1050 (P) 19 (Ga), 1.8 (As)

Record solar cell efficiency (%) [14] 25.7 22.1 28.8

1 at room temperature, for zincblende material

1.2.3 Materials

The solar spectrum sets the optimum band gap for a single junction solar cell. The band gap
should be low enough that a large number of solar photons have sufficient energy to excite
electrons, but high enough such that a large voltage is built up, which enables the energy
extraction from the cells and prevents the energy to be emitted as heat. In fact, the limiting
efficiency is given as a function of the band gap energy, as shown in Figure 1.4.
From here we can see that the efficiencies above 33% can be reached only with materials

which have a band gap between 1.11 and 1.45 eV. The materials that stand out in this range
are silicon (Si), indium phosphide (InP) and gallium arsenide (GaAs), on which we will empha-
size our analysis. These materials each have their own interesting properties, which we have
summarized in Table 1.1.
In our lab we only fabricate solar cells made of InP, which will therefore be the material of

emphasis in this thesis.

1.2.4 Absorption and emission

It is evident that the first requirement for a good solar cell is a high absorption. However, hav-
ing a simple planar solar cell induces reflection losses that can be up to 25-30%. With advanced
strategies, it is possible to absorb 95-99% of the incident light with energy beyond the band
gap [20–22]. To achieve this ‘trapping of the light’, one can use anti-reflection coatings [23–25],
improving surface roughness bymicro- or nanopatterning [26–28], metal or dielectric nanopar-
ticles at front or back side [29–34], or nanostructuring the absorber layer itself, by using micro-
and nanowires [35–38], nanopillars [39], nanocones [40, 41], nanodomes [42], and many other
nanostructures [43, 44]. The small structures support optical resonances which enhance ab-
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(a)

(e)(d)

(c)(b)

(f)

Figure 1.5: Nanostructures for absorption enhancement in photovoltaics. (a-c) metal nanoparticles at
the front, middle or back side of the cell can scatter the light (a), locally enhance the electric
field (b) or promote coupling of the light to photonic modes in the lateral direction in the
cell (Figures taken from ref. [33]). (d,e) An optimized combination of conical nanostructures
at the front and back side of a thin silicon cell enhance absorption to values close to the
Yablonovitch limit (Figures taken from ref. [28]). (f ) Photograph of bare substrates made of
three different materials (top), together with equal substrates with nanowires grown on them
(bottom), showing the strong anti-reflective properties of the nanowires (Figure taken from
ref. [45]).

sorption and scattering of light. If properly designed, they can allow for a much higher local
absorption than would be expected from their size. A couple of examples of nanostructures
for improved absorption can be found in Figure 1.5.
Since a couple of years, the solar cell community has realized that just a high absorption

and (obviously) a high optical quality of the material are not enough to guarantee a very high
efficiency. The other aspect that needs a careful design is the luminescent emission of the
solar cell, which ensures a high open circuit potentialVOC. Martin Green has shown that the
cell efficiency can be correlated with the external radiative efficiency ηext [46]. This quantity
is defined as the ratio between the number of radative recombination events that lead to
photons emitted out of the device Rext and the total number of recombination events R tot,
which can be separated into a radiative and a nonradiative rate, i.e. ηext =

Rext
Rtot

=
Rext

Rrad+Rnrad
.

In ref. [47], Miller et al. motivated why this ηext is of crucial importance.
The reasoning behind this stems from the basic equation forVOC:VOC ≈

kBT
q ln JSCJ0 , where kB

is Boltzmann’s constant,T the cell temperature and q the electron charge. J0 is proportional
to the total recombination: J0 = q (R rad+Rnrad). Therefore, maximizing voltagemeansminimiz-
ing J0, thus minimizing recombination. However, at open circuit conditions (VOC) every device
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needs to emit light in order to be in thermodynamic equilibrium with its environment. There
is no way to avoid this. Therefore, in order to optimize ηext, we need to make sure that the only
recombination is the necessary and unavoidable radiative recombination. Any nonradiative
recombination reducesVOC. Therefore, besides being a good absorber, a solar cell needs to be
designed to be an efficient light-emitting device atVOC. This idea may be very counterintuitive:
a solar cell needs to emit (rather than trap) the internally generated light as soon as possible.
In Section 2.1 we will explain and mathematically derive this phenomenon in detail.
A significant loss factor in the solar cellVOC is the increased entropy of the photons. [48–

52]. Direct incident light from the sun has a very narrow spread in angle, while re-emitted light
from the cell is typically sent into all directions. Adding a mirror to the back side of the cell
reduces the emission range to the upper hemisphere, but a loss of hundreds of millivolts in
theVOC remains [53]. Therefore, angular restriction of the emission from a solar cell has been
identified as a potential VOC improvement [54, 55], but it can only work for cells with a very
high internal radiative efficiency (ηint >0.9) [50]. This loss factor can be understood by the fact
that photons re-emitted outside the incident light cone are lost and increase the total pho-
ton entropy, which reduces the maximum energy that can be extracted. Voltage enhancement
by angular restriction has been demonstrated using a dielectric multilayer stack [56] and a
parabolic reflector [57] recently, but the effect was limited to a few millivolts. Naturally, also
concentrated solar cells take advantage in theVOC from redirecting the emission into a narrow
angular cone. Equivalently, you can say that in concentrated cells the incident and outgoing
angular distribution of the light are matched, which minimizes the voltage loss due to photon
entropy. To the best of our knowledge, there have not been more efforts to modify the angu-
lar emission pattern of solar cells, without using external optics. Semiconductor nanowires
modify the angular pattern of the emission [58, 59], which could be an additional advantage
for their use in solar cells, next to their anti-reflective properties. We will now discuss these
structures in more detail.

1.3 semiconductor nanowires

Semiconductor nanowires are nanosized crystals which have a characteristically large aspect
ratio. Two arrays of nanowires are shown in Figure 1.6. Two of their three dimensions are typ-
ically on the order of tens or hundreds of nanometers, while their third dimension can range
betweenmicrons and tens ofmicrons. The relevance of nanowires for optical applications such
as solar cells emerges from their diameter, which is on the order of the wavelength of visible
light. This causes a strong resonant interaction between nanowires and light, giving rise to
many interesting optical effects.
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Figure 1.6: Semiconductor nanowire arrays, made of InP, fabricated by (a) VLS-growth and (b) dry etch-
ing.

V1     V2     V3        V4       S1        S2      S3       S4        E1         E2    E3       E4   

(a) VLS growth (b) Selective-area growth       (c)  Top-down etching

Figure 1.7: Nanowire fabrication methods. The fabrication steps are described in the text.

1.3.1 Fabrication methods

Our InP and GaP nanowires are grown in a Metal-Organic Vapor Phase Epitaxy (MOVPE) reactor.
Three of the most important methods to fabricate nanowires are described below. All three of
them were used to fabricate some of the nanowires that were used in the experiments of this
thesis. The methods are schematically shown in Figure 1.7.

1.3.1.1 Vapor-liquid-solid (VLS) growth

Thismethod (as depicted in Figure 1.7a) was introduced byWagner and Ellis in 1964, [60] to grow
so-called ‘nanowhiskers’. The key point of this technique is the use of a liquid metal particle,
which allows for lower growth temperatures. Themethod attracted a lot of attention in the end
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of the 1990’s, when improved VLS-growth rapidly expanded the research field of nanowires.
Most common is the use of gold catalysts (which is what was done in the VLS-grown nanowires
of this thesis), although some groups have reported the use of other catalyst materials. The
VLS-method consists of the following steps:

v1 Gold catalyst particles are deposited on a substrate. Their positions and size can be con-
trolled bymeans of colloids from a solution, nanoimprint lithography or electron-beam
lithography.

v2 As the substrate is heated inside a growth reactor the particle melts. When precursor gases
are inserted in the reactor, the group III material (In/Ga) is adsorbed in the catalyst
droplet, forming an alloy.

v3 After supersaturation of the group III material inside the droplet, a crystal is formed at the
droplet-substrate interface. As such, the droplet is lifted and a nanowire starts growing.
The composition of the precursor gases can be modified to introduce dopant atoms or
completely change the nanowire composition.

v4 The size of the droplets ensures a homogeneous diameter. Sidewall growth can be avoided
by in situ HCl etching during the growth [61]. After the growth, the catalyst particle can
be removed if required [62].

1.3.1.2 Selective-area (SA) growth

The method of selective-area epitaxy for fabricating nanowires was first demonstrated by Mo-
tohisa et al. from Hokkaido University [63, 64] and was later finetuned by Gao et al. from Aus-
tralian National University [65]. The method uses no catalyst particle, but a dielectric mask
(such as silicon nitride) (Figure 1.7b). Because of the absence of a catalyst, the growth takes
place at much larger temperature than VLS-growth. This minimizes also the incorporation of
carbon atoms which are defects. The method includes the following steps:

s1 A dielectric mask is grown on the substrate, in which nanosized holes are defined. Their
positions and size can be controlled by means of colloids from a solution, nanoimprint
lithography or electron-beam lithography.

s2 As the substrate is heated inside a growth reactor the growth is started, only inside the
holes. The growth rate is limited by the diffusion of the atoms over the surface.

s3 Similar as in VLS-growth, the composition of the precursor gases can be modified to intro-
duce dopant atoms or change the nanowire composition.

s4 The size of the hole determines the nanowire diameter. However, the growth mechanism
is a complicated interplay between radial and axial growth, which is not yet completely
understood.
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1.3.1.3 Dry plasma etching

Etching is an indirect way of creating high quality nanowires, but has the advantage that it
allows for directly comparing the nanowires with planarmaterial (because they aremade in the
same growth run. In this case, silicon nitride disks are used as a mask for inductively coupled
plasma (ICP) etching, to end up with a periodic array of tapered nanowires which have larger
diameter at the bottom than at the top (Figure 1.7c). The nanowires are obtained as follows:

e1 Planar layers (e.g. doped layers) are grown on top of a wafer. These layers have a higher
material quality than the wafer itself. A silicon nitride layer is grown by PECVD on top
of the planar layer. Afterwards, nanoimprint lithography is used to define an array of
chromium disks on top of the silicon nitride.

e2 Via reactive-ion etching the chromium array is transferred into the silicon nitride, creating
disks with a similar size. Subsequently, the chromium is removed by oxygen plasma
etching.

e3 When exposing the layers to the plasma in the reactor, the material is etched away from
the areas which are not covered by the silicon nitride. The etching happens only in the
vertical direction, giving rise to the elongated nanowire shape.

e4 When the etching is stopped, nanowires are obtained with a well-controlled length and a
dopant profile resembling the profile of the initial planar layers.

The growth methods have the advantage that strain is relaxed in the lateral direction. This
makes it possible to grow materials with different lattice constants on top of each other with
less strain-induced defects. This phenomenonwas theoretically investigated by Glas [66]. Many
groups have investigated combining different materials in the same nanowire (or the growth
of nanowires on top of substrates of a different material). An example of this was the growth
of single nanowires combining silicon, GaP and GaAs, as demonstrated by Hocevar et al. [67]
and shown in Figure 1.8.

1.3.2 Optoelectronic applications

The potential of semiconductor nanowires for optoelectronic applications started at the early
1990’s at Hitachi Research in Japan with the so-called quantum wires (diameters of around 100
nm, so not really exhibiting quantum effects). The wires were made of GaAs and exhibited a pn-
junction with a quality comparable to its planar counterpart and emission polarized parallel
to the wire [68, 69]. Afterwards, the control over the growth improved, enabling ZnO nanowire
lasers [70, 71]. InP nanowires were identified as powerful building blocks for optoelectronic
devices [72], which show a strongly polarized emission and absorption [73]. Also structures for
other applications were investigated, such as heterostructures [74, 75] and emitting quantum
dots [76, 77] embedded inside nanowires. In 2005 the first nanowire solar cell followed [78].
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(a)
(b)

(c)

Figure 1.8: Strain relaxation enables combination of different materials. (a) Calculated variation of the
critical thickness hc of a segment growing on top of a nanowire as a function of the wire
radius r0, for varying lattice mismatch (given in percent near each curve). Figure adopted
from ref. [66]. (b) High angle annular dark field (HAADF) image of a nanowire consisting of
different materials (scale bar is 200 nm). (c) is an EDX scan along the growth axis from the
nanowire in (b). Figures (b) en (c) were adopted from ref. [67]

1.4 nanowire solar cells

For a macroscale power source a large array of nanowires is preferred over a single nanowire
behavior. Vertical nanowires show better light absorption than horizontal nanowires due to
the coupling of the incident light to waveguide modes supported by the elongated nanowire
geometry [41, 79, 80]. However, a single nanowire has a maximum absorption cross section of
a few square microns [81]. Therefore, arrays of vertical nanowires are the basis of any macro-
sized nanowire solar cell. The typical geometry, as depicted in Figure 1.9, was shown for the first
time in 1992 [68], in the context of an light-emitting diode (LED) device. This concept was em-
braced as an advantageous solar cell design in 2002 [82]. The first grown nanowire array solar
cell device was demonstrated in 2007 [83] (made of silicon) and had a power conversion effi-
ciency of only 0.1%. After large developments in material purity, dopant tuning, size and shape
optimization, and device processing, the record power conversion efficiency of nanowire solar
cells is now, only 9 years later, set at 17.8%. The development of efficiencies of several nano-
wire solar cell research groups is depicted in Figure 1.10. The progress has brought nanowire
solar cells from a niche scientific idea towards a mature device with properties comparable to
their planar counterparts.
It is important to clearly define when a nanotextured solar cell is considered a nanowire

solar cell. In this work, we use the following definition: if the substrate has no active role in
the cell (other than a mechanical carrier and hole conductor), the cell is considered to be a
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Figure 1.9: Typical axial junction nanowire solar cell geometry. In this case the nanowires have a tapered
(conical) shape.

Figure 1.10: Development of published nanowire solar cell efficiencies. The data points are taken from
the following references: (a) [83], (b) [37], (c) [84], (d) [85], (e)[86], (f ) [87], (g) [88], (h) [89], (i)
[90].
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nanowire solar cell. Or, alternatively, it is considered a nanowire solar cell if and only if the
nanowires form the active part themselves, both in light absorption and in charge separation.
So, the vast majority of the light needs to be absorbed in the nanowires which include the
junction. In such way, we can distinguish active-nanowire solar cells from planar cells with an
antireflective nanostructured top layer.

1.4.1 Nanowire photonics

Initially, the strong polarization of the absorption and emission of light from nanowires was
explained in the quasi-static approximation, assuming that the electric field inside the nano-
wire was constant [73]. This, however, turned out to be only true for nanowires that are much
thinner than the wavelength [91]. Researchers realized that the interaction between light and
nanowires needs a different description. The experimental demonstration of nanowire lasers
indicated that the nanowires form an efficient cavity [70, 71]. Maslov et al. explained this in
terms of waveguide modes supported by the nanowire geometry [92]. From the waveguide
mode dispersion they predicted far-field angular emission patterns of the specific mode be-
ing excited [93, 94]. The polarization anisotropy was also explained in terms of the diameter-
dependent waveguidemodes [95] and dielectric contrast between nanowires and environment
[91, 96]. These theories were confirmed by polarization-dependent photoluminescence mea-
surements [97, 98]. Van Weert et al. explained the polarized emission in terms of Mie theory
of infinite cylinders [99, 100]. Due to the particular role of nanowires in concentrating far-field
incident light into small volumes they were referred to as ‘antennas’ for light [101–103]. Re-
cently, it was shown that the different descriptions, both waveguide modes and Mie theory,
are equivalent when the wave vector of the light is perpendicular to the long axis of the na-
nowire [104, 105]. In contrast, when the wave vector is close to parallel to the nanowire, the
guided mode description of the interaction between light and nanowire prevails [80]. There-
fore, to analyze the absorption and emission of the light, proper understanding and modelling
of the nanowire waveguide modes is of seminal importance.

1.4.2 Absorption of light in nanowires

When the wave vector of the incident light is (nearly) parallel to the long axis of the nanowire,
the absorption of the nanowires is governed by the HE11 mode [41, 80]. Nicklas Anttu and co-
workers carefully modelled the absorption in InP nanowires by means of a scattering matrix
method [79, 106, 107]. They (and others) showed that for InP the nanowire array dimensions
that optimize the absorption are a diameter of 170-180 nm and a array period of about 360-
400 nm [79, 108]. This would result in more than 90% absorption of solar photons with energy
beyond the band gap of InP. In the model a nanowire length of 2 µm was used. The absorption
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Figure 1.11: Absorption in nanowires. (a) FDTD simulation of a 2.5-micron long cylindrical nanowire with
a 200 nm diameter placed on top of a substrate. The nanowire is excited with a plane wave
from the top at a wavelength of 532 nm. (b,c) FDTD simulations of the absorbance in cylin-
drical (red, dashed), base-tapered (black, solid) and tapered (blue, dash-dotted) nanowires,
both under normal incidence (b) and at 30 degrees oblique incidence (c). (b,c) were adopted
from [21].

achieved in the nanowire array is far larger than the absorption of a planar layer with the same
thickness or volume as the nanowire array [108]. The reason for this enhanced absorption is the
concentration of the incident field inside the nanowire (Figure 1.11a). In fact, this concentration
is caused by the high refractive index of the nanowire, which gives rise to strongly confined
waveguide modes.

Diedenhofen et al. demonstrated that tapered and base-tapered nanowires show a greatly
enhanced absorption with respect to cylindrical nanowires [21]. When the nanowire shape is
different from the cylindrical geometry, there is no analytical approach and Finite-Difference
Time-Domain (FDTD) or Finite Element Method (FEM) simulations are required to model its
absorption (Figure 1.11). The enhanced absorption at the long wavelengths, close to the band
gap of the material, was explained with the help of these simulations. This light has a long
absorption length, and is more efficiently absorbed in the thicker parts at the bottom of the
(base-)tapered nanowires. At the same time, the reflection at the top facet of the nanowire
is low because its diameter is small there [21, 109]. Arrays of tapered nanowires are thus very
efficient light absorbers, but pure crystal growth of such structures is not easy. Tapering is
typically established by radial growth, but this has a high impurity density and therefore most
growth studies were optimized for pure untapered nanowires [61, 110].

1.4.3 Emission from nanowires

It has been known since a long time that the emission of a nanostructured layer is typically
much more intense than a planar layer [111]. The reason is the high refractive index mismatch
between the emitting layer and the air on top, which causes a narrow escape cone for the
photons inside the planar layer, and thus a high total internal reflection. Nanostructures can
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overcome this problem by either randomly scattering the light, thus increasing the probabil-
ity of escaping from the emitting layer [111], or by coupling to vertical guided modes within
the nanostructure, which mediate vertical light propagation and, if properly designed, an ef-
ficient escape [112]. This property of nanostructures has evidently been of interest for LEDs,
but is, as we have mentioned, also very relevant for photovoltaics. Nowadays, nanostructures
such as photonic crystals [113, 114], nanowires [115], nanorods [112] or nanocones [116] are very
promising to achieve high emission (or extraction) efficiencies in LEDs [117].
Single photon sources, as used for photonic integration for quantum communication, form

yet another type of devices for which the escape probability of internally generated photons
is important [118]. The use of semiconductor quantum dots are one of the most common ways
of generating single photons. They are traditionally grown randomly in a bulk layer, but grow-
ing them in a controlled way inside a nanowire or nanorod offers many advantages in design
flexibility and extraction efficiency [119–121]. Tapered nanowires combined with a gold mirror
at the back side have boosted the extraction efficiency of quantum dots up to 72% [119]. The
nanowire geometry causes coupling of the quantum dot emission to the fundamental guided
mode [102] and the tapering allows for an adiabatic expansion of the mode, thus transferring
the photons to air with near-zero reflectivity [122].
Tapered nanowires also ensure a Gaussian angular emission pattern in the far-field [123].

This emission pattern might be important for solar cells as well, as the angular spread of
the emission influences the entropy losses of the photons. The angular emission pattern of
nanowires is determined by the coupling of the emission to the waveguide modes and has
been investigated in detail [58, 59, 103, 124, 125]. This emission will be addressed extensively
in Chapter 6 and Chapter 7. It is suspected that nanostructures such as nanowires can not only
increase the emission intensity, but also narrow the angular emission cone; both effects will
enhance the solar cell voltage.

1.5 advantages of nanowires for solar cells

Nanostructures, or more specific, nanowires, offer a number of properties which make them
interesting for applications in solar cells. We will address these properties in more detail in
this thesis, but we summarize a number of advantages below.

absorption. If properly designed, nanowires absorb light very efficiently due to the antenna
effect.

emission. Nanowires do not suffer much from total internal reflection, which allows for a
high emission probability.

small active volume. A smaller active volume reduces the number of defects and impuri-
ties in comparison with planar counterparts.
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design flexibility. Growth of nanowires allows for a wider design flexibility, as the strain
can relax in the lateral direction. This makes combination of materials with a large
mismatch in the crystal lattice possible.

material reduction. Reducing the amount of material allows for a higher growth rate than
planar layers, thus reducing costs. On top of that, nanowires can be released from their
supporting substrate e.g. by embedding them in flexible polymer layers. In this way the
expensive substrates can be re-used.

1.6 outline of the thesis

This thesis deals with the photonic properties of semiconductor nanowires, aimed at utiliza-
tion in photovoltaic cells. In this chapter the motivation, background and scientific field have
been introduced.
In Chapter 2 we describe the theoretical efficiency and voltage limitations of solar cells

and we give a brief description of single nanowire photonics, in terms of Mie resonances and
waveguide modes.

In Chapter 3 we introduce the experimental methods that were used to obtain most results
in this thesis. These are Fourier microscopy and time-reversed Fourier microscopy. We high-
light also the calibration of the setup for quantitative photoluminescence measurements.
The next five chapters describe the experimental results. in Chapter 4 we prove that nanos-

tructuring significantly enhances a solar cell’s voltage, by reducing the active volume and thus
the number of defects, and by enhancing the escape probability of the internally generated
emission. We show the fundamental advantages of nanostructures over planar cells. The same
solar cells are used in Chapter 5, where we describe the high photocurrent in the cells, which
is due to forward scattering of the self-aligned textured ITO front contact.
After these two chapters we move to single nanowire photoluminescence measurements.

In Chapter 6 we show that waveguide modes determine the direction and polarization of the
nanowire emission. We show that by coupling the nanowire emission to three different modes
we obtain different emission patterns and different polarizations. Chapter 7 elaborates on
this concept and shows that the nanowire diameter is very important for this phenomenon,
and that a change of a few nanometer in the diameter can induce a pronounced change in
the emission directionality. The directionality and polarization of the nanowire emission is
important for e.g. LEDs, but also for photovoltaics, as it affects the photon entropy.
Finally, Chapter 8 discusses a method to derive the refractive index from amaterial which is

only available in the nanowire geometry. We use Fabry-Pérot modes in a photoluminescence
spectrum to find that wurtzite gallium phosphide has a very high refractive index, which opens
a pathway for interesting applications.





2
THEORET I C A L BACKGROUND

In this chapter we will describe the theoretical formalisms that are used further on in the
thesis. They are divided in two parts. In the first part, solar cell physics is introduced from a
detailed balance model. We describe the theoretical limits and discuss the losses that

determine the maximum solar cell power generation. In the second part, the propagation of
light in nanowires and the emission from nanowires is modeled based on Mie resonances and

waveguide modes.

2.1 solar cell physics

In the following section we describe the essential solar cell parameters. Similar descriptions
are published elsewhere, e.g. in refs. [52, 53, 126–129].

2.1.1 Detailed balance of photons/electrons

The figure of merit for the power production of a solar cell is its power conversion efficiency η,
defined as the ratio of its generated power density at the operating point POP and the incident
power density coming from the sun Pin. POP is given by the product of the voltage at the op-
erating pointVOP and the current density at the operating point JOP. A current density versus
voltage curve is shown in Figure 2.1. In this curve, the area enclosed by the dashed line and
the axes is the extracted power density. We have also indicated the open-circuit voltageVOC,
which is the voltage at zero current, and the short-circuit current density, which is the current
at zero voltage. They form a rectangle with areaVOCJSC (enclosed between dashed lines and
axes). The ratio between POP andVOCJSC is known as the fill factor (FF) of a solar cell. We can
express η in terms of the introduced parameters:

η =
VOPJOP
Pin

=
VOCJSCFF
Pin

. (2.1)

The limits for the solar cell parametersVOC, JSC, FF and η can be found by studying the flows
of energy within the cell: the generation of charge carriers, the radiation from the cell into the
surroundings, and the photocurrent extracted by the cell. The first researchers to use this
‘detailed energy balance’ method were William Shockley and Hans Queisser, who published a
seminal article in 1961 [17]. They calculated the ideal solar cell efficiency and argued that, for
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Figure 2.1: Typical current density-voltage characteristic of a solar cell. Indicated are the solar cell pa-
rametersVOC and JSC and the dashed, shaded gray rectangleVOPJOP and dotted gray rectan-
gleVOCJSC. The ratio ofVOPJOP andVOCJSC defines the fill factor FF.

an ideal solar cell, all recombination needs to be radiative. In the ideal case it is assumed that
the sun is a black body radiating at a fixed temperature and that the absorption in the cell
is a step function, with unity absorption beyond the band gap and zero absorption below the
band gap. As such, the limits are only a function of the cell temperature T and the material
band gap Eg . The detailed balance equation can be written as

J = qRgen − qR rad. (2.2)

Here, J is the extracted photocurrent density, q the electron charge, and R rad = Rext is the
(external) radiative emission flux (rate per unit area). The generation flux Rgen is, when ev-
ery incident photon generates a free electron, equal to φ(Eg ), i.e. the incident flux of AM1.5G
photons above the band gap. The radiative emission flux is related to the potential difference
of the electron and hole Fermi levels of the cell µ = qV , by R rad = R0(exp(qV /kBT ) − 1),
where R0 is the radiative recombination flux in thermal equilibrium for a given band gap and
temperature, defined following Planck’s equation for blackbody radiation [51]:

R0(Eg ,T ) =
2π

c2h3

∫ ∞

Eg

E 2dE

exp(E /kBT ) − 1
. (2.3)

Here, c is the speed of light, h Planck’s constant, and kB is Boltzmann’s constant.
Using the considerations above, the detailed balance for an ideal cell equation becomes

J (V ) = q
[
φ(Eg ) − R0(Eg ,T )(exp(qV /kBT ) − 1)

]
. (2.4)

JSC is calculated forV = 0, giving Jsc = qφ(Eg ).
For findingV = VOC,ideal, Equation 2.4 is set to zero. We then get the well-known textbook

equation

VOC,ideal =
kBT

q
ln

(
JSC
qR0

)
=
kBT

q
ln

(
JSC
J0

)
. (2.5)
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We see that in the ideal case, the only radiation is the black body radiation R0, which depends
on the temperature of the cell and its band gap energy. The fill factor FF can be approximated
from theVOC to [130]

FF =
qVOC/kBT − ln(qVOC/kBT + 0.72)

qVOC/kBT + 1
. (2.6)

As derived using the formalisms above, the maximum values for the solar cell parameters are
plotted as a function of the material’s band gap energy in Figure 2.2.
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Figure 2.2: Maximum values for the solar cell parameters, calculated as a function of the semiconductor
band gap: (a) open-circuit voltage, (b) short-circuit current, (c) efficiency, and (d) fill factor.
The inset in (c) is a zoom in around the maximum efficiency.

2.1.2 Losses in photovoltaic energy conversion

Figure 2.2 shows the maximum conversion efficiency of a single junction solar cell, which is
strongly dependent on the band gap energy. The maximum efficiency that can be reached is
equal to 33.7%. This is the limiting efficiency at a band gap of 1.34 V. There are several mecha-
nisms that limit the efficiency, which has been addressed in detail in the literature. Educative
overviews can be found e.g. in refs. [52, 53, 128]. We have calculated the losses based on these
references and plotted them in Figure 2.3. Following the labels in this figure, the losses are
listed below.
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Figure 2.3: Percentage of the incident irradiance that is extracted as usable power (white), or lost (col-
ored), as a function of the cell band gap. A single junction cell operating in the radiative limit
is assumed, which has a perfect absorption beyond the band gap and zero absorption below
the band gap.

carnot. As a solar cell is a thermodynamic engine, the maximum efficiency that can be
achieved is limited by the Carnot efficiency. This loss is characterized by the tempera-
ture difference between the sun and the cell and is a fundamental loss which cannot
be avoided.

VOP < VOC . The operating voltage is always lower than theVOC due to the diode characteris-
tics of the cell, which reduces also the usable power. This is an unavoidable loss.

below band gap. Photons that have an energy lower than the band gap pass through the
cell without being absorbed. This loss can be minimized by using a very small band gap
semiconductor.

thermalization. The maximum power that can be extracted from a photon that has an en-
ergy higher than the band gap is the band gap energy. The excess energy is lost to heat.
Included in this loss is the thermal energy of the charge carriers, which is an impor-
tant loss especially for small band gap cells. Fabricating cells with multiple junctions
that have different band gaps can greatly reduce the thermalization losses and below-
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band-gap losses, since the different junctions can account for different parts of the
solar spectrum.

emission. The photocurrent is reduced because of emitted photons. This is the case at the
operating voltage, where the cell emits some light. This reduces themaximumextracted
power slightly.

etendue expansion. The etendue is a measure for the angular distribution of photons. A
large part of the loss is the entropy increase due to the difference in angular distribu-
tion of the incident photons and emitted photons. This loss is sometimes also called
Boltzmann loss [53]. Using concentrated sunlight or employing angle restriction of the
emission reduces this loss.

other losses. The losses above concern a solar cell operating in the radiative limit and
having a perfect absorption beyond the band gap. When the absorption is lower than
unity, the maximum extracted power will be reduced since the photocurrent decreases.
Similarly, when non-radiative losses are present, the current and voltage are reduced
which also results in a lower extracted power. All cells are affected by these two losses,
that are caused by non-idealities. The external luminescence efficiency characterizes
the non-radiative losses.

2.1.3 External luminescence efficiency

The idealVOC, as derived in Section 2.1.1, is reducedwhen not every recombination event results
in the emission of a photon to the far field. This is characterized by the external luminescence
efficiency ηext, which is defined in terms of the external and non-radiative recombination rates,
as [47]

ηext =
Rext

Rext + Rnrad
. (2.7)

It is related toVOC by:

VOC =
kBT

q
ln
JSC
qR tot

=
kBT

q
ln

JSC/q

Rext + Rnrad
=
kBT

q
ln
JSC
qRext

Rext
Rext + Rnrad

(2.8)

=
kBT

q
ln
JSC
qRext

+
kBT

q
ln(ηext). (2.9)

Here, R tot is the total recombination rate per unit cell area.
ηext can be written in terms of the internal luminescence efficiency ηint and the angle-,

position- and energy-averaged photon reabsorption and escape probabilities Pabs and Pesc.
Here, Pabs is the probability for an internally emitted photon to be reabsorbed, and Pesc is the
probability for a photon to escape from the device. In any practical device, there may also be a
probability for a photon to be parasitically absorbed, e.g. in contacts [52]. This is characterized
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by the angle-, position- and energy-averaged parasitic absorption probability Ppar. As these
are all the possibilities for a photon in a cell, Pabs + Pesc + Ppar = 1.
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Figure 2.4: Total external luminescence efficiency, including multiple reabsorption-recombination
events. The dashed red arrows and red expressions indicate photons that are lost.

The precise expression for ηext can be intuitively derived as follows (schematically shown
in Figure 2.4). When carriers recombine, this can be either radiatively or nonradiatively. In
the first case, the photon may couple to the far-field with average photon escape probability
Pesc. Otherwise, it will be internally scattered or reflected, and eventually reabsorbed in the
active region. The last possibility is that the photon is parasitically absorbed in different re-
gions in the cell, which results in photon loss. After reabsorption in the active region, a new
electron-hole pair is created, which again recombines, following the same luminescence and
outcoupling efficiencies. This process can happen multiple times.
When summing all routes that lead to external luminescence, we get

Rext = R totηintPesc

∞∑
n=0

(ηintPabs)
n , (2.10)

where R tot is the total recombination rate. Similarly, the nonradiative recombination rate is

Rnrad = R tot(1 − ηint)
∞∑
n=0

(ηintPabs)
n . (2.11)

The loss rate due to parasitic absorption is

Rpar = R totηintPpar

∞∑
n=0

(ηintPabs)
n . (2.12)
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Since parasitic absorption practically implies nonradiative recombination, we can write the
total nonradiative recombination rate as

Rnrad,total = Rnrad + Rpar = R tot(1 − ηint + ηintPpar)
∞∑
n=0

(ηintPabs)
n . (2.13)

Following again the definition of the external luminescence efficiency from Equation 2.7, we
end up with

ηext =
Rext

Rext + Rnrad,total
=

ηintPesc

1 − ηint + ηintPesc + ηintPpar
. (2.14)

We can take the limiting cases for ηint in this expression, in the absence of parasitic absorption:

lim
ηint→1

ηext = 1, (2.15)

lim
ηint→0

ηext = ηintPesc. (2.16)

For a perfectly radiative material the escape probability is not relevant, i.e. each phooton will
eventually escape the cell. For a poorly radiative material the escape probability is of equal
importance as the internal luminescence efficiency. The latter approximation is valid when
ηint . 0.1.

2.1.4 Photon reabsorption

An increase ∆Pesc of the photon escape probability might imply a reduction in photon reab-
sorption `∆Pabs` ≤ ∆Pesc. In the ultimate case, without any parasitic losses, `∆Pabs` = ∆Pesc.
However, in this case still ηext (thusVOC) increases for ηint < 1. This can be understood by re-
alizing the following: if every reabsorption-recombination event has a nonzero probability of
photon loss (i.e. ηint < 1), an escaping photon is always preferred over a reabsorbed photon,
in order to achieve maximum ηext (thusVOC). In other words: when we make it easier for pho-
tons to escape, the number of reabsorption-recombination events is reduced. In each of these
events, there is a certain probability to recombine nonradiatively, which is detrimental for the
VOC. Therefore, enhancing the escape probability of the photons reduces the number of non-
radiative recombination events, thus increasing ηext andVOC (as follows from Equation 2.14).
In the state-of-the-art planar GaAs cells (e.g. ref. [131]), it is claimed that theVOC enhance-

ment is mainly caused by enhanced photon recycling (or photon reabsorption). This causes
an increase in the external luminescence efficiency, therefore in theVOC. This is not in contra-
diction with the above: enhanced photon reabsorption (characterized by Pabs) means either a
reduced Pesc or a reduced Ppar. It was checked that Pesc did not decrease [132]. Therefore, the
enhanced photon reabsorption (or photon recycling) is in this case equivalent to a reduction
of the parasitic losses, and our conclusion that increasing Pesc is important holds.
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In Chapter 4 we will discuss the implications of nanostructures (e.g. nanowires) on the so-
lar cell voltage. The generated photocurrent of nanowire solar cells, depending on the cell
geometry, will be discussed in Chapter 5.
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2.2 single nanowire photonics

To describe the interaction of light with semiconductor nanowires – as they are used in our
solar cells – we address here a couple of theoretical frameworks that we will use in this thesis,
namely Mie theory and waveguide modes.

2.2.1 Mie theory

The electromagnetic field in or around an arbitrary object can be calculated by solvingMaxwell’s
equations and applying the boundary conditions. Solving these equations analytically can be
complicated or even impossible. For particles much smaller than the wavelength, a Rayleigh
approximation can be used, while geometrical optics is possible for particles much larger than
the wavelength. The nanowires in this thesis however have dimensions on the order of the
wavelength. Fortunately, a nanowire is a highly symmetric structure. If a nanowire is sufficiently
long, it can be approximated as an infinitely long cylinder. The scattering problem of a plane
wave incident on structures with a high symmetry, such as spheres or cylinders, was solved by
Gustav Mie [133].
Mie theory allows us to calculate scattering and absorption efficiencies for a nanowire in

a non-absorbing medium, assuming a plane wave of incident light. The analytical equations
have been described in detail elsewhere [99]. Mie theory for nanowires assumes an infinite
length. This is valid when the angle between the incident light and the long axis of the nano-
wire is close to 90◦ and the length of the nanowire is several times (&5) the wavelength. Only
then, the end facets of the nanowire play a limited role. Grzela et al. have used time-reversed
microscopy (described in Section 3.2) to investigate the relation between Mie theory and wave-
guide theory. They concluded that Mie theory fails when the incident light is almost parallel to
the nanowire. In this case waveguide modes describe the interaction of light with nanowires
[80]. The angle-dependent absorption of an array of vertically oriented nanowires is shown
in Figure 2.5, along with a calculation based on Mie theory and numerical simulations. More
details on this experiment can be found in the caption of Figure 2.5, and in ref. [80]. The devi-
ation from Mie theory occurs when θi < 30◦. In this case, numerical simulations are needed
to accurately calculate the angle-dependent scattering and absorption due to the coupling of
the incident light toe waveguide modes.

2.2.2 Calculation of waveguide mode dispersion

The propagation of light in amedium is described by the dispersion of the optical modes of the
medium. In bulk material, a continuum of modes is available, but when the characteristic sizes
of the structure are on the order of the wavelength, there is a limited number of eigenmodes.
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Figure 2.5: Mie theory and waveguide modes on nanowires. (a) Scanning electron microscope image
taken at an inclination of 30◦ of an InP nanowire array grown on top of an InP substrate. The
array of nanowires has a pitch of 5 µm. Individual nanowires in this array have a length of
3.1 µm and radius between 45 and 55 nm. (b) Measured normalized directional absorption
FNW of nanowires excited with p- and s-polarized light (black and red open circles, respec-
tively) as a function of the angle of incidence. The blue andmagenta open squares represent
the simulated absorptance of the array of 100 nm-thick nanowires normalized to the value
at θi = 0◦. (c) The blue and magenta squares represent the same absorption as in (b), but
plotted in the absolute values of absorptance. The black and red open circles are the sim-
ulated angle-dependent absorptance of an array of 90 nm-thick nanowires with a circular
cross section for p- and s-polarized illumination, respectively. The solid lines in (c) show the
absorptance of the effective medium consisting of 90 nm thick nanowires calculated using
transfer matrix formalism. The black line corresponds to the p-polarized absorptance, while
the red solid line plots the s-polarized absorptance. Figure reproduced from ref. [80].
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Assuming an infinitely long cylinder with radius r , we can calculate the electric andmagnetic
field components at positions a , both for a < r and a > r . At the cylinder boundary, a = r , the
tangential field components need to be continuous. This requirement defines a homogeneous
system of linear equations. The determinant of this system of equations needs to be zero in
order to have a solution other than the trivial solution that defines the eigenfrequencies of the
modes. The roots of the expansion of the determinant are the eigenfrequencies of the system.
For a free-space wavelength λ, ω/c = 2π/λ, this expansion is as follows [134]:(

µc
kc r

J ′m (kc r )

Jm (kc r )
−
µe
ke r

H ′m (ke r )

Hm (ke r )

) (
εc
kc r

J ′m (kc r )

Jm (kc r )
−
εe
ke r

H ′m (ke r )

Hm (ke r )

)
= m2 (kz r )

2

(ωr /c)2

(
1

(ke r )2
−

1

(kc r )2

)2
(2.17)

wherem is themode order. Jm andHm are the standard Bessel andHankel functions of the first
kind, while kc =

√
εc (ω/c)2 − k 2z and ke =

√
εe (ω/c)2 − k 2z are the transverse components of

the mode wave vectors in the cylinder and in the surrounding medium, respectively. Here, kz
is the complex z -component of the wave vector (propagation constant) of any mode that is a
solution of the equation above. The dielectric permittivity in cylinder and surroundingmedium
are denoted as εc and εe , with εe = 1 for vacuum or air. Finally, the magnetic permeabilities
in cylinder and environment are µc and µe , which are both considered equal to 1 since the
materials used in this thesis are nonmagnetic. Modes with kz < ω/c propagate in the light
cone of vacuum and are therefore leaky, while modes with kz > ω/c are outside the light
cone of vacuum (but inside the light cone defined by the cylinder material) and are guided.
Figure 2.6 shows the dispersion relation for the eigenmodes in InP nanowires in vacuum. Only
for the leaky modes the wave vector has a nonzero imaginary component, so kz = k ′z + i k ′′z .
These modes propagate along the nanowire for a limited distance. The typical length scale of
propagation is the decay length Ld , which is the distance over which the intensity reduces to
a factor 1/e of the initial intensity, given by

Ld =
1

2k ′′z
. (2.18)

The right panel of Figure 2.6 displays the decay lengths of the leaky modes as a function of
k ′′z r . From this figure we learn that for an InP nanowire with a radius of 50 nm (k0r =0.38), the
imaginary component of the TM01 mode k ′′z r equals 0.072, which results in a decay length of
Ld /r =7, or Ld =0.35 µm.
The eigenmode field intensity profiles can be calculated using the equations from textbooks,

e.g. ref. [135]. As an example, we calculate normalized field profiles of infinite cylinders with
radus r =137.5 nm, for the different components in θ-, r -, and z -direction (displayed in Fig-
ure 2.7). The first row displays profiles of transverse modes (TE/TM), and the second row hybrid
electric modes (HE). In-plane electric field lines for different low-order modes are shown in
Figure 2.8.
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Figure 2.6: Dispersion of the guided and leaky modes in InP nanowires (n=3.43). The left vertical axis
indicates the equivalent radius, for an emission wavelength of 870 nm. The dark gray line is
the light line in InP, below which no modes can exist (dark gray zone). The light gray line is
the light line in air, below which the guided modes exist (light gray zone). The leaky modes
are in the light cone of air (white zone). The right panel shows the normalized decay length
of the modes.
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Figure 2.7: Electric field profiles of waveguide modes. The profiles are calculated for infinite cylinders
with r =137.5 nm (so diameter d=275 nm), for components in the θ- (a,d), r - (b,e), and z -
direction (c,f ). The top row (a-c) shows the field components for the TE01 and TM01 modes,
the bottom row (d-f) shows the field components for the HE11 mode. Components that are
not shown have a zero magnitude.

2.2.3 1D current emission model based on waveguide modes

Based on the dispersion relation we can model the directional emission of a nanowire. To
this end, a one-dimensional current model developed by Paniagua-Domínguez et al. was used
[136]. In this model the nanowire emission is determined by a line current ~I (z ) produced by
a point dipole at position z0 exciting a leaky or guided mode. For parallel and perpendicular
polarization, these displacement currents can be written as ~I = I (z , z0)ẑ (TM01 and TE01mode
excitation) and ~I = I (z , z0)ŷ (HE11 mode excitation), with:

I (z , z0) = I0
e i kz z0 ± Re i kzLe−i kz z0

1 − R 2e2i kzL

(
Re i kzLe i kz z − e−i kz z

)
, for −L/2 ≤ z < z0; (2.19a)

I (z , z0) = I0
Re i kzLe i kz z0 ± e−i kz z0

1 − R 2e2i kzL

(
e i kz z − Re i kzLe−i kz z

)
, for z0 < z ≤ L/2, (2.19b)

where the ± sign depends on the dipole character (electric or magnetic) and the specific mode
being excited; kz corresponds to the mode wave number, and R is the mode reflection coeffi-
cient at the nanowire end facets. Note that the equations are here applied to first-ordermodes,
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Figure 2.8: In-plane electric field lines of the first guided modes inside a cylinder. The cross-section of
the cylinder is shown by the solid circles. Copied from ref. [104].

but they also work for higher order modes. As shown in ref. [136], the resulting electric far field
components are:

Eθ =
i k0η0
4π

sin θ
∫ L/2

−L/2
I (z , z0)e

−i k0z cos θdz , (2.20a)

Eφ = 0, (2.20b)

for the TM01 mode, and:

Eθ =
i k η0
4π

cos θ sinφ
∫ L/2

−L/2
I (z , z0)e

−i k0z cos θdz , (2.21a)

Eφ =
i k η0
4π

cosφ
∫ L/2

−L/2
I (z , z0)e

−i k0z cos θdz , (2.21b)

for the HE11 mode. Here η0 stands for the vacuum impedance. In the case of the TE01 mode,
we made use of the symmetry between ~E , ~H in Maxwell’s equations, so that the far field is
exactly that of the TM01 mode, but with opposite polarization (equivalent to consider that
Eqs. 2.21 for the TM01 mode yield the magnetic far field components instead). From the field
components, the angular distribution of the emission is given by the time-averaged Poynting
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vector 〈 ~S〉 = εe c
2 `
~E `2, where c is the speed of light in vacuum and εe the vacuum permittivity.

From this we calculate the far field emission intensity as a function of the dipole position
in the nanowire. As an example, we have calculated the normalized angular emission for InP
nanowires with three different radii in Figure 2.9. The calculations used 30 dipoles distributed
evenly over the nanowire length. We observe a strong dependence of the emission pattern on
the radius, as further discussed in Chapter 7.

180
150

120

90

60

30
0

-30

-60

-90

-120

-150

Emission

Figure 2.9: Angular patterns of the emission of one-dimensional currents in InP nanowires. The gray line
with black dots in the center symbolizes the orientation of the nanowire with the homoge-
neous distribution of dipoles along the length. The nanowires have radii of 77.5 nm (blue),
84.5 nm (green) and 104 nm (purple). In the first two cases only the HE11 mode was taken
into account, for the largest radius it is the average between the HE11 and TE01 modes. The
data is normalized to the maximum and averaged over the two polarizations.





3
EXPER IMENTAL METHODS

This chapter describes the experimental methods that were used to obtain the results
described in this thesis. They consist of Fourier microscopy and Time-reversed Fourier

Microscopy. The methods are introduced and polarization effects are discussed. Finally, the
intensity calibration of the photoluminescence (PL) collection is addressed.

3.1 fourier microscopy

Fourier microscopy allows to measure directional emission. The technique is also called ‘back
focal plane imaging’, which is selfexplanatory: the back focal plane of a microscope objec-
tive is imaged using a CCD camera. In this way, a circular image is obtained, directly showing
the wave vectors of the scattered or emitted light. Each point in the back focal plane corre-
sponds to wave vector of the emission. For instance, emission in the normal direction, per-
pendicular to the substrate, ends up in the center of the back focal plane, whereas emission
at large angles with respect to the nanowire’s axis, entering the objective at the very edge of
the numerical aperture (NA), can be observed at the edge of the back focal plane. The objec-
tive’s NA (in our setup NA=0.95) determines the maximum collection angle of the emission at
θmax = sin−1(0.95) = 72◦. In such way, all the directional information of the emission captured
within the solid angle of the objective is preserved in a so-called Fourier image. Typically, a
narrow band pass filter is used in front of the CCD camera to image the emission at a fixed
wavelength. The setup is depicted in Figure 3.1.

Figure 3.1: Fourier microscope set-up. Solid and dashed lines indicate light rays.

35
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3.1.1 Polarization analysis
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Figure 3.2: Polarization analysis of the emission in the back focal plane of the objective. P-polarization
is defined parallel to the long axis of the nanowire and the wave vector k , s-polaration as per-
pendicular to these. P-polarized emission is collected along the diameter of the back focal
plane parallel to the transmission axis of the polarizer, while s-polarized emission is col-
lected along the orthogonal diameter. Therefore, acquiring a single polarized Fourier image
gives both p- and s-polarized emission.

Apart from the direction, the polarization is an important property of light. In the case of
vertical nanowires, we distinguish between p-polarized light (polarization vector in the plane
of the wave vector k and the nanowire axis) and s-polarized light (perpendicular to the plane
of k and the nanowire axis). To probe the different polarizations of the emission, a polarizer is
placed in the collection path. The acquired emission along the transmission axis of the polar-
izer is purely p-polarized, whereas the emission along the axis perpendicular to the polarizer’s
axis is purely s-polarized. The polarization of the emission off these axes is a combination of
p- and s-polarization. The unpolarized emission pattern is derived by adding the emission
patterns acquired by the two orthogonal orientations of the polarizer, taking into account the
polarization-dependent response of the set-up. The set-up is schematically depicted in Fig-



3.2 time-reversed fourier microscopy 37

ure 3.1, while the propagation of s- and p-polarized light is shown in Figure 3.2. Definitions of
parallel, perpendicular, s, and p are depicted in Figure 3.3.
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Figure 3.3: (a) Definitions of s, p, parallel, perpendicular and coordinate system. (b) Graphical explana-
tion in the nanowire-axis-k plane of the relations between I ``, I⊥ and Ip, Is.

3.2 time-reversed fourier microscopy

Time-reversed Fourier microscopy (TRFM) has been used to measure the angle-dependent ab-
sorption of metal nanoparticle arrays [137] and semiconductor nanowires [80]. It is based on
the reciprocal equivalence of Fourier microscopy: instead of imaging the back focal plane, we
focus a laser to a quasi-point source in the back focal plane. As each position in the back focal
plane corresponds to a certain k -vector under the objective, we can excite a nanostructure
with a plane wave under an objective. When changing the position of the laser, the incident
k changes. In order to realize TRFM measurements, we mounted a laser including focusing
lens on a computer-controlled two-dimensional rotation stage, which allows us to scan over
all k -vectors that are available within the numerical aperture of the objective. A schematic
of the TRFM setup is shown in Figure 3.4. The excitation beam on the sample under the mi-
croscope objective in this setup is a plane wave limited to the field of view of the objective,
i.e. ∼ 100 µm in diameter, which enables us to do angle-dependent measurements on small
samples. The signal that can be detected can be photoluminescence (PL) or reflection. Also,
the setup is equipped with remote-controlled microprobes [138], which allows us to measure
angle-dependent photocurrent. The setup, including its principles and alignment, has been
described in detail by Grzegorz Grzela in his PhD thesis [104].
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Figure 3.4: Time-reversed Fourier microscope set-up. Solid and dashed lines indicate light rays, for two
different laser positions.

The result of the optical configuration of the TRFM setup is that the incident intensity drops
when the angle of incidence increases, which is caused be increased reflections at the lenses
and components that block a part of the expaned beam. Therefore, the intensity needs to
be carefully calibrated. For the PL measurements we use a planar layer for calibration, as has
been described elsewhere [104]. For calibrating the current-voltage measurement of our small
solar cell, we need to take into account that the photocurrent collection takes place over the
entire excitation spot area, while the PL collection is limited to a small part of the spot defined
by the excitation beam. Therefore, we need to perform the calibration measurement using a
planar, large area silicon solar cell, which we measure in the TRFM setup as a function of the
angle (two-dimensional scan). We also perform an angle-dependent reference measurement
on a rotation stage, using the same solar cell. This setup and its results are shown in Figure 3.5.
The real photocurrent of a small solar cell, which can be a nanowire solar cell (NWSC), I NWSCreal ,
can be extracted from the measured photocurrent using a correction function C (θ,φ):

I NWSCreal (θ,φ) = I
NWSC
TRFM (θ,φ)C (θ,φ) = I

NWSC
TRFM (θ,φ)

I Si refrot.stage(θ,φ)

I Si refTRFM (θ,φ)
. (3.1)

3.3 calibrated photoluminescence intensity measurements

The absolute photoluminescence intensity of a semiconductor sample is proportional to the
splitting of the highest populated valence band level and the lowest populated conduction
band level, i.e. the splitting of the quasi-Fermi-levels µ [51, 139]. Therefore, performing cali-
brated PL measurements allows for determining this splitting, which is equivalent to the max-
imum value of a solar cell’sVOC, by µ = qVOC. Such measurements have been performed in,
among others, refs. [140, 141]. There are several reasons which make the combination of this
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Figure 3.5: Angle-dependent reference measurement of silicon solar cell in a rotation stage. (a)
Schematic representation of the setup. (b) Photocurrent I as a function of the incident angle
θ, as measured in the rotation stage depicted in (a).

method and a TRFM appealing. The first one is the possiblity to use plane wave illumination
on micro-sized samples and select the emission from amicro-sized area. The second reason is
the use of a high-NA microscope objective, which captures the emission up to a large angle. A
third reason is the easy access to angle-dependent emission measurements, which is needed
to estimate how much of the emission is captured within the objective. Therefore, we have
calibrated the TRFM setup. The measurements are done using excitation at normal incidence.
A complete schematic overview of the setup is shown in Figure 3.6.

Diode laser

SpectrometerWhite 
lamp

Figure 3.6: Schematic overview of the configuration of the TRFM as used for the calibrated PL measure-
ments
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3.3.1 Collection efficiency of photoluminescence

First, we need to measure the number of incident photons at the position of our sample, by
using a silicon photodiode. Then, we measure the collection efficiency at the wavelength of
the PL, λem. To do so, we turn off the laser and use a white lamp which is equipped with a
narrow (10 nm full-width at half maximum) band pass filter. The intensity of the lamp is kept
constant and its power Plamp(λem) is measured at the sample position, using the silicon pho-
todiode. This power corresponds to a photon rate equal to γsource = Plamp/Ephoton, where
Ephoton = hc/λem is the photon energy. Then, the photodiode is replaced by a silver mirror
(reflection Rmirror(λem)). This configuration represents a light source of known intensity in the
sample position. We measure the PL spectrum using a fiber-coupled spectrometer. The inte-
grated spectrum represents the detected rate of photons γdetected per second. From these mea-
surements we can extract the PL collection efficiency of the setup, at the emission wavelength
λem, expressed as

ηsetup(λem) =
γdetected(λem)

γsource(λem)Rmirror(λem)
=

γdetected(λem)

Plamp(λem)Rmirror(λem)λem/(hc)
. (3.2)

A fraction of the emission is lost since it cannot be captured by the objective. Considering the
objective in our setup, which has a numerical aperture of 0.95 and can therefore detect up to
a maximum angle of sin−1 0.95 = 72◦, the fraction that is captured is

2π
∫ sin−10.95
0

cos θ sin θdθ

2π
∫ π/2

0
cos θ sin θdθ

≈ 0.90, (3.3)

assuming a Lambertian emission. We should note that the assumption of Lambertian emission
is not always true for a nanostructured sample (see e.g. Chapter 6).

3.3.2 Power-dependent photoluminescence measurements

To relate the incident total intensity to a power density, we image the cross-section of the
beam using an imaging CCD camera. The incident wave is measured at the sample plane to
have a radius of 55± 5 µm. The spectrometer collects the light coming from a circular area on
the sample with a radius of 26±2 µm, which is collinear with the excitation beam. Wemeasure
that 43% of the PL occurs within the field of view of the spectrometer.
The actual emitted intensity of the PL per unit area can be expressed at follows:

IPL,real [cts/s/cm2] =
IPL,meas

APLηsetup
, (3.4)
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where IPL,meas is the measured PL integrated in the spectrometer, APL is the area of the PL
collection, in this case 43% of the excitation spot area Aexc. The corresponding excitation in-
stensity I in per unit area is expressed as

I in [cts/s/cm
2] =

Pinhc

Aexcλexc
, (3.5)

where Pin is the incident power, measured at the sample position. hc/λexc is the energy of a
photon from the excitation laser. To apply these measurements to solar cells, it is convenient
to determine the VOC at an incident intensity of 1 sun. Therefore, I in can be related to the
number of suns, which is defined by the number of photons beyond the band gap energy Eg
of the material per unit area, φ(Eg ):

I in [suns] =
I in [cts/s/cm2]

φ(Eg )
. (3.6)

The number of photons beyond the band gap energy φ(Eg ) is shown in Figure 3.7. From the
calibrated PL measurements we can determine the quasi-Fermi energy level splitting, as is
described in Chapter 4.
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Figure 3.7: Flux of photons in the AM1.5G solar spectrum beyond the band gap, as a function of the band
gap energy. The dashed line indicates the material InP, for which 2.19 × 1021 photons from
the solar spectrum are beyond the band gap energy, each second per square meter.





4
ENHANCED VOLTAGE IN NANOW IRE SOLAR CE L L S

We demonstrate experimentally that nanostructured solar cells can fundamentally
outperform their planar counterparts not only in photocurrent, but also in open circuit
voltage. By etching tapered nanowires from planar InP, a direct comparison can be made
between planar and nanophotonic geometries without affecting material quality. We show
that the external radiative efficiency at 1 sun is increased by a factor 14 compared to the
planar geometry, leading to a 70 mV enhancement in open circuit voltage. The higher
photovoltage arises from both the lower active material volume, which lowers bulk
recombination, and the enhanced outcoupling of photons, which promotes radiative

recombination. Based on these insights, we have fabricated an InP nanowire solar cell with a
power conversion efficiency of 17.8% (calculated based on the exposed area), a large increase
over the previous record nanowire device. These effects are generic and promise to further

enhance efficiencies of already high-performance solar cells.

4.1 introduction

To maximize the conversion efficiency of sunlight into electricity, a photovoltaic device needs
to simultaneously achieve optimal photocurrent and voltage. Nanophotonic engineering has
been employed to enhance the photocurrent of solar cells by reducing reflection and increas-
ing solar light absorption via light trapping, and values close to maximum absorption have
already been achieved [26, 27, 37, 40, 44, 142, 143]. Therefore, in order to bring the photovoltaic
conversion efficiency closer to the theoretical limit as determined by Shockley and Queisser
[17], the open circuit voltage (VOC) needs to be further improved [55, 81, 144, 145]. TheVOC is
generally expressed as a function of photocurrent density JSC and dark current density J0 as
VOC ≈

kBT
q ln JSCJ0 , in which kB ,T and q are the Boltzmann constant, solar cell temperature, and

electron charge, respectively [51]. The dark (saturation) current density is proportional to the
recombination rate, and can be separated into a radiative part and a non-radiative part. Max-
imizing the voltage requires minimizing recombination, but even a perfect solar cell must un-
dergo radiative recombination to remain in thermal equilibrium with its surroundings. On the
other hand, non-radiative recombination caused by bulk defect and surface recombination,
constitutes a loss that can be eliminated. Therefore, improving the VOC requires increasing
the ratio of external radiative to total recombination rates, which is equivalent to increasing
the external radiative efficiency (ηext). The ηext depends mainly on two parameters: the inter-
nal radiative efficiency (ηint), which gives the fraction of internal recombination events that

43
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is radiative, and the escape probability (Pesc), which gives the fraction of emitted photons
that escape the cell. Bulk non-radiative recombination in a solar cell is proportional to the
amount of active material, which means that ηint can be improved by reducing the amount
of material if surface recombination plays a minor role. Additionally, efficient outcoupling of
internally emitted photons is essential, because it prevents eventual non-radiative recombi-
nation due to photon reabsorption [47]. Therefore, reducing the amount of absorber material
and enhancing Pesc of emitted photons improves theVOC. This becomes directly apparent from
the equation for theVOC [132]:

VOC =V
rad
OC −

kBT

q
���ln

ηintPesc

1 − ηint(1 − Pesc)

��� (4.1)

whereV rad
OC is theVOC in the radiative limit (absence of non-radiative recombination). If ηint .

0.1 this equation can be simplified to

VOC =V
rad
OC −

kBT

q
`ln(ηintPesc)`. (4.2)

The effects of Pesc and ηint on theVOC are displayed in Figure 4.1a. This figure shows that im-
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(a) (b)

Figure 4.1: Voc as a function of the internal radiative efficiency and photon escape probability. The cal-
culation was performed for the AM1.5 spectrum and a band gap of 1.34 eV (e.g. InP). (a) shows
a plot dependent on both ηint and Pesc. For (b) Pesc is fixed to 10% and the difference be-
tween the actual equation (Equation 4.1, red), and the simplified version (Equation 4.2, pur-
ple), which is valid when ηint . 0.1.

provements in ηint and Pesc are equally important for increasing the VOC. A reduction of the
material volume while simultaneously maintaining maximum absorption of sunlight can be
achieved using the antenna effect of nanostructures, which allows them to absorb light from a
larger area than their projected geometrical area [21, 81, 142]. For minimizing losses due to the
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Figure 4.2: Effect of nanowire geometry on VOC. a) A planar InP sample is compared with a piece of
the same material in which a nanowire structure is defined by etching: the emission out-
coupling enhanced and the number of bulk defect is reduced. b) Schematic of the effects
of the nanostructuring on theVOC. Because of reduced bulk recombination and enhanced
outcoupling, the emission intensity (red upward arrow) is enhanced, indicating a higherVOC.
c) Scanning Electron Micrograph of the etched nanowire array, imaged at a 30◦ tilt. The scale
bar represents 1 micron.

Pesc term, enhanced outcoupling of internally generated photons can be achieved in tapered
nanowires by utilizing adiabatic expansion of the optical mode confined in the nanowire into
free space [119]. The two described mechanisms, applied to tapered nanowires, are schemat-
ically displayed in Figure 4.2a. Figure 4.2b shows the effects on theVOC, including a possible
reduction due to the increased surface area. A highVOC in a nanostructured solar cell has been
reported recently [85], but its origin was not identified. Here we demonstrate that nanostruc-
turing enhances theVOC due to the two mechanisms described above and use these insights
to reach record nanowire solar cell conversion efficiency.

4.2 direct material comparison

To investigate the effect of nanostructuring on theVOC, we compare planar indium phosphide
(InP) material with a piece from the same sample, in which we have defined nanostructures
by top-down lithographic techniques. The planar and nanostructured samples thus consist
of identical material, which allows us to isolate the effect of nanostructuring on theVOC. We
use an intrinsic epitaxial InP layer of 1600 nm grown by metal-organic vapour-phase epitaxy
(MOVPE), on top of an InP wafer. We chose InP because it has a direct band gap Eg with the
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ideal energy for photovoltaic devices (Eg =1.34 eV), and a low surface recombination velocity
[146]. The nanostructured sample (a periodic array of conically shaped nanowires) is fabricated
by selectively dry etching the thin film through a chromium mask patterned by nanoimprint
lithography, followed by digital etching to remove surface defects. The result is shown in a
scanning electron micrograph in Figure 4.2c. The period of our square array is 513 nm, where
the 1.6 µm long tapered wires have a base diameter of 350 nm and a top diameter of 150 nm.
The conical shape is chosen because of its very high absorptance [21, 40, 43, 147], which for InP
can be over 98% in the wavelength range between 400 and 900 nm [21].

4.3 voltage measurements

To compare theVOC with and without nanostructuring, we use the fact that the photolumines-
cence (PL) emission intensity IPL in a semiconductor is directly related to the splitting of its
quasi-Fermi levels [126, 139, 148]. This relation is expressed through the following equation:

IPL(E ) = a(E )Ibb(E )(exp(µ/kBT − 1), (4.3)

where E is the energy of the emission, a(E ) is the absorptance, and Ibb(E ) is the blackbody
emission intensity, Ibb(E ) = 2πE 2A

h3c2
exp(−E /kBT ). Here A denotes the area of the emitting

region, h Planck’s constant and c the speed of light. Using this equation one can find the
Fermi-level splitting:

µ = E + kBT ln
IPLh

3c2

2πE 2a(E )A
. (4.4)

µ defines the maximum value of theVOC byVOC,max = µ/q , where q is the electron charge. A
similar analysis has recently been performed by Tran et al. [141].
In this way we can use calibrated PL measurements as a contactless probe for theVOC. PL

emission spectra of InP with and without nanostructuring are shown in Figure 4.3a (absolute
counts) and Figure 4.3b (normalized counts), measured at room temperature. The normalized
emission spectra are identical and only show band gap related emission, the nanowire layer
shows a 20-fold higher emission intensity. This increased emission cannot be explained by the
increase in absorptance alone, which is only a factor of 1.4 (as will be calculated in Chapter 5).
Power dependent PL emission intensities are shown in Figure 4.3c. The number of suns cor-

responding to the incident photon intensity is plotted on the top horizontal axis. From the
absorbed and emitted photon intensities at 1 sun, we calculate ηext = (7.0± 0.9) ∗ 10−4 for the
nanowire array and (5.2 ± 0.5) ∗ 10−5 for the planar sample. These calculations assume that
all the PL is collected by the setup, which is not the case. However, in this case, the angular
distribution of both planar and nanostructured sample are identical, therefore the ηext values
can be directly compared. The quasi-Fermi level splitting (equivalent to maximum achievable
VOC in a contacted device) obtained from the integrated PL intensity is displayed on the right
axis (as calculated above). It is clear that nanostructuring increases the Fermi level splitting
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compared to the planar film for the entire excitation intensity range from 1 to 1000 suns. At
1 sun the implied VOC is 70 mV higher for the nanostructured sample compared to the pla-
nar sample, demonstrating that a nanostructured solar cell allows an intrinsic advantage in
photovoltage over a planar layer, even without employing surface passivation.

4.4 effects on VOC through nanostucturing

The different contributions to theVOC will be discussed now in more detail.

4.4.1 Material volume reduction

The first contribution is the reduction of material volume by a factor of 5 .1, which therefore
also reduces the non-radiative bulk recombination rate by the same factor. If the total non-
radiative recombination is dominated by bulk recombination, this would result in an increase
inVOC equal to k BT

q ln(5 .1) = 42 mV. We emphasize that due to the optical antenna effect of
the nanowires, the reduction in material volume does not decrease the short circuit current,
as we will also discuss later.

4.4.2 Enhanced emission outcoupling

The second contribution to the improved VOC is enhanced light outcoupling. The photon es-
cape probability of a radiative recombination event inside the nanowire array was estimated
with FDTD simulations. To incorporate the effect of the array we simulated 7 by 7 unit cells,
with the dipole source located in the center wire. The escape probability at a certain point x
is then estimated as:

Pesc(x ) =

∫ ∞
0
Pup(E , x )S (E )dE∫ ∞

0
P tot(E , x )S (E )dE

. (4.5)

Here Pup(E , x ) is the fraction of radiated power into the upper hemisphere (free space), aver-
aged over all dipole orientations, P tot(E , x ) is the total radiated power by the dipoles, which
may vary with position due to the modified local density of optical states. Due to the lossy
nature of the material we have to measure total power output with a small transmission box
around the dipole.
S (E ) is the van Roosbroeck-Shockley relation for emission flux from a semiconductor vol-

ume, defined as [126]

S (E ) =
2α (E )n 2E 2

h 3c 2
1

exp(E /k BT ) − 1
, (4.6)

where α (E ) is the absorption coefficient, n is the real part of the refractive index, h is Planck’s
constant, c is the speed of light, E is the photon energy, and T is the temperature (300 K).
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Figure 4.3: Determination of quasi-Fermi level splitting by photoluminescence. Photoluminescence
spectra of a) planar layer (black) and nanowire layer (red). b) same as a), but normalized
to their respective maxima, to allow comparison of the shapes. c) Power-dependent PL for
planar (black) and nanostructured (red) InP films, corrected for absorption at the PL wave-
length. The illumination intensity is converted into suns (top axis) and the PL intensity is
expressed as Fermi level splitting (right axis). The blue line corresponds to 1 sun and the
green line is the ideal curve for a sample with external radiative efficiency equal to 1.
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Figure 4.4: Simulated photon escape probability for a nanowire layer. (a) photon flux as used in the
simulation, here plotted as a function of wavelength. (b) Average photon escape probability
as a function of emitter height, for both nanowire and planar layer.

For the refractive index in this expression (α and n ) we have used the data of Palik [149].
The corresponding photon emission flux S (E ) is shown in Figure 4.4a. Figure 4.4b shows the
escape probability as a function of height in the nanowire, where we have averaged over mul-
tiple positions in the plane perpendicular to the nanowire axis, calculated on a grid with pixel
size of 40 by 40 nm. The error bars display the fraction of power that escapes through the
sides of the simulation volume, and as a result it is not clear whether it eventually escapes,
is reabsorbed in the active layer, or in the substrate. The escape probability is as high as 16%,
but varies with position of the emitter, as one would expect. Determining the actual escape
probability thus depends on the generation profile and carrier diffusion. As an approximation,
we use the average escape probability of dipoles located within the 1/e 2 absorption depth
of the excitation at 532 nm. With this assumption, we find that Pesc for the nanowires is 13%
and for the planar film is 2.1%. The average escape probability from the planar layer can also
be estimated from the escape cone for light of wavelength λ in a slab of refractive index n (λ ).
The average escape probability can be calculated as the ratio of the solid angle of the escape
cone Ωout and the total spherical solid angle Ωsphere = 4π . We thus find

Pesc =
Ωout

Ωsphere
=
2π(1 − cos θ)

4π
=
1

2
(1 − cos θ) =

1

2
−
1

2

√
1 − 1/n(λ)2, (4.7)

where θ is the critical emission angle, defined as sin θ = 1/n(λ) according to Snell’s law [150].
For InP at 925 nm this gives a Pesc for planar material which is also equal to 2.1%, indicating that
photon reabsorption does not play a significant role, unless the diffusion length is very large.
The enhancement in Pesc can be quantified as a factor 6.3, which corresponds to an increase
inVOC of 47 mV.
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4.4.3 Other effects

Since these effects together would result in a larger increase ofVOC (89 mV) than we have ob-
served, we argue that increased surface recombination due to the increased surface area for
the nanowires sample partially compensates the gain inVOC. These results show, however, that
even without surface passivation, the netVOC is enhanced by nanostructuring. We emphasize
that this effect is not a ‘concentration’ effect, since light concentration changes the photon en-
tropy between light absorption and light emission, and thus modifies the thermodynamic limit
given byV rad

OC . Such a thermodynamic enhancement is possible in principle using nanowire ar-
rays, but requires a specifically engineered angular emission profile [58], which is outside the
scope of the present chapter.

4.5 solar cell devices

To further demonstrate the potential of nanowire solar cells, we have fabricated solar cell
devices, as depicted in a cross-sectional SEM image (Figure 4.5a) with a schematic of a cross-
cut of the cell (Figure 4.5b). A microscope image of the device is shown in Figure 4.5c. The
fabrication of nanowire solar cell starts with the growth of the active layers of the solar cell. The
active layers are grown in anMOVPE reactor on a Zn-doped InP (100) substrate at a temperature
of 650 ◦C. A 200 nm thickness p+ InP layer was firstly grown on the top surface of the substrate.
This p+ InP layer serves as a back-surface field to facilitate hole transfer into the p-type InP
substrate, while simultaneously blocking electron transfer into the substrate. Then a 1400 nm
thick lightly p-doped (1017/cm3) InP base layer is grown as a light-absorbing layer. In order
to obtain a high electrical conductivity, the doping level of this layer is made slightly higher
than that for a GaAs thin film solar cell, since nanowire arrays have a larger resistance than a
planar film. Subsequently, a 170 nm n+ InP emitter layer and a 30 nm n++ InP contact layer are
grown, which will also serve as a front surface field for blocking hole transfer to the ITO layer.
To create the nanowire solar cell, the doped layers are etched in the same way as the intrinsic
nanowires in the previous sections. Afterwards, the doped nanowires are processed using the
procedure described in ref. [87].
The current density-voltage (J −V ) curve of our highest efficiency nanowire solar cell under

1 sun illumination (AM 1.5) was independently measured and certified at the PV testing facility
at the National Renewable Energy Laboratories (NREL, USA). The certified parameters are a
VOC of 0.765 V, a fill factor (FF) of 0.794, and a JSC of 10.1 mA/cm2, based on the total cell area
including gold bus bar (red square in Figure 4.5c). If we calculate the photocurrent based on
the exposed area of the cell that absorbs light (green square in Figure 4.5c), we get JSC =29.3
mA/cm2, which leads to a power conversion efficiency of 17.8%. This J −V curve is shown in
Figure 4.5d. We have alsomeasured the external quantum efficiency (EQE), which is the number
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of collected electrons for each impinging photon at a given wavelength. The EQE is shown as
a function of the wavelength in Figure 4.5e demonstrates high efficiency for all wavelengths
below the optical band gap of InP. The JSC is among the highest ever reported for III-V solar
cells [14], while the 17.8%power conversion efficiency is the highest achieved for nanowire solar
cells so far. The present efficiency can be further improved by optimizing the ITO deposition
to eliminate surface damage on the nanowires. Furthermore, we have not made any efforts to
passivate the surface, which we expect can lead to even higher efficiencies. Since a large part
(16/25th) of our cell is covered by the gold bus bar, the dark current is relatively large. If we
would limit the cells to the active part, e.g. by a more advanced device design, like thin metal
stripes instead of the thick square, we could ultimately reduce the dark current to a factor
9/25th. This would result in an improvement inVOC of maximum ` kBTq ln(9/25)` = 26 mV. Note
that this is achievable by a simply an improved device design. We have summarized the data
of all 20 measured cells measured at NREL in Figure 4.6. All cells were processed identically;
any changes are due to inconsistencies in fabrication, e.g. the thickness of the ITO layer.
Finally, to explore the general effect of nanostructuring on the VOC, we have used Equa-

tion 4.1 (valid for any ηint, as long as there is no parasitic absorption), to investigate the po-
tential for further improvement of present day solar cells by nanostructuring. We assume that
bulk recombination is dominant, so the dark current of the nanostructured device is reduced
to a fraction f of the bulk dark current: J nrad,nano0 = f J nrad,bulk0 , and that the short circuit cur-
rent does not suffer from the reduction in material volume. The latter assumption is valid for
materials such as silicon, InP and GaAs down to f < 0.1 [22, 40, 86]. We use

ηint =
J rad0

J rad0 + J nrad0
. (4.8)

This is the general equation which can be applied to bulk material. Equivalently we can write

J nrad,bulk0 = J rad0
1 − ηbulkint

ηbulkint

(4.9)

The material reduction affects only the nonradiative part of the dark current, thus we modify
Equation 4.8 to

ηnanoint =
J rad0

J rad0 + f J nrad,bulk0

. (4.10)

Combining this with Equation 4.9 gives

ηnanoint =
ηbulkint

ηbulkint + f (1 − ηbulkint )
. (4.11)

When assuming that theVOC in the radiative limitV rad
OC is not affected by the nanostructuring,

and there is no parasitic absorption, we finally obtain

V nano
OC ≈V rad

OC +
kBT

q
ln

ηnanoint Pesc

1 − ηnanoint (1 − Pesc)
=V rad

OC +
kBT

q
ln

ηbulkint Pesc

f (1 − ηbulkint ) + Pesc
. (4.12)
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Figure 4.5: Characterization of nanostructured solar cell. a) Cross-sectional SEM image of the fully pro-
cessed solar cell device. b) Schematic image of solar cell design. c) Microscope image of the
solar cell device. The scale bar is 0.5 mm. The red square is the edge of the full solar cell, the
green square is the edge of the area that is exposed to light. d) J −V curve of the best of 20
nanowire solar cell devices, measured at 1 sun (AM1.5G) illumination. The photocurrent and
efficiency are calculated based on the exposed area (green square in c). e) EQEmeasurement
of one of the cells, measured at NREL. The JSC of this cell is 26.5 mA/cm2 (calculated based
on exposed area). A bias light of 2.6 mA/cm2 (based on full cell) was used.

In Figure 4.7a and b we have used this equation to express the maximum VOC (for InP) as
a function of the photon escape probability Pesc and the material filling fraction f , for two
different values of ηint. We observe a clear logarithmic dependence of the maximumVOC on
Pesc and on f for the low internal luminescence efficiency. However, even layers with 90%
internal luminescence efficiency can still gain tens of millivolts by improved photon escape
probability and material volume reduction. Note that the choice of material only defines the
value of theVOC in the radiative limit, and has no influence on the loss terms related to f and
Pesc, which makes these effects generic for all solar cell materials.
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the efficiency. All parameters are calculated based on the area that is exposed to light.
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Figure 4.7: Enhancement of solar cellVOC as a function of average photon escape probability and ma-
terial filling fraction. (a, b) Calculated VOC values for InP cells expressed in a log-log plot,
as a function of the photon escape probability and the material filling fraction, for a fixed
internal radiative efficiency of 90% (a) and 1% (b).

Figure 4.7 assumes that the surface recombination rate is small compared to the bulk re-
combination rate, while some materials instead suffer from a high surface recombination rate.
However, for solar cell materials such as silicon [151, 152] and GaAs [65, 153] it has already been
shown that surface recombination can be greatly reduced by proper surface passivation. For
optimal solar cell performance, not onlyVOC but also JSC needs to be close to the theoretical
maximum. As we have shown above a reduction of material can substantially enhance light
absorption, and we note that the volume can be reduced to a factor f ∼ 0.08 in nanowire
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arrays, without losing any absorption with respect to a planar layer [21, 40, 86] as has been
demonstrated for materials such as silicon, InP and GaAs. This makes the VOC in Figure 4.7
indicative for the cell efficiency.

4.6 conclusion

From Figure 4.7 we can derive the optimum design requirements for new record high-Voc solar
cells: starting from a high internal radiative efficiency solar cell material, a very high photon
escape probability should be combined with a very small amount of material. We finally con-
clude that nanostructuring is a very effective approach to increase both the photocurrent and
the photovoltage to approach the Shockley-Queisser limit.



5
ENHANCED AND OMN ID I R EC T IONAL ABSORPT ION IN NANOW IRE SOLAR
CE L L S US ING M I E SCAT T ER ING I TO NANOPART I C L E S

Photovoltaic cells based on arrays of semiconductor nanowires promise efficiencies
comparable or even better than their planar counterparts with much less material. One

reason is their high absorption cross section, but until recently the photocurrent has been
limited to less than 70% of the theoretical maximum. Here we enhance the absorption in
indium phosphide nanowire solar cells by employing broadband forward scattering of
self-aligned nanoparticles on top of the transparent top contact layer. We measure

omnidirectional absorption using Time-Reversed Fourier Microscopy and show that the
broadband absorption enhancement of maximum 20% and average of 10% is due to Mie
scattering. These insights lead to a measured short-circuit photocurrent of 29.3 mA/cm2,

which is among the highest reported for any III-V solar cell.

5.1 introduction

Photovoltaic cells based on high-index planar material suffer from high reflection losses. Anti-
reflection coatings and micro- or nanosized scattering particles have been widely used to re-
duce this reflection [26, 43, 147]. Nanoimprinted dielectric particles have been employed to en-
hance the incoupling of light in planar material. This enhanced incoupling has been explained
in terms of Mie resonances, which scatter the light in the forward direction [34, 154, 155]. Re-
cently, hemispherically shaped particles were imprinted on top of a planar silicon solar cell to
improve light absorption, which was associated with the concept of a nanolens [156]. However,
lenses become ill-defined at subwavelength dimensions, where ray-tracing is not valid. The
interaction of light with scatterers, such as spheres or cylinders of dimensions comparable to
the wavelength of light is generally explained by Mie theory [99, 133], which provides a solution
to Maxwell’s equations for electromagnetic waves obeying specific boundary conditions. Mie
theory has proven to be very useful for dielectric and semiconductor nanoparticles [34] and
nanowires [100, 142].
Nanowire solar cells have become an important field of study due to their intrinsic advan-

tages over planar solar cells, leading to both a higher photocurrent and a higher photovoltage
[22, 157]. It has been shown that the shape and size of the nanowire is very important for
achieving a high absorption [21, 40]. However, until recently the highest photocurrent of a III-V
nanowire solar cell (24.6 mA/cm2) [85] was still significantly below the best planar cells of the
same material (30.5 mA/cm2) [158].

55



56
enhanced and omnidirectional absorption in nanowire solar cells using mie scat-
tering ito nanoparticles

Some research groups have reported enhanced absorption due to nanostructuring of the
transparent window layer of nanowire solar cells, and explained it in terms of optical concen-
tration [159, 160]. However, optical concentration implies amodification of the angle-dependent
emission and absorption patterns, which has not been investigated yet. Generally, omnidirec-
tional absorption is an important property of solar cells since the incident sunlight is often
not (only) coming from normal incidence. Strong absorption up to large angles with respect to
normal incidence has been reported for black silicon [20] and also for nanowire arrays, both in
simulations [79] and measurements [21, 40, 161]. However, no studies on the angle-dependent
absorption of fully processed solar cells based on nanowire arrays have been reported. There-
fore, a demonstration of enhanced absorption due to forward scattering of the transparent
contact layer, which works well up to large angles, can provide important insights.
In this chapter, we demonstrate an omnidirectional enhanced photocurrent in a nanowire

solar cell by usingMie scattering of the nanostructured transparent contact layer. This is the ab-
sorptionmechanism behind the nanowire solar cell with a short-circuit current of 29.3 mA/cm2,
that is reported in Chapter 4.

5.2 time-reversed fourier microscopy on nanowire solar cells

Our cells are based on tapered nanowires, that were etched from epitaxially grown n- and p-
doped InP layers on top of an InP substrate. A layer of BCB was used to planarize the surface
and indium-tin-oxide (ITO) was deposited as a transparent front contact. The ITO forms spheri-
cally shaped particles embedded in the planar ITO layer, that form a good Ohmic contact. More
information on the fabrication can be found in ref. [162]. In Figure 5.1 we show the design of the
nanowire solar cells, including a current density vs voltage plot of the best cell (Figure 5.1b).
We measure the angle-dependent photocurrent of a cell that has the geometry depicted in

Figure 5.1c. Measuring the angle-dependent photocurrent of solar cells is usually done using
a goniometer or rotational stage. However, the size of the excitation beam combined with the
cell size limits the maximum angle to 48◦.1 In order to measure our small cell up to larger
angles, we utilize Time-reversed Fourier Microscopy to excite the cell. This method, described
in Section 3.2, uses a focused light source in the back focal plane of a microscope objective, in
order to excite the cell with a plane wave under a microscope objective [80]. By scanning the
focused beam, we illuminate the sample under the objective with a plane wave under angles
varying from 0 to 72◦. We scan one quarter of the back focal plane with a polarized beam from
a diode laser at 532 nm, and perform a current-voltage scan for each position of the laser. The
schematic of the setup and results are displayed in Figure 5.2.

1 The excitation spot is spread out over the cell when the angle increases. To keep the excitation beam width de
entirely within the cell area (assuming a square cell of area d 2c ), the maximum oblique angle cos θmax = de/dc . In
our case, the cell has a width of 300 µm and an excitation beam width of 200 µm, which would limit θmax to 48◦ .
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Figure 5.1: Nanowire solar cell. (a) SEM image of a cleaved nanowire solar cell device, acquired under
a 30◦ angle. (b) current density vs voltage characteristic of the cell. The photocurrent was
calculated based on the exposed active area of the cell. (c) Schematic of three unit cells of
the device. The colored areas indicate InP (blue), BCB (gray), and ITO (green).
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(a) (b)

(c)

Pol

Figure 5.2: Angle-dependent photocurrent measurements. (a) schematic of the setup. (b) angle-
dependent photocurrent measured using a laser scanning one quarter of the back focal
plane, as indicated in (a). The photocurrent is normalized to the value at (θ,φ)=(0, 0). The
orientation of the polarization of the excitation laser beam is shown by the black double
arrow. (c) Profiles of the normalized photocurrent under polarized excitation in (b), for p-
polarization (blue) and s-polarization (red). The measurements (squares) are shown with
the absorption simulations acquired by FDTD (solid curves). The black curve and squares are
the average of p- and s-polarization.
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Figure 5.2b shows the measured angle-dependent photocurrent for the polarization of the
laser oriented along the horizontal axis. This results in pure p-polarized excitation along the
horizontal (blue) axis and pure s-polarized excitation along the vertical (red) axis (explained
in Section 3.1). We see that the p-polarized excitation causes a growing photocurrent for larger
oblique angles θ, while s-polarized excitation results in a decreasing photocurrent when θ
increases. In Figure 5.2c we have depicted the profiles along the horizontal and vertical axis,
together with their average.

5.3 simulations and mie scattering

We also perform absorption simulations using a finite-difference time-domain (FDTD) method
in the commerical software package Lumerical. We model one unit cell of the device and use
Bloch periodic boundary conditions. We use the refractive index of InP of n InP=3.702 + 0.429i , for
BCB we use nBCB=1.55 and for ITO a value that was measured by ellipsometry, being n ITO=2.1176
+ 0.0029i . We excite a plane wave from top at a wavelength of 532 nm. We then simulate the
electric fields in the unit cell, and calculate the absorption fraction over the volumeV of the
cell, using a =

∫
1
2ε0ω`E `

2im(n)2dV , where ε0 is the vacuum permittivity, ω is the frequency,
E the electric field and n the respective refractive index at each position in the cell. In Fig-
ure 5.2c we have also plotted the angle-dependent absorption for both p- and s-polarized
incident light and their average. We find good agreement between measurements and simu-
lation. Measurement and simulations have been normalized to the value at θ = 0◦ to allow
direct comparison.
To investigate the role of the ITO particles, in Figure 5.3 we show the simulation results for a

cell with a planar ITO layer, either with and without the ITO hemisphere. From the simulations
we learn that the two angle-dependent absorption series follow the same trend. However, the
cell with the ITO hemisphere on top shows an enhanced absorption for the entire angular
range up to an incident angle of beyond 60◦.
To look more into detail into the mechanism of the enhanced absorption by the ITO hemi-

spheres, we simulate the field amplitude profiles in the device. Figure 5.4 shows the profiles,
averaged for the two orthogonal polarizations of the light. If we compare the planar ITO layer
(Figure 5.4a) to the ITO layer with hemispheres (Figure 5.4b), we clearly observe intensity en-
hancement in the top part of the nanowires. We conclude that the forward scattering of the
light at the ITO nanostructures enhances the absorption. At a wavelength of 532 nm, the device
absorption increases from 0.754 to 0.867 when introducing the hemispheres.
To show that Mie scattering is the mechanism behind the enhanced absorption of the nano-

structured layer, we calculate the Mie scattering efficiencies from ITO spheres of a diameter of
350 nm, resembling the size of the ITO particles in our cell geometry (Figure 5.1a). As an approx-
imation we take air as the embedding medium, since the light is incident from air. The scat-
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tering and absorption efficiencies are defined as Qscat = σscat/σgeom and Qabs = σabs/σgeom,
where σgeom, σscat, and σabs are the geometrical, scattering and absorption cross sections, re-
spectively. These efficiencies are plotted in Figure 5.5a and b. The scattering efficiency is larger
than 1 for the full wavelength range that is relevant for InP solar cells, and exceeds 3.5 for wave-
lengths from 450 to 800 nm. This broadband scattering is advantageous since it enhances the
coupling of the light to the absorber layer of the cell. From Figure 5.5b we learn that the ab-
sorption in the ITO particles is negligible at wavelengths beyond 470 nm, which is important
for the cell performance because the absorption should happen in the InP rather than in the
ITO. To find out which resonances are responsible for the enhanced scattering, we calculate
the extinction efficiencies Qext (Qext = Qabs + Qscat) of the electric and magnetic dipolar,
quadrupolar and hexapolar resonances. We show these in Figure 5.6a. The different electric
and magnetic resonances together cause the enhanced scattering of the ITO hemisphere into
the nanowires.
Scattering in the forward direction by individual subwavelength dielectric particles has

been experimentally studied recently [163–165]. Using Mie theory, we have calculated the back-
ward and forward scattering efficiencies of ITO nanoparticles of d=350 nm in air, which we show
in Figure 5.6b. A strong forward scattering was observed, which is characteristic of Mie scatter-
ing. The forward scatteringmay be evenmore enhanced in the realistic cells with respect to the
Mie calculations due to the fact that the index of the nanowires-in-BCB layer is higher than that
of air, which gives rise to field enhancement in this layer. The backward scattering efficiency
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Figure 5.4: Near field amplitude profiles, simulated with FDTD, for planar ITO geometry (a), and hemi-
spheric ITO surface (b). The simulations were performed using periodic boundary conditions
for normally incident light at 532 nm, with a polarization averaged between parallel and per-
pendicular with respect to the displayed profile.

vanishes around 815 nm. This is exactly the wavelength at which themagnetic and electric dipo-
lar scattering efficiencies have equal magnitude (as can be seen in Figure 5.6a). The destructive
interference between the scattered fields in the particle cancels out the backscattering, which
was first described by Kerker et al. [166]. We do not observe this in our measurements because
the absolute value of the forward scattering is more important than the ratio of forward-to-
backward scattering.
The absorption in fully processed devices is simulated using FDTD. Since we are interested

in broadband absorption, we simulate the absorbed power in the cells excited by plane waves
from 350 to 1000 nm at normal incidence (Figure 5.7a). The absorbed power is studied for cells
with a planar ITO top contact (black spheres, aplan) and the ITO hemispheres (red squares,
ahemis). Clearly, the absorption is enhanced when introducing the hemispheres. Since we know
that ITO is transparent beyond 470 nm, the absorption in the InP has enhanced. Figure 5.7b
displays the absorption enhancement by the hemispheres, ahemis − aplan. In the same plot we
show also theMie scattering efficiency at d=350 nm, reproduced from Figure 5.5a. We observe a
remarkable qualitative correspondence between the scattering efficiency and the absorption
enhancement. The enhancement measures up to 25% at 525 nm. The absorption enhancement
showsmore peaks than the scattering efficiency, which we attribute to Fabry-Pérot resonances
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(a) (b)
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Figure 5.5: Mie scattering by spherical ITO particle in air. (a) scattering efficiency and (b) absorption
efficiency, plotted a function of the diameter of the sphere d and the incident wavelength λ.
Note that the color scale is different for the different graphs. The graphs at the bottom and
right side of the color plot indicate profiles at d=350 nm (dash-dotted curve) and λ=532 nm
(dashed curve).
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Figure 5.6: Mie scattering by ITO sphere. (a) Different contributions to extinction efficiency (black curve),
calculated using Mie theory. The electric (blue) and magnetic (red) resonances are indicated
by solid curves (dipolar resonances), dashed curves (quadrupolar resonances) and dotted
curves (hexapolar resonances). Clearly, the extinction efficiencies is constituted by an in-
terplay of several resonances. The legend reads the abbreviations for electric dipole (ed),
magnetic dipole (md), electric quadrupole (eq), magnetic quadrupole (mq), electric hexapole
(eh), and magnetic hexapole (mh). (b) Forward and backward scattering efficiencies of an ITO
sphere of d =350 nm in air, calculated using Mie theory.

in either the ITO layer or the nanowires-in-BCB layer. The model is obviously only an approxi-
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Figure 5.7: Comparison of simulations and Mie theory. (a) absorption simulation of hemispherical ITO
layer (red squares) and planar ITO (black dots). The lines are guides to the eye. (b) Scattering
efficiency for an ITO sphere in air at 532 nm (red curve) plotted with the numerical absorption
enhancement Ahemis − Aplanar (black dots).

mation, but the absorption seems to be enhanced especially at the scattering resonances of
the ITO spheres.

5.4 conclusion

In conclusion, we have shown that properly designed hemispherical particles on top of the
transparent top contact of nanowire solar cells enhance the absorption for the full relevant
wavelength and incident angle range. Simulations and calculations show that forward Mie
scattering is the mechanism behind this improvement. The absorption enhancement, which
is wavelength-averaged 10% at normal incidence, makes the ITO hemispheres important de-
sign ingredients for solar cells based on nanowires.





6
D IREC T IONAL AND POLAR I Z ED EM I SS ION FROM NANOW IRE ARRAYS

In this chapter we demonstrate a precise control of both the directionality and the
polarization of the emission from nanowire arrays. By changing the nanowire diameter, we
change the angular emission pattern from a large-angle doughnut shape, to a narrow-angle
beam along the nanowire axis. In addition, we tune the polarization from unpolarized to

either p- or s-polarized. Both the far-field emission pattern and its polarization are controlled
by the number and type of guided or leaky modes supported by the nanowires, which are

determined by the nanowire diameter.1

6.1 introduction

Controlling the polarization and directionality of the emission of nanosized light sources is of
great importance in the engineering of light-emitting diodes (LEDs) [113–115, 167], nanolasers
[71, 168], single photon sources [102, 119, 169, 170], but also photovoltaics [50, 55, 129]. The
bottom-up growth of semiconductor nanowires (NWs) allows a large design flexibility in pa-
rameters such as nanowire position, size, inter-wire distance and crystallographic orientation.
This makes nanowires interesting candidates for the design of nanosized light emitters and
detectors [171].
Previous studies had indicated the twomainmechanisms that affect the nanowire emission

directionality [93, 94, 172]. The directional emission of thin InP nanowires has been explained
by coupling to leaky waveguidemodes in the nanowire [103]. Thesemodesmodify the direction
of the nanowire emission, causing an antenna-like behavior [101–103]. Identification of the
relevant guided/leaky nanowire modes is important in tuning the direction of the far field
emission [136]. The second mechanism that was associated with the emission directionality
of NW arrays, is the coupling of the emission to modes in periodic arrays of nanowires, which
behave as quasi-two-dimensional photonic crystals. The photoluminescence excited in one of
the nanowires may couple to Bloch modes supported by the periodic structure and couple out
to free space in certain directions. This directional outcoupling has been theoretically [173] and
experimentally demonstrated [172, 174]. So far, no study – either theoretically or experimentally
– of the interplay of both described mechanisms has been reported.

1 This chapter is based on: D. van Dam, D.R. Abujetas, R. Paniagua-Domínguez, J.A. Sánchez-Gil, E.P.A.M. Bakkers, J.E.M.
Haverkort, and J. Gómez Rivas, “Directional and polarized emission from nanowire arrays”, Nano Lett. 15 (7) 4557-
4563 (2015).
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Figure 6.1: Nanowire sample and emission spectra. (a) Scanning electron micrograph (SEM) of the sam-
ple with different nanowire arrays and (b) a close-up one of the nanowire arrays. The images
were taken at 30 degrees glancing angle, the scale bars are 100 and 2 µm, respectively. (c)
Photoluminescence (PL) emission spectrum of nanowires (blue, dashed line) and the under-
lying substrate (red, solid line). The black dotted line indicates the transmittance maximum
of the band pass filter used for the Fourier emission measurements, the width of the shaded
area indicates the spectral FWHM of the filter.

In addition to directionality, control over the polarization of the emission is important for
many applications, such as solid-state lighting, sensing and optical communication. Thin na-
nowires have the ability to emit strongly polarized light [73, 175], which is a useful property for
displays and sensing [167], but may hinder the application in quantum optics [100]. The nano-
wire polarization anisotropy has been first explained in the electrostatic limit by the elongated
shape of the nanowires and the high refractive index contrast with the environment [73], and
it has later been described in terms of coupling to Mie resonances [100]. On top of that, the
selection rules of the band structure of the emitting material also affect the polarization [175].
However, it is unknown how the polarization of the nanowire emission depends on the diam-
eter, taking into account both waveguide modes and selection rules.
In this chapter we discuss the polarized and directional emission properties of semiconduc-

tor nanowire arrays, which were analyzed through Fourier microscopy. We demonstrate that
the nanowire diameter is the essential parameter, providing control over the directionality
of the emission, and show that similar far-field emission patterns can have totally different
polarized emission. This behavior is explained by the coupling of the emission to different
waveguide modes confined to the nanowire. In addition, the emission pattern is modulated by
the periodic array.
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6.2 measurement description

Our sample consists of arrays of indium phosphide (InP) nanowires with a period ranging from
0.8 to 5 µm. A combination of axial vapor-liquid-solid (VLS), radial vapor-solid (VS) growth,
and the varying period, led to different nanowire diameters for the different arrays. Scanning
electron micrograph of the sample can be found in Figure 6.1a-b, and a typical photolumi-
nescence spectrum of nanowires and substrate is shown in Figure 6.1c. The mixed wurtzite-
zincblende crystal structure of the nanowires gives rise to blue-shifted emission compared to
the zincblende emission from the substrate. The emission patterns of the nanowires were ob-
tained by Fourier microscopy as described in detail in Section 3.1. In a Fourier microscope the
back focal plane of the objective is imaged, in order to obtain the parallel (in-plane) compo-
nents of the wave vectors of the far-field emission. These wave vectors can be converted into
emission angles as explained in ref. [104]. The Fourier images were collected by a CCD camera
with a band pass filter with a transmissionmaximum at 870 nm (dotted black line in Figure 6.1c),
and a bandwith of 10 nm. For all nanowire arrays, a small fraction of the emission transmitted
through the band pass filter stems from the substrate, as can be appreciated from Figure 6.1c.
This fraction is lower than 25% for all the arrays (typically 10%), and depends on the amount
of absorption of the excitation beam in the nanowires. The small fraction of emission from the
substrate causes a Lambertian-like background in the Fourier images, without qualitatively
affecting them.

6.3 results and discussion

6.3.1 Directional and polarized emission

First, we focus on single-nanowire effects in the emission patterns. We will discuss the interac-
tion with the surrounding array later. The excitation beam has a diameter of about 1 µm on the
sample, therefore exciting only one nanowire in all arrays. Figure 6.2a-c show polar plots of the
measured unpolarized far-field emission patterns of nanowires with three different diameters
d (100±10, 180±6, 295±13 nm, referred to as ‘thin’, ‘ intermediate’, and ‘thick’). In this emission
pattern series, we observe a remarkable change from doughnut-shaped emission (Figure 6.2a)
to narrow-angle beaming at small angles with respect to the nanowire’s axis (Figure 6.2b). In-
terestingly, the emission pattern from the thickest nanowires again reveal a doughnut-shaped
far-field emission (Figure 6.2c). These images illustrate that it is possible to totally change the
direction of the emission by tailoring the nanowire diameter.
For further insight into the origin of this remarkable phenomenon, we have measured the

polarized directional emission patterns of the nanowires, by placing a polarizer in front of the
Fourier camera. The polarized emission patterns are shown in Figure 6.2d-f. In this configu-



68 directional and polarized emission from nanowire arrays

-72

0

72

 
(o )  

0

0

0 1
PL

(norm)0 1 

 

0

1

 

 

-72

0

72

 
(o )  

0

0

0 1
PL

(norm)0 1 

 

0

1

 

 

-72

0

72

 
(o )

 

0

0

0 1

0 1

PL
(norm) 

 

0

1

 

 

p‐pol

s‐pol

p‐pol

s‐pol

p‐pol

s‐pol

-72

0

72

 
(o )

 

0

0

0 1
PL

(norm)0 1 

 

0

1

 

 

-72

0

72

 
(o )

 

0

0

0 1
PL

(norm)0 1 

 

0

1
 

 

-72

0

72

 
(o )

 

0

0

0 1
PL

(norm)0 1 

 

0

1

 

 

M
ea
su
re
d,
 p
ol
ar
ize

d 
   
   
   
M
ea
su
re
d,
 u
np

ol
ar
ize

d

d=100 nm d=180 nm d=295 nm
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Figure 6.2: Fourier images of emission. All intensities are normalized to their maximum value. (a-c) Un-
polarized Fourier emission patterns for three different nanowire diameters d : 100, 180, and
295 nm, respectively. The color indicates the normalized PL intensity. Cuts through the center
are displayed at the top and right side of each color plot. (d-f) Same as (a-c), but the emis-
sion recorded through a linear polarizer oriented along the white double arrow in each plot.
P-polarized emission is recorded along the horizontal axis (blue profile, p-pol), s-polarized
emission along the vertical axis (red, s-pol).
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ration, the emission recorded along the polarizer’s transmission axis (horizontal direction) is
purely p-polarized, whereas the emission recorded along the orthogonal axis (vertical direc-
tion) is purely s-polarized [103]. A full description of the polarization-dependent collection is
provided in Section 3.1. We experimentally observe that the light is almost entirely p-polarized
for small nanowire diameters. On the contrary, we observe that thick nanowires emit strongly
s-polarized light, while the polarized emission pattern of the intermediate nanowire is unpo-
larized. To understand the origin of this variation, we investigate the role of the waveguide
modes supported by the nanowire geometry.
The dispersion of the available waveguide modes in a nanowire can be calculated from

Maxwell’s equations, applied to an infinite cylinder (as explained in Section 2.2), and is shown
in Figure 6.3a. Note that the diameters expressed in the dispersion diagram are calculated
for a circular cross-section, while our nanowires have a hexagonal cross-section. It has been
shown that the modes for a hexagonal nanowire-cross-section are similar to modes for a cir-
cular nanowire-cross-section with a slightly lower diameter [176]. Therefore, we choose the
‘equivalent circular diameters’ to be 90, 165 and 275 nm, respectively. The dispersion curves
are labeled as transverse magnetic (TM), transverse electric (TE), and magneto-electric (HE)
modes. The light cones of air and InP are expressed using the white and gray areas in Fig-
ure 6.3a. Waveguide modes are ‘leaky’ if their dispersion curve is in the air light cone. In this
case, the mode radiates (leaks) into the surrounding medium (air). If the dispersion curve is in
the InP light cone, the mode is guided by the nanowire. From the dispersion relation we obtain
the propagation constant kz for each mode, at the diameter of interest.
Using the kz ’s, we can calculate the far-field patterns of the available waveguide modes by

a 1D current model [136]. We explain this model in more detail in Section 2.2.3. The calculated
polarized emission patterns (for the dominant modes) are shown in Figure 6.3b-d. These pat-
terns can be directly compared to the measured polarized patterns, Figure 6.2d-f. The color
plots and polarized profiles (cuts at top and right side of each color plot) show a very sim-
ilar shape. From the good qualitative correspondence between experimental and modeled
polarized patterns, we conclude that the differently polarized patterns are caused by differ-
ent waveguide modes. For the thin nanowire the emission is determined by the leaky TM01
mode and not by the weakly guided HE11 mode. This counterintuitive result is caused by the
larger electric field of the leaky TM01 mode inside the nanowire compared to that of the funda-
mental HE11 mode, whose electric field is mainly present in the surrounding medium. This can
be seen by calculating the electric field profiles as shown in Figure 6.4, and comparing the two
modes. We conclude that the emission from a source located in the nanowire preferentially
couples to the TM01 mode[103]. For the intermediate nanowire diameter the emission is given
by the guided HE11 mode. In this case, the electric field of the HE11 mode is better confined
inside the nanowire. Finally, for the thickest nanowire, the emission couples preferentially to
the guided TE01 mode. The main differences between the measurements of Figure 6.2 and the
calculation of Figure 6.3 are at the background of the measurements, which can be attributed
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Figure 6.3: Waveguide modes account for direction and polarization of the emission. (a) Dispersion rela-
tion of leaky and guided modes for an infinitely long cylinder with diameter d , expressed as
(real component of) wavenumber kz against size parameter k0d . At the bottom horizontal
axis the diameter is shown for a cylinder with n=3.43 (InP) at 870 nm. Vertical dotted lines indi-
cate the three diameters that we have further investigated. (b-d) Modeled emission patterns
that correspond to the patterns in Figure 6.2(d-f), calculated using the 1D current model. The
specific mode for which the pattern is calculated is indicated below each image.
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Figure 6.4: Electric field profiles of waveguide modes. Profiles are calculated for infinite cylinders with
d=90 nm, for components in the θ-, r -, and z -direction. The TM01 mode is leaky and the HE11
mode is weakly guided.

to the contribution of the substrate to the emission, and the broader peaks in the measure-
ments due to inhomogeneities in the sample. In the calculations for the thickest nanowires
(Figure 6.3d) we observe emission at large emission angles (θ > 50◦), which is not visible in
themeasurement (Figure 6.2f). This absence of large-angle emission is explained by scattering
of the nanowire emission due to the surrounding array. The interaction between the nanowire
and the surrounding array will be discussed later.
We have also investigated whether the waveguide modes responsible for the emission

can be excited from the luminescence in the nanowire. Therefore, we have performed finite-
element method (FEM) simulations based on emitting dipoles inside the nanowires (shown in
ref. [58]). These simulations consider a circular cylinder with dipole halfway the length of the
nanowire, emitting at a wavelength of 870 nm. The dipole is located on the nanowire axis for
the thin and intermediate nanowires, oriented parallel (thin) or perpendicular (intermediate)
to the nanowire axis. For the thick nanowire, the dipole is replaced by a series of dipoles lo-
cated on a ring around the nanowire axis, at a radius of 110 nm, and oriented perpendicular to
the nanowire axis. These simulations (shown and discussed in detail in ref. [58]) indeed con-
firm the coupling of the emission to the aforementioned waveguide modes. We conclude that
by tailoring the waveguide modes we are able to drastically change the angular distribution
and polarization of the far-field emission.
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Figure 6.5: Role of dielectric contrast and viewing angle in the polarization anisotropy of the emission
by nanowires. Data points show the measured polarization anisotropy ρ as a function of
the nanowire diameter, for emission angles integrated over 0 to 72◦ (black spheres), or at
10◦ (blue circles) and 70◦ (red triangles). The data points are connected as a guide to the
eye. Errorbars denote the statistical variance in diameter (determined by SEM imaging) and
polarization anisotropy. The solid line is the calculated polarization anisotropy using the
model of Ruda and Shik [96], for dipole anisotropy ratio A=1. The dashed line is the model
with the fitted value A=2.7. The gray shaded area indicates the standard error of the fitted
curve.

6.3.2 Polarization anisotropy

To investigate the polarization-dependent emission in more depth, we have determined the
polarization anisotropy of the emission as a function of the nanowire diameter. The polariza-
tion anisotropy ρ is generally defined as ρ = (I `` − I⊥)/(I `` + I⊥), where I `` and I⊥ are the
parallel and perpendicular polarized emission intensities with respect to the nanowire axis
[73, 96]. In our angle-dependent configuration, I `` = Ip sin θ and I⊥ = Is , where θ is the emis-
sion angle with respect to the nanowire axis. The polarized emission intensities Ip and Is are
obtained by integrating the polarized emission patterns along the horizontal and vertical axes
(φ = 0◦ − 180◦ and φ = 90◦ − 270◦), respectively.

In Figure 6.5 we show the polarization anisotropy of the measured nanowire emission as a
function of the nanowire diameter (black spheres). These data are the polarization anisotropies
integrated over all angles θ captured by the microscope objective, i.e. from 0◦ to 72◦. We ob-
serve a gradual decrease in ρ, being a transition from parallel to perpendicular polarized
emission, when increasing the diameter. To investigate the dependence of the polarization
anisotropy on the emission angle θ, we determine ρ for a small (10◦, red triangles) and a large
angle (70◦, blue squares). We observe a large difference in polarization anisotropies between
the different emission angles. At small θ, a small ρ is found because of the low I `` in this di-
rection. There is no strong change in ρ depending on the diameter, except for the diameters
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larger than 200 nm, where coupling to the transverse (polarized) guided modes (TM01, TE01) is
possible. At large θ, a clear decrease of ρ is visible. It is important to mention that previous
reports of the polarization anisotropy of the emission of single nanowires were based on mea-
surements done by collecting the emission with large-NA objectives[73, 98, 100, 175, 177]. The
strong angle-dependence of the polarization anisotropy of the nanowires indicates that it is
important to consider the NA of the objective when analyzing this polarized emission. Clearly,
the choice of NA (and therefore maximum captured emission angle θmax) affects themeasured
value of polarization anisotropy. Fourier microscopy allows measuring the angle-dependent
polarization anisotropy, thus taking into account this peculiar phenomenon.
The decreasing trend of ρ for increasing diameter at θ = 70◦ is explained by a model for

the polarization anisotropy as a function of the normalized frequency ωr0/c , which was intro-
duced by Ruda and Shik [96]. This model considers an isotropically oriented dipole emitting
at frequency ω = 2πc/λ, embedded in an infinitely long nanowire (with radius r0 and permit-
tivity ε), and describes the emission at an angle θ = 90◦ with respect to the nanowire axis.
The dipole is located at the axis of the nanowire along the z -axis (r = 0, z = 0 in cylindrical
coordinates). Two distinct cases can be distinguished: one with the dipole moment ~d0 oriented
along the nanowire axis (d0 = d0z ), and one with the dipole moment oriented perpendicular
to the nanowire axis (d0 = d0x = d0y ). In both cases, Ruda and Shik calculated the electric
field scattered by the nanowire and concluded that the dipole can be replaced by an effective
dipole to achieve the same far-field intensity. For r0, λ � r , this effective dipole strength is
given by [96]

dz = d0z
√
εc

J1(k r0)H0(k r0) − J0(k r0)H1(k r0)
√
εc J1(k r0)H0(k0r0) −

√
εe J0(k r0)H1(k0r0)

≡ Azd0z , (6.1)

and
dx = d0x

√
εc

J ′1 (k r0)H1(k r0) − J1(k r0)H
′
1 (k r0)

√
εe J

′
1 (k r0)H1(k0r0) −

√
εc J1(k r0)H ′1 (k0r0)

≡ Axd0x , (6.2)

where k =
√
εcω/c and k0 =

√
εeω/c , εc and εe are the permittivities of nanowire and vac-

uum, respectively, and c is the speed of light in vacuum. When we consider the entire nanowire
emitting instead of a single dipole, we need to integrate along z . Assuming isotropic internal
emission (d0z = d0x ), it has been shown that the intensity ratio for the far-field polarization
is given by [91]

I ``

I⊥
=
d 2x + 2d

2
z

3d 2x
, (6.3)

from which the polarization anisotropy ρ can be calculated:

ρ =
I `` − I⊥

I `` + I⊥
=

I ``
I⊥
− 1

I ``
I⊥
+ 1

=
d 2z − d

2
x

d 2z + 2d
2
x

. (6.4)

In words, this model explains the polarization anisotropy of the emission by the dielectric
contrast between the nanowire (which in our case has refractive index n=3.43 and radius r0) and
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the surroundingmedium (n=1), causing a suppression of the perpendicularly polarized electric
field inside thin nanowires. The explanation of the polarization anisotropy of nanowires in
terms of the dielectric contrast has been identified to Mie resonances and leaky modes. It has
been shown that these descriptions are equivalent to each other [100, 103, 104]. The values of
ρ calculated with the Ruda/Shik model, for an InP nanowire at an emission wavelength of 870
nm, are plotted in Figure 6.5 as a solid line. The suppression of the perpendicular electric field
causes a strong polarization parallel to the nanowire, i.e. ρ ≈1, for the thin nanowires, when
ωr0/c �1. This assumes that the field inside the nanowire is constant, which only works in
the electrostatic limit [73]. For larger values ofωr0/c , the electrostatic approach does not hold
any more, and ρ decreases until a local minimum around a diameter of 280 nm, and increases
again.
At small angles (θ = 10◦), the Ruda and Shik model fails in describing the measurements.

As mentioned above, this model only describes the emission at large angles (θ = 90◦), where
there is no contribution from guided modes. At large angles (θ = 70◦) the decreasing trend
of ρ from the model is followed by the measurements, indicating that in this condition the di-
electric contrast between the nanowire and the surrounding air is dominating the polarization
anisotropy. However, there is a vertical offset in ρ between measurement and model. To inves-
tigate this offset, we look in more detail to the differences between experiment and model.
The effect of the difference in θ between measurement and model (70◦ vs 90◦) is negligible,
since sin 70◦ ≈ sin 90◦. Therefore, the explanation for the difference should be found in an
anisotropic internal emission of the differently oriented dipoles. Themodel contains the intrin-
sic emitting dipole strengths d0x , d0y and d0z for dipoles oriented perpendicular and parallel
to the nanowire axis. The ratio A ≡ d0x/d0z = d0y /d0z is set to 1 (isotropic internal emission)
in the calculation represented by the black solid line in Figure 6.5. Fitting this parameter A
to the measured large-angle polarization anisotropy gives a value of A = 2.7 ± 0.3. The fit is
added to Figure 6.5 (dashed line). This value of A indicates a larger emission strength of the
perpendicular dipole, which could be explained by the selection rules of the wurtzite crystal
phase of the nanowire. These selection rules affect the dipole strengths of the emitting tran-
sitions. In zincblende crystal phase both parallel and perpendicular polarizations are allowed.
However, in wurtzite crystal phase only the perpendicular polarization is allowed [178, 179].
Our nanowires are predominantly wurtzite (as can be concluded from the PL spectrum in Fig-
ure 6.1c), so emission from dipoles polarized perpendicular to the nanowire will dominate.
Using the band pass filter shown in Figure 6.1c we select mainly the emission of the wurtzite
InP band gap, which results in an increase of A and a decrease of the measured value of ρ.
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Figure 6.6: Effect of the array on the directional emission pattern. The intensities are normalized to their
maximum value. (a) Fourier emission pattern of a nanowire array with period p = 2 µm and
nanowire diameter d = 219 nm. The intensity profiles through horizontal and vertical axes
are shown at the top and right sides. (b) FDTD simulated far field pattern of three orthogonal
dipoles in the center of a single nanowire. (c) FDTD simulated far field pattern for a nanowire
in an array with p = 2 µm.

6.3.3 Influence of surrounding array

In order to describe the interplay between the waveguide modes in the nanowire and the
Bloch modes in the periodic array, we show the directional emission of a nanowire array with
a pronounced square symmetry, imposed by the 2D nanowire array (Figure 6.6a). This array
has a nanowire diameter d = 219 ± 9 nm and an array period p=2 µm. To model the far-field
emission pattern of nanowires placed in an array we have performed numerical electromag-
netic simulations of the nanowires under study, using the finite-difference time-domain (FDTD)
method. The simulations allow us to quantify the relative contributions of waveguide modes
and Bloch modes to the far-field emission pattern. First, we obtain the emission pattern from
a point dipole embedded in a single nanowire with dimensions equal to the measured nano-
wire (Figure 6.6b). For simplicity, the dipole is located in the center of the nanowire. Varying
the position of the dipole over the nanowire changes the coupling efficiency to the different
guided modes. This is discussed in detail elsewhere [136, 180]. A monitor on top of the nano-
wire records the fields generated by the simulation, and a near-to-far-field transformation is
used to derive the far-field pattern. The directional emissionmeasurement and corresponding
simulation show a similar emission pattern: a local minimum for θ = 0◦ and a doughnut-shape
with a maximum at about θ = 20◦. The measurement however shows a pronounced square
symmetry, deforming the doughnut-shape, which is absent in the simulation.
To determine the contribution of the array to this emission pattern, we have also calculated

the far-field emission patterns of emitting dipoles embedded in the central nanowire of a 7x7
nanowire array, which is shown in Figure 6.6c. The general pattern of the emission is preserved:
a minimum for θ = 0◦ and a maximum at about θ = 20◦. This can be clearly seen at the profile
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cuts in Figure 6.6. However, the array modulates the emission pattern, imposing the square
symmetry that is seen in the measurement.
For getting further insight in the role of the array in the emission, we envision the nanowire

array as a 2D-photonic crystal, established by the periodic refractive index modulation, which
gives rise to Bloch modes [172, 174, 181]. Using the freely available programMIT Photonic Bands
[182], the dispersion of Bloch modes in the plane of the array was calculated. It is sufficient to
calculate the wavenumbers within the irreducible Brillouin zone, which is the triangle formed
by Γ, X and M points in the reciprocal lattice (using the definitions in ref. [181]). We distinguish
TE (electric field perpendicular to the nanowires) and TM (electric field parallel to the nano-
wires) modes, with increasing density as the frequency increases. The band diagram for the
array of Figure 6.6a is shown in Figure 6.7a.
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Figure 6.7: Dispersion of Bloch modes. (a) Band diagram of a 2D photonic crystal of infinitely long cylin-
ders (d=219 nm, ncylinder=3.43, period p=513 nm) in a mediumwith n=1. The parallel wavenum-
ber k `` is expressed on the horizontal axis, where Γ, X and M are the corners of the irreducible
Brillouin zone. (b) Outcoupling angles of Bloch modes for the same array at a wavelength of
870 nm; different colors represent different eigenmodes in a 2D photonic crystal. The left
side shows TM modes, the right side TE modes.

When the light coupled to Bloch modes scatters at the edge of the nanowire layer (deter-
mined by the finite nanowire length), it couples out into the into the far field. Due to con-
servation of parallel momentum, it couples out in a discrete collection of possible emission
angles.
The outcoupling angles calculated from the Blochmode dispersion are shown in Figure 6.7b.

In these calculations, we observe a square-like symmetric angular distribution with a multi-
tude of outcoupling angles for the allowed Bloch modes in the nanowire photonic crystal. We
observe that the detailed structure of the emission pattern in Figure 6.7b resembles the mea-
sured and simulated square-symmetric emission pattern of the nanowire photonic crystal,
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although our measured profiles show angular broadening due to the finite length of the nano-
wires and sample inhomogeneities.

Based on the measurements and simulations of Figure 6.6 and Figure 6.7, we conclude that
the doughnut-shapes determining the envelope of the emission pattern of the arrays arise
from the modes generated in the individual nanowires, while the square-symmetric features
in the array emission patterns are due to coupling of the emission to Bloch modes in the
periodic arrays. However, these modifications are not dominant, as can be appreciated by
comparing the cuts of the measurements to the simulations. The emission of the array is thus
mainly explained in terms of the emission of individual nanowires as discussed in the previous
sections.

6.4 conclusion

In conclusion, we have shown that the directionality and polarization of the emission of na-
nowires can be precisely tuned by introducing small changes in the nanowire diameter. This
remarkable feature is caused by the efficient coupling of the emission to different waveguide
modes, which dominate the emission outcoupling and polarization. Tuning the nanowire di-
ameter enables selecting, for instance, unpolarized beaming, or linearly polarized doughnut-
shaped emission. This work opens up newpossibilities for light emitting devices and nanosized
light sources with predesigned polarization and direction of the emission, without using any
external optical element.





7
STRONG D I AMETER -DEPENDENCE OF NANOW IRE EM I SS ION COUPLED TO
WAVEGU IDE MODES

The emission from nanowires can couple to waveguide modes supported by the nanowire
geometry, thus governing the far-field angular pattern. To investigate the geometry-induced
coupling of the emission to waveguide modes, we acquire Fourier microscopy images of the
photoluminescence (PL) of nanowires with diameters ranging from 143 to 208 nm. From the
investigated diameter range we conclude that a few nanometers difference in diameter can
abruptly change the coupling of the emission to a specific mode. Moreover, we observe a

diameter-dependent width of the Gaussian-shaped angular pattern in the far-field emission.
This dependence is understood in terms of interference of the guided modes, which emit at
the end facets of the nanowire. These results are important for the design of quantum

emitters, solid state lighting and photovoltaic devices based on nanowires.1

7.1 introduction

Vertically standing semiconductor nanowires are of interest for the realization of quantum
optical devices [76, 102], light-emitting diodes (LEDs) [68] and solar cells [78, 85]. For all of these
applications, the angle-dependent (or directional) interaction of nanowires and light is of great
importance. For instance, quantum emitters require excellent coupling into fiber optics, for
which a Gaussian angular emission pattern is advantageous [123], while LEDs typically need a
narrow beam for efficient illumination [183]. Furthermore, solar cells require omnidirectional
light absorption to trap diffuse light, although unidirectional absorption might be preferential
for optimal solar cell efficiency in the radiative limit [129], i.e. the re-emission cone of light
from solar cells needs to be as narrow as possible in order to match the incident solid angle
of solar radiation and thus reduce entropy losses [52, 54, 55]. In all these cases, control over
the directional emission and absorption is crucial for the device performance.
Both the directional emission [58, 103] and directional absorption [80, 142] of light in indi-

vidual semiconductor nanowires has been investigated recently. Indium phosphide (InP) and
gallium arsenide (GaAs) have proven to be among the leading materials for quantum emitters
[119, 121] and solar cells [85, 89] based on nanowires. For these applications and materials,
the approximate optimal diameter for absorbing the solar spectum has been estimated to be

1 This chapter is based on: D. van Dam, D.R. Abujetas, J.A. Sánchez-Gil, J.E.M. Haverkort, E.P.A.M. Bakkers, and J. Gómez
Rivas, “Strong diameter-dependence of nanowire emission coupled to waveguide modes”, Appl. Phys. Lett. 108,
121109 (2016)
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Figure 7.1: Typical microphotoluminescence spectrum from the nanowires (red, dashed) and the sup-
porting substrate (black, solid). The blue, dotted line indicates the central wavelength of the
band pass filter used in the experiments, while the width of the shaded area indicates the
spectral FWHM of the filter.

177-220 nm [107, 121]. The reason for this optimal diameter is the onset of efficient coupling
to the fundamental HE11 waveguide mode [184], which improves both absorption (for photons
with energy just above the material bandgap energy) and guiding/outcoupling (for photons
with energy below the material bandgap energy). The first transverse waveguide modes (TM01
and TE01) have their cut-off diameter close to the optimal diameter, which may influence the
directional outcoupling (and absorption) of light, as these modes show a distinctly different
directional emission profile [58, 93]. We have explained these profiles in detail in the previous
chapter. However, the range of diameters close to the onset of the transverse guided modes
has not been investigated experimentally.
In this chapter we measure the directional emission from nanowires with eight different di-

ameters in the range from 143 to 208 nm, and conclude that the coupling to waveguide modes
is very sensitive to the diameter. The width of the Gaussian angular pattern is found to be
diameter-dependent, with a minimum width around a diameter of 164 nm. There is an abrupt
change in the emission pattern when the nanowire diameter exceeds 171 nm. These measure-
ments illustrate the relevance of carefully tuning the nanowire diameter with nanometer ac-
curacy to optimize device performance.

7.2 sample and measurement

Our sample consists of square-symmetric arrays of indium phosphide (InP) nanowires, that
have been fabricated by sequential axial vapour-liquid-solid (VLS) growth and radial vapour-
solid (VS) growth, as has been described in the previous chapter [58, 185]. The nanowires from
different arrays exhibit different diameters d , and have the same length of about 7 micron.
The nanowires are untapered, although the top and bottom ends (both 1 micron of the length)
have a slight tapering. This tapering has no effect on the result, as has been addressed in ref.
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Figure 7.2: Polarized directional emission from nanowires. (a) Scanning electron micrograph of one of
the investigated nanowires. The scale bar is 200 nm. (b) Example of an emission pattern and
definition of the elevation angle θ (between the long axis of the nanowire and the emission
k-vector) and the azimuthal angle φ. (c) Emission patterns of nanowires with different diam-
eters. The first row shows the unpolarized emission, and the second (third) row shows the
emission polarized horizontal (vertical) with respect to the image. The uncertainties in the
diameter denote wire-to-wire differences and the error in the SEM images. p is the period of
the nanowire array.

[58]. The nanowires were excited with a 640 nm diode laser under a 100x microscope objective
with a numerical aperture of 0.95. A typical photoluminescence spectrum is shown in Figure 7.1
(red, dashed curve), which is blueshifted with respect to the substrate emission (black, solid
curve). The nanowires exhibit band gap emission, which points at a predominantly wurtzite
crystal structure, other than the substrate, which has a zincblende crystal structure. We inves-
tigate the directional emission from the nanowires by Fourier microscopy, described in detail
in Chapter 3.
Figure 7.2 shows the directional emission patterns from the eight nanowire arrays that we

have measured, accompanied by a scanning electron micrograph of one of them (Figure 7.2a).
Figure 7.2b explains the measurement geometry and the coordinates of the emission patterns,
while Figure 7.2c shows the measured emission patterns. The first row shows the unpolarized
emission patterns, while the second (third) row shows the patterns recorded with the polar-
izer oriented horizontally (vertically) with respect to the images, as indicated by the double
arrows on the left side. A gradual narrowing of the emission pattern is visible when increasing
the diameter from 143 to 164 nm, as well as an abrupt change of the pattern around d=171 nm.
For larger diameters we observe, instead of a Gaussian-like pattern, a significantly different
pattern with a pronounced dip in the center of the images. This ‘doughnut-like shape’ is mod-
ified by the periodic array of nanowires although the azimuthal emission is not significantly
changed [58].
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Figure 7.3: Waveguide modes in InP nanowires and polarization anisotropy. (a) Representation of the
waveguide mode dispersion i.e. kzd as a function ofωd/c . The gray line is the light line in air.
The corresponding diameters for a fixed emission wavelength of 870 nm (InP refractive index
of 3.43) are shown at the bottom horizontal axis (shared with b). (b) Polarization anisotropy
ρ = (I `` − I⊥)/(I `` + I⊥) as a function of the diameter, determined from Figure 7.2c.

7.3 waveguide mode dispersion and polarization

Since it is known that the emission pattern is mainly determined by waveguidemodes [58, 103],
we display the dispersion diagram (kzd vs. ωd/c) of the relevant waveguide modes in Fig-
ure 7.3a. On the bottom horizontal axis we show the diameters for a frequency fixed to the
emission frequency of InP, ω/c = k0 = 2π/870 nm, and InP refractive index nInP=3.43. We
show also the light line for air (in gray), which defines the boundary between guided modes
(above the light line) and leaky modes (below the light line). The leaky modes are similar to
the guided modes, but have a complex propagation constant in the direction along the nano-
wire (with Re(kz ) < ω/c), which makes them radiate into the far field [135]. In the diameter
range of the experiment only the HE11, TM01, and TE01 modes are available. The TM01 (TE01)
mode is leaky for diameters below d=203 nm (between d=172 nm and d=203 nm), and guided
for diameters above d=203 nm. Since the TM and TE modes are polarized, the polarization of
the emission provides information about the coupling to these waveguide modes. Therefore,
we calculate the polarization anisotropy ratio, defined as ρ = (I `` − I ⊥)/(I `` + I ⊥), [73, 96]
from the angle-integrated emission of each nanowire. In this equation I `` corresponds to the
angle-integrated emission component parallel to the nanowire, whereas I ⊥ is the emission
component perpendicular to the nanowire. The polarization analysis of the setup has been
described in Section 3.1. ρ is displayed in Figure 7.3b, as a function of the nanowire diameter.
We see that ρ remains very close to 0, up to about d=170 nm, where it abruptly becomes nega-
tive to a value of about -10%. This negative value indicates a larger perpendicularly polarized
emission fraction, pointing at a coupling of the emission to the TE01 mode, which becomes
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Figure 7.4: Stacked directional emission profiles along φ = 0◦. (a) Measured profiles of the normalized
directional unpolarised emission profiles (Figure 7.1c, first row). (b) Calculated traces using a
1D analytical model. At diameters smaller than 170 nm, only the HE11 mode is supported. At
diameters larger than 170 nm both HE11 and TE01 modes are shown. The dotted lines repre-
sent the HE11 mode calculations, and the dashed lines represent the TE01 mode calculations.
The solid line is the average between the two modes.

available (although leaky) around a diameter of 170 nm. We see no signatures of the TM01
mode, which can be related to the fact that its dispersion is very close to the light line, or to
the (mainly) wurtzite crystal structure of the nanowires. Wurtzite material forbids dipole emis-
sion oriented parallel to the nanowire [178, 179], which is needed to couple efficiently to the
TM01 mode.

Figure 7.4a displays the profiles of the directional emission patterns along φ = 0◦. We
compare this emission to the calculated emission profiles which correspond to the relevant
waveguide modes. These calculated emission profiles were determined using an analytical
model [136], which envisions the nanowire as a one dimensional current in a wire of a finite
length L excited by a point dipole at a distance z0 from the nanowire center. The model is
described in more detail in Section 2.2. We calculate the emission patterns by fixing the kz ’s
corresponding to the HE11 and TE01 modes at each given diameter. These kz ’s are determined
from the dispersion curves shown in Figure 7.3a.
For d<170 nm only the HE11 mode profiles are calculated, and for d>170 nm both the HE11

(dotted) and TE01 (dashed) modes, as well as an average. We conclude that at d<170 nm the
emission can be explained by the HE11 mode. At d>170 nm we see a strong emission at θ=0◦

as well, which also points at coupling of the emission to the HE11 mode. However, the features
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Figure 7.5: FWHM of the directional emission. (a) Measured angular full-with at half maximum (FWHM)
of the directional emission profiles that are associated with the HE11 mode.(b) Calculated
angular FWHM using an analytical model. The shaded area shows the variation for a nanowire
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at emission angles of 20◦ < θ < 40◦ are mainly polarized perpendicular to the nanowire (as
can be seen in Figure 7.2c, second and third rows), which can only be explained by emission
guided by the TE01 mode. Therefore, we conclude that both modes are excited for d >170 nm.
The solid lines in Figure 7.4b, which are the average between the profiles of the HE11 and TE01
modes, show good agreement with the measurement.

7.4 he11 mode interference

As mentioned before, we observe a gradual transition among the thinner nanowires (d<170
nm), although only a single mode (HE11) is excited in this range. To quantify this transition, we
display in Figure 7.5a the full-width at half maximum (FWHM) of the angular profiles shown
in Figure 7.4a. We observe a narrowing of the profile when increasing the diameter, finding
a minimum θFWHM of 47◦ around d=164 nm. The profile broadens for d=169 nm. This broaden-
ing cannot be related to coupling to the TE01 mode, because this mode is not supported for
this diameter. A very similar trend is visible in the calculated θFWHM from the profiles, which is
shown in Figure 7.5b. To account for slight changes of the nanowire length, we show in this
figure the results for nanowire lengths between 6 and 8 µm. The calculations were based on
a 1D model, with only the parallel component of the mode wave vector (kz ), the source po-
sition distribution, and end facet reflectivities as parameters. Of these parameters, only the
mode wave vector changes when modifying d . Therefore, we conclude that the behaviour of
θFWHM is controlled only by kz , thus by the effective mode wavelength λeff (since kz = 2π/λeff).
This parameter determines, together with the nanowire length, the interference pattern of
the emission from the end facets of the nanowire into the far field, and therefore also the
width of the Gaussian-like distribution. Although there is a reasonably good qualitative agree-
ment between the measurements and the analytical model, there are significant quantitative
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discrepancies. These discrepancies can be attributed to the simplicity of the 1D model and
the presence of the substrate in the measurements, which introduces an additional reflection
at the bottom interface. Additionally, the increased θFWHM in the thinnest measured nanowires
might be caused by scattering due to the surrounding nanowires, because the period is smaller
for these arrays.

7.5 conclusion

In conclusion, we have shown that a change in nanowire diameter of only a few nanometers
may induce an abrupt change in the emission pattern and polarization. This change is related
to the onset of the TE01 leaky mode, to which the emission can couple. Also, we have found
that the width of the emission pattern of the HE11 mode is strongly diameter-dependent, with
a minimum width around d=164 nm. This is caused by the interference of light which couples
out at the end facets of the nanowire. This work provides important guidelines for the design
for quantum emitters, LEDs and photovoltaic devices based on semiconductor nanowires.





8
H IGH RE FRACT I V E INDEX OF WURTZ I T E GAP MEASURED FROM NANOW IRE
FABRY-PÉROT RESONANCES

In this chapter, we investigate the optical emission of wurtzite GaP/Al0.4Ga0.6P core/shell
nanowires (NWs) transferred on a SiOx substrate. We demonstrate a high degree of

waveguiding of the emitted photoluminescence (PL) signal. By analysing the Fabry-Pérot
mode spacing in combination with calculations of the guided modes in the NWs, we determine
a very high refractive index of bulk WZ GaP of 4.2 at a wavelength of 600 nm. The measured
quality factors up to 600 indicate the excellent optical quality of the nanowire resonator.1

8.1 introduction wurtzite gap nanowires

Semiconductor nanowires (NWs) offer unique features such as the possibility to switch the crys-
tal phase from zinc blende (ZB) into wurtzite (WZ) [186, 187]. The resulting change in the atomic
stacking sequence has a strong effect on the electronic band structure, with an indirect to di-
rect band gap transition in materials such as gallium phosphide [188], providing an enhanced
light absorption that results in a strong efficiency increase in solar water splitting devices [189].
Recent photoluminescence (PL) studies on WZ GaP NWs provided a deeper understanding on
the band gap and excitonic emission in this material system [190, 191]. However, additional
knowledge on the WZ GaP parameters such as the refractive index would be beneficial for the
design of opto-electrical devices based on WZ GaP.
In this chapter, we report a novel method to estimate the refractive index for materials

which are available only in the nanowire geometry. From the Fabry-Pérot resonances observed
in micro-photoluminescence (PL) measurements on a single WZ GaP/Al0.4Ga0.6P core/shell na-
nowire we extract an effective refractive index of nEFFWZ = 3.8 at 600 nm. We assign the HE11
fundamental mode as the guided mode in the nanowires, from which we estimate the refrac-
tive index of bulk WZ GaP to be nWZ = 4.2 at a wavelength of 600 nm. The presence of the
wurtzite crystal structure results in one of the highest values for the refractive index in the
visible part of the spectrum, among the III-V semiconductors.

1 This chapter is based on: S. Assali∗ , D. van Dam∗ , J.E.M. Haverkort, and E.P.A.M. Bakkers, “High refractive index in
wurtzite GAP measured from Fabry-Pérot resonances”, Appl. Phys. Lett. 108, 173101 (2016). ∗ equal contribution.
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Figure 8.1: (a) SEM image of aWZ GaP/Al0.4Ga0.6P core/shell nanowire of approximately 220 nm diameter
and 18.5 µm length transferred on SiOx . The gold droplet is visible at the right end facet of
the wire. (b) PL image of the nanowire showing two bright emission spots at the end facets.

8.2 sample description

The nanowires used in this work were grown according to the recipe provided in earlier publi-
cations [190, 191], resulting in WZ GaP/Al0.4Ga0.6P core/shell NWs with lengths above 6 µm and
diameters of approximately 220 nm. For micro-PL measurements, the NWs were transferred to
a thermally oxidized Si wafer with gold markers, and cooled down to 4 Kelvin. The optical data
were collected in backscattering geometry using a NA=0.7 Nikon 50x CR objective, and a 0.30
m spectrometer equipped with 1200 g/mm grating (500 nm blazing angle). A 405 nm CW-laser
was used for the excitation in combination with a f =500mm cylindrical lens, resulting in a rect-
angular spot of around 1 µm x 10 µm at the sample, while the PL images were collected with a
Watec CCD camera. After optical measurements, the NWs were studied by scanning electronmi-
croscopy (SEM) to determine the wire length and diameter. The SEM image in Figure 8.1a shows
a WZ GaP/Al0.4Ga0.6P core/shell nanowire with core diameter of 200 nm and shell thickness of
10-15 nm. The length is L = 18.5 µm and the nanowire is transferred onto a SiOx substrate. Un-
der laser excitation the PL image in Figure 8.1b is obtained where two bright emission spots are
visible at the two ends of the nanowire, which indicate that the nanowire act as a transparent
waveguide for the emitted photoluminescence [192–194].

8.3 effective mode index

Strong modulation in the PL spectra of the nanowires due to the Fabry-Pérot (FP) resonances
as a result of the multiple reflections between the wire’s end facets [195] are shown in Fig-
ure 8.2a. The presence of the Al0.4Ga0.6P shell strongly enhances the FP modes in the cavity,
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reaching quality factors Q in the range 100-600, as shown by the comparison with a WZ GaP
nanowire (black curve in Figure 8.2a). The mode spacing ∆λ reduces for increasing wire length
L and increases with the emission wavelength λ, as shown in the data set covering 11 different
nanowires in Figure 8.2b. The typical FP-dependence∆λ = 1

L
λ2

nG
, with the group index nG being

related to the mode index nE of the nanowire waveguide mode through nG = nE − λ
dnE
dλ [196],

is shown in the inset in Figure 8.2b.
In case that the dispersion relation for nE is known, the mode spacing in the FP cavity could

provide information on the mode index nE of the WZ GaP. The Sellmeier equation [192, 197] can
be used to give an approximate dispersion relation for nE:

n2E = A + B
λ2

λ2 − C
(8.1)

where A, B and C are the Sellmeier coefficients. By fitting the mode spacing ∆λ as a function
of the wavelength λ using the Sellmeier equation, we can estimate the mode index nE for
WZ GaP wires. In Figure 8.3 the measured values for nE of the WZ GaP wires as a function of
the wavelength are shown (blue spheres), together with the refractive index for the ZB GaP
bulk (red curve). The error bars are derived from the fit on the set of 11 wires studied. Values
of the mode index nE for the WZ wires are found to be ranging from 3.6 to 4.0. However, the
measured value for the mode index of the WZ wires is only a lower limit for the actual bulk
refractive index. Themeasuredmode index corresponds to the waveguidemode in the wires to
which the emission has coupled. However, this mode is not fully confined inside the nanowire,
but also extends partially into the surrounding air [98] while also the AlGaP shell may reduce
nE, as will be discussed later. Depending on the specific mode excited in the wire, the mode
index changes, with values always lower than the refractive index of the bulk material [198].

8.4 bulk index of wurtzite gap

From the measured effective mode index we can estimate the value of the bulk index for WZ
GaP. We use the transcendental equation for waveguide modes supported by a cylinder with
radius a [134]:

(µ1
u

J ′m (u)

Jm (u)
−
µ2
v

H ′m (v )

Hm (v )

) ( (2πn1/λ)2
µ1u

J ′m (u)

Jm (u)
−
(2πn2/λ)

2

µ2v

H ′m (v )

Hm (v )

)
= m2n2E

( 1
v 2
−
1

u2

)2
, (8.2)

where λ is the vacuum wavelength, nE is the mode index, and n1, n2, u , v and µ1, µ2 are
the material refractive indices, the mode parameters and magnetic permeabilities of the na-
nowire and the surrounding, respectively. Jm and Hm are the Bessel and Hankel functions
of the first kind. The mode parameters are defined as u2 = a2((2πn1/λ)

2 − n2E) and v
2 =

a2((2πn2/λ)
2 − n2E). The integer m denotes the mode order. The solutions to this equation

are the hybrid electric modes HEml, the transverse electric TE0l, and transverse magnetic TM0l
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with the group index nG related to the mode index nE of the

nanowire waveguide mode using11

nG ¼ nE � k
dnE

dk
;

is shown in the inset of Fig. 2(b).

In case that the dispersion relation for nE is known, the

mode spacing in the FP cavity could provide information on

the mode index nE of the WZ GaP. The Sellmeier equation7,12

can be used to give an approximate dispersion relation for nE

n2
E ¼ Aþ B

k2

k2 � C
;

where A, B, and C are the Sellmeier coefficients. By fitting

the mode spacing Dk as a function of the wavelength k using

the Sellmeier equation, we can estimate the mode index nE

for WZ GaP wires. In Fig. 3, the measured values for nE of

the WZ GaP wires as a function of the wavelength are shown

(blue spheres) together with the refractive index for the ZB

GaP bulk (red line). The error bars are derived from the fit

on the set of 11 wires studied. The values of the mode index

nE for the WZ wires are found to be ranging from 3.6 to 4.0.

However, the measured value for the mode index of the WZ

wires is only a lower limit for the actual bulk refractive

index. The measured mode index corresponds to the wave-

guide mode in the wires to which the emission has coupled.

However, this mode is not fully confined inside the nanowire

and also extends partially into the surrounding air,13 while

also the AlGaP shell may reduce the nE, as will be discussed

later. Depending on the specific mode excited in the wire,

the mode index changes, with values always lower than the

refractive index of the bulk material.14

From the measured effective mode index, we can esti-

mate the value of the bulk index for WZ GaP. We use the

transcendental equation for waveguide modes supported by a

cylinder with a radius a15

l1

u

J0m uð Þ
Jm uð Þ

�l2

v

H0m vð Þ
Hm vð Þ

" #
2pn1=kð Þ2

l1u

J0m uð Þ
Jm uð Þ

� 2pn2=kð Þ2

l2v

H0m vð Þ
Hm vð Þ

" #

¼m2n2
E

1

v2
� 1

u2

� �2

;

where k is the vacuum wavelength, nE is the mode index, and

n1, n2, u, v, and l1, l2 are the material indices, the mode param-

eters, and magnetic permeabilities of the nanowire and the sur-

rounding, respectively. Jm and Hm are the Bessel and Hankel

functions of the first kind. The mode parameters are defined as

u2 ¼ a2ðð2pn1=kÞ2 � n2
EÞ and v2 ¼ a2ðð2pn2=kÞ2 � n2

EÞ. The

parameter m denotes the mode order. The solutions to this

FIG. 2. (a) PL spectra of three WZ GaP/Al0.4Ga0.6P core/shell nanowires

measured at 4 K with different lengths showing a change in the FP modes

spacing. The black curve refers to a WZ GaP nanowire. (b) Plot of the FP

modes spacing as a function of the emission wavelength for 11 nanowires

with different lengths. Inset: plot of the FP modes spacing as a function of 1/

L at k¼ 600 nm.

FIG. 3. Plot of the refractive index n as a function of wavelength at T¼ 4 K.

The measured refractive index of GaP/Al0.4Ga0.6P core/shell nanowires is

labelled as nEXP
WZ , while the bulk WZ GaP refractive index estimated under

the assumption of relevant HE11 or TE01 modes is labelled as nHE11
WZ and

nTE01
WZ , respectively. The dashed curves indicate the error in the obtained

index. The red line indicates the refractive index nZB of the bulk ZB GaP at

T¼ 300 K.
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Figure 8.2: (a) PL spectra of three WZ GaP/Al0.4Ga0.6P core/shell nanowires measured at 4K with differ-
ent lengths showing a change in the FP modes spacing. The black curve refers to a WZ GaP
nanowire. (b) Plot of the FP modes spacing as a function of the emission wavelength for 11
nanowires with different lengths. Inset: plot of the FP modes spacing as a function of 1/L.
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with the group index nG related to the mode index nE of the

nanowire waveguide mode using11

nG ¼ nE � k
dnE

dk
;

is shown in the inset of Fig. 2(b).

In case that the dispersion relation for nE is known, the

mode spacing in the FP cavity could provide information on

the mode index nE of the WZ GaP. The Sellmeier equation7,12

can be used to give an approximate dispersion relation for nE

n2
E ¼ Aþ B

k2

k2 � C
;

where A, B, and C are the Sellmeier coefficients. By fitting

the mode spacing Dk as a function of the wavelength k using

the Sellmeier equation, we can estimate the mode index nE

for WZ GaP wires. In Fig. 3, the measured values for nE of

the WZ GaP wires as a function of the wavelength are shown

(blue spheres) together with the refractive index for the ZB

GaP bulk (red line). The error bars are derived from the fit

on the set of 11 wires studied. The values of the mode index

nE for the WZ wires are found to be ranging from 3.6 to 4.0.

However, the measured value for the mode index of the WZ

wires is only a lower limit for the actual bulk refractive

index. The measured mode index corresponds to the wave-

guide mode in the wires to which the emission has coupled.

However, this mode is not fully confined inside the nanowire

and also extends partially into the surrounding air,13 while

also the AlGaP shell may reduce the nE, as will be discussed

later. Depending on the specific mode excited in the wire,

the mode index changes, with values always lower than the

refractive index of the bulk material.14

From the measured effective mode index, we can esti-

mate the value of the bulk index for WZ GaP. We use the

transcendental equation for waveguide modes supported by a

cylinder with a radius a15
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where k is the vacuum wavelength, nE is the mode index, and

n1, n2, u, v, and l1, l2 are the material indices, the mode param-

eters, and magnetic permeabilities of the nanowire and the sur-

rounding, respectively. Jm and Hm are the Bessel and Hankel

functions of the first kind. The mode parameters are defined as

u2 ¼ a2ðð2pn1=kÞ2 � n2
EÞ and v2 ¼ a2ðð2pn2=kÞ2 � n2

EÞ. The

parameter m denotes the mode order. The solutions to this

FIG. 2. (a) PL spectra of three WZ GaP/Al0.4Ga0.6P core/shell nanowires

measured at 4 K with different lengths showing a change in the FP modes

spacing. The black curve refers to a WZ GaP nanowire. (b) Plot of the FP

modes spacing as a function of the emission wavelength for 11 nanowires

with different lengths. Inset: plot of the FP modes spacing as a function of 1/

L at k¼ 600 nm.

FIG. 3. Plot of the refractive index n as a function of wavelength at T¼ 4 K.

The measured refractive index of GaP/Al0.4Ga0.6P core/shell nanowires is

labelled as nEXP
WZ , while the bulk WZ GaP refractive index estimated under

the assumption of relevant HE11 or TE01 modes is labelled as nHE11
WZ and

nTE01
WZ , respectively. The dashed curves indicate the error in the obtained

index. The red line indicates the refractive index nZB of the bulk ZB GaP at

T¼ 300 K.
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Figure 8.3: Plot of the refractive index n as a function of wavelength atT =4K. The measured refractive
index of Al0.4Ga0.6P core/shell nanowires is labelled as nEXPWZ , while the bulkWZ GaP refractive
index estimated under the assumption of relevant HE11 or TE01 modes are labelled as nHE11WZ
and nTE01WZ , respectively. The dashed curves indicate the error in the obtained index, which is
defined by the error in the measured n . The red curve indicates the refractive index nZB of
bulk ZB GaP atT =300K.
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modes, where l is the order of the solution. For each measured nE(λ) we fit the given equation
numerically, assuming the surrounding to be vacuum and using the bulk refractive index n1
as a fitting parameter. For the fundamental HE11 mode, the electric field is tightly confined in
the nanowire, having a maximum field in the nanowire’s center and an electric field polarized
perpendicular to the nanowire, allowing for efficient coupling with the emitting dipoles due to
the wurtzite selection rules [178]. The next tightly confined mode is the TE01 mode with a field
intensity equal to zero along the nanowire axis and thus limited spatial overlap with emitting
dipoles close to the nanowire’s center. In Figure 8.3 the bulk refractive indices of WZ GaP are
plotted considering either the HE11 or the TE01 as the excited mode. If we would assume the
TE01 to be the excited mode, the bulk refractive index would decrease with energy below the
band gap, which would be unprecedented for bulk materials. Similar considerations hold for
higher order excited modes. The overlap with the emitting dipoles (located in the core) is also
larger for the HE11 mode than the TE01 mode. Therefore, we conclude that the fundamental
HE11 mode is most probably excited in the WZ GaP nanowires under study. Under this assump-
tion, the deduced refractive index of bulk WZ GaP at 4K ranges between 4.1-4.4 in the visible
wavelength range as shown in Figure 8.3.

The large difference in refractive index induced by the change in crystalline structure is
remarkable, with an increase from nZB = 3.4 to nWZ = 4.2 at 600 nm. By considering the temper-
ature dependence of the refractive index [18, 199], the 4K value of the refractive index of ZB
GaP is n4KZB ≈ 3.3 at 600 nm, providing an even larger difference with the WZ value. In addition,
we note that the presence of the Al0.4Ga0.6P shell slightly reduces the measured refractive in-
dex of WZ GaP (nAl0.4Ga0.6PZB = 3.24, while nGaPZB = 3.37 at 600 nm) [200], therefore the derived bulk
refractive index represents only a lower limit. The high refractive index of WZ GaP suggests the
availability of many different waveguide modes even for small nanowire radii, which is due to
the strong confinement enabled by the high refractive index. Finally, we should mention that
recently, a lower refractive index for WZ GaP nanowires with respect to ZB bulk was indirectly
estimated from reflection measurements in the UV range [201], leading to a similar behaviour
in the visible range due to the positive sign of dnEdλ . However, a value for the WZ refractive in-
dex smaller the ZB refractive index does not match with the experimentally observed FP mode
spacing in the present work. The origin of the discrepancy is not clear; additional measure-
ments on a wider wavelength range may clarify this.

8.5 conclusion

The very high value for the refractive index of 4.1-4.4 for WZ GaP in the visible wavelength range
demonstrated in this work is to the best of our knowledge the highest value among other III-V
semiconductor materials. Additionally, we measure high values for the quality factor of the
Fabry-Perot resonances of up to 600. These properties would make WZ GaP a beneficial mate-
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rial for opto-electronic applications, enhancing light confinement and absorption, which can
provide higher efficiency nanowire-based (multi-junction) solar cells [85], photoelectrochem-
ical cells [155, 189], and photodetectors [142, 202]. In addition, the transparency of WZ GaP for
wavelengths above 569 nm combined with the extremely high value of the refractive index may
provide applications as a 1D optical metamaterial [45, 203, 204], where a control of the optical
path of the light without absorption is required.
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L I S T OF SYMBOLS AND ABBREV I AT IONS

a(E ) Absorptance
A Area
BCB Benzocyclobutene
c Speed of light in vacuum
CCD Charge-coupled device
d Nanowire diameter
e Euler’s constant
E Energy
Eg Band gap energy
EQE External (photovoltaic) quantum efficiency (equivalent: IPCE, incident

photon to converted electron ratio)
εe , εc Dielectric function of environment, cylinder
φ(Eg ) Incident flux of photons with energy above the band gap Eg
f Material filling fraction
FF Fill factor of current vs voltage characterization
FWHM Full-width at half maximum
h Planck’s constant
Hm mth order Hankel function of the first kind
η Power conversion efficiency
ηext External radiative efficiency (equivalent: EQELED, external LED quantum

efficiency, (photoluminescence) quantum yield)
ηint Internal radiative efficiency (equivalent: internal quantum yield)
InP Indium phosphide
IQE Internal quantumefficiency: ratio of absorbed photon and generated elec-

tron rates
ITO Indium tin oxide
J0 Dark current density
JSC Short-circuit current density / photocurrent density (at short-circuit)
Jm mth order Bessel function of the first kind
µ chemical potential / quasi-Fermi level splitting
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kB Boltzmann’s constant
k , k ``, kz Wave number, parallel component of wave number, z -component of wave

number
k0 Free space wave number, equal to 2π/λ = ω/c
λ Wavelength
MOVPE Metal-organic Vapor Phase Epitaxy
n Refractive index
nE Mode index
NA Numerical aperture
p Nanowire array period
Pabs Wavelength-, position- and direction-averaged photon absorption proba-

bility
Pesc Wavelength-, position- and direction-averaged photon escape probability

(equivalent: extraction efficiency)
Ppar Wavelength-, position- and direction-averaged parasitic photon absorp-

tion probability
PL Photoluminescence
q Electron charge
Qabs Absorption efficiency
Qext Extinction efficiency
Qscat Scattering efficiency
Q Quality factor
r Nanowire radius
R Reflection coefficient
Rgen Generation rate per unit area
R rad, Rnrad Radiative, nonradiative recombination rate per unit area
ρ Polarization anisotropy
SEM Scanning Electron Microscopy
T Temperature in Kelvin
TRFM Time-reversed Fourier Microscopy
θ Angle between the wave vector and the normal to the substrate, or be-

tween the wave vector and the long axis of the nanowire
VOC Open-circuit potential / photovoltage
V rad
OC Open-circuit potential assuming that all recombination is radiative
WZ Wurtzite
ZB Zinc blende
ω Frequency



SC I ENT I F I C SUMMARY

To match the increasing demand for clean energy, the market of solar cells is rapidly growing.
However, there is still a large difference between the actual power conversion efficiency of
state-of-the-art solar cells and their theoretical maximum efficiency. The power generation
of a solar cell is limited by their photovoltage and photocurrent. Both the solar cell voltage
and current can be enhanced when using nanostructured solar cells instead of planar cells.
One type of nanostructures that are being used for solar cells are semiconductor nanowires,
which are elongated structures with lengths of 1-10 micrometers and diameters of 100-300
nanometers. Arrays of these vertical nanowires show promising photovoltaic performance.
This thesis is devoted to investigate the interaction between light and nanowires.We demon-

strate that arrays of semiconductor nanowires can be used to make solar cells with a high pho-
tocurrent and also a higher photovoltage than their planar counterparts. The photovoltage is
measured by photoluminescence spectroscopy of intrinsic samples which were fabricated by
a top-down etching methods, which allows to directly compare a nanowire layer with a planar
layer with the exact same material quality. The higher photovoltage is caused by reduction of
the material volume, which implies a decrease of the number of charge traps. A second effect
is the increased emission probability from nanowire layers due to waveguiding and a lower
effective refractive index. The high photocurrent is due to the antenna effect of nanowires, en-
abling them to absorb light from a larger area than their projected geometrical area. On top of
that, the morphology of the transparent solar cell contact layer also enhances the photocur-
rent. Together, all these effects promise higher power conversion efficiencies in nanowire solar
cells than in planar solar cells with the same material quality. We have also investigated the
angle-dependence of the nanowire solar cell performance. We found that these cell perform
well for light impinging at incident angles up to 60 degrees with respect to the sample normal,
which is caused by the precise cell geometry.

An important parameter for the photovoltage of a solar cell is the direction of the re-emitted
light generated within the cell. The difference in entropy between incident photon beam and
the emitted photon beam results in a loss in the photovoltage. A narrower angular emission
cone means a smaller increase in the photon entropy with respect to a wide emission cone,
which reduces this important loss in the photovoltage. The direction of the emission is also
of seminal importance for light-emitting diodes (LEDs), nanolasers, and single-photon sources
based on nanowires. Therefore, we have investigated the directional photoluminescence emis-
sion of vertical nanowires using back-focal plane imaging, also known as Fourier microscopy.
We have found that the diameter is the crucial parameter in this aspect. The diameter controls
the presence and propagation of waveguide modes supported by the cylindrical geometry of

113



114 scientific summary

the nanowire, which determines the directional emission pattern. This diameter-dependence
of the waveguide modes is very sensitive and can lead to abrupt changes in the directional
emission. Also the polarization of the light is controlled by the waveguide modes. The pres-
ence of waveguide modes needs to be taken into account in the design of all photonic or
opto-electronic devices based on semiconductor nanowires. Finally, we have used nanowire
waveguide resonances to experimentally determine the high refractive index of a novel mate-
rial, wurtzite gallium phosphide, which will be of importance for many applications.
In summary, this thesis demonstrates the advantages for nanowires to be used in solar

cells. It provides guidelines in the design of these and other optoelectronic nanowire devices
and stresses the physical mechanisms that dominate light emission and light absorption of
semiconductor nanowires.



WETENSCHAPPE L I J K E SAMENVATT ING

Om aan de toenemende vraag aan schone energie tegemoet te komen, is het nodig dat de ef-
ficiëntie van zonne-energie verbetert. Immers, er is nog steeds een aanzienlijk verschil tussen
de prestaties van de zonnepanelen op de markt en de theoretisch maximale prestaties. De ef-
ficiëntie van fotovoltaïsche zonnecellen wordt gelimiteerd door het product van hun spanning
en hun stroom. Zowel de spanning als de stroom van een vlakke zonnecel kan worden vergroot
door gebruik te maken van nanostructuren in het deel van de zonnecel dat licht absorbeert.
Een type nanostructuren dat wordt gebruikt in zonnecellen zijn nanodraden: langwerpige struc-
turen met een lengte van 1 tot 10 micrometer en diameter van 100 tot 300 nanometer. Regel-
matige roosters van verticaal geplaatste nanodraden hebben een veelbelovende toekomst in
de fotovoltaïca.
Dit proefschrift onderzoekt de interactie tussen licht en nanodraden. We demonstreren dat

periodieke roosters van halfgeleider nanodraden kunnen worden gebruikt om zonnecellen te
maken met zowel een hogere fotostroom als een hogere fotospanning ten opzichte van vlakke
zonnecellen gemaakt van hetzelfde materiaal. De fotospanning is gemeten door middel van
fotoluminescentie-spectroscopie op ongedoteerde nanodraadroosters, gemaakt door middel
van het etsen van een gegroeide laag indiumfosfide. Op deze manier kunnen we een nan-
odraadlaag direct vergelijken met een vlakke laag met de exact identieke materiaalkwaliteit.
De hogere fotospanning wordt veroorzaakt door een reductie in de gebruikte hoeveelheid
materiaal. Dit betekent namelijk ook een vermindering in de hoeveelheid elektrische bulkde-
fecten. Een tweede effect is de verbeterde emissiekans van intern gegenereerde lichtemissie
in de nanodraadlaag, door golfgeleiding langs de nanodraden en een lagere effectieve brek-
ingsindex. De hogere fotostroom wordt veroorzaakt door een antenne-effect van de nano-
draden, wat zorgt dat ze licht kunnen absorberen van een groter oppervlak dan hun gepro-
jecteerde geometrische oppervlak. Daarnaast zorgt ook de precieze vorm van het transparante
zonnecelcontact voor een hogere fotostroom. We hebben ook de hoekafhankelijke fotostroom
van de zonnecellen onderzocht. De cellen hebben nauwelijks extra reflectieverliezen tot een
hoek van inval van 60 graden ten opzichte van een loodrechte lijn op het oppervlak. Dit is van
belang voor diffuus licht of in zonnecellen met concentrators.
Een belangrijke parameter voor de fotospanning van een zonnecel is de richting van het uit-

gezonden licht dat in de zonnecel wordt gegenereerd. Fotonen die van de zon op de zonnecel
terechtkomen hebben een hele kleine hoekverdeling dus een lage entropie. Uitgezonden foto-
nen hebben echter typisch een brede hoekverdeling, wat resulteert in een toename in entropie
en een lageremaximale spanning. Een smallere hoekverdeling van de emissie betekentminder
toename in entropie van de fotonen, dus een kleiner spanningsverlies. De hoekverdeling van
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de lichtemissie is ook van groot belang voor lichtuitzendende diodes (LED’s), nanolasers en
enkele-fotonbronnen op basis van nanodraden. Daarom hebben we de hoekafhankelijke foto-
luminescentie onderzocht van verticale nanodraden, door middel van het detecteren van de
lichtemissie in het achterbrandpuntsvlak, ook wel Fouriermicroscopie genoemd. We hebben
ontdekt dat de diameter de cruciale parameter is voor de hoekafhankelijke emissie. De di-
ameter bepaalt de aanwezigheid en het voortbewegen van golfgeleidermodes langs de nano-
draad. Dezemodes bepalen het hoekafhankelijke emissiepatroon. De diameterafhankelijkheid
van de golfgeleidermodes is heel gevoelig en kan leiden tot abrupte veranderingen in de
hoekafhankelijke emissie. Ook de polarizatie van het licht wordt bepaald door de golfgelei-
dermodes. Daarom moet de aanwezigheid van deze modes in beschouwing worden genomen
bij het ontwerpen van alle fotonische of opto-elektronische apparaten op basis van halfgelei-
der nanodraden. Tot slot hebben we golfgeleidermodes op een nanodraad gebruikt om de
brekingsindex van een nieuw materiaal, wurtzite galliumfosfide. Dit materiaal kan voor vele
toepassingen worden gebruikt.
Kortom, dit proefschrift beschrijft de voordelen van het toepassen van nanodraden in zon-

necellen. Het levert inzichten die nodig zijn voor het ontwerpen van deze en andere opto-
elektronische nanodraadapparaten en beschrijft de mechanismes die de lichtemissie en licht-
absorptie van halfgeleider nanodraden bepalen.



SAMENVATT ING VOOR I EDEREEN

Veel mensen maken zich grote zorgen vanwege de opwarming van de aarde door de invloed
van de mens. Deze opwarming wordt veroorzaakt door de uitstoot van broeikasgassen, wat
voornamelijk komt door het verbranden van kolen, olie en gas voor onze energieopwekking.
Om de opwarming te beperken is het nodig dat meer andere en schonere methodes voor ener-
gieopwekking worden gebruikt. Van deze methodes in zonne-energie een van de meest veel-
belovende. De efficiëntie van de meeste zonne-energie-systemen kan echter nog verbeteren,
wat de kosten per hoeveelheid energie flink zal verminderen.

Om aan de toenemende vraag aan schone energie tegemoet te komen, is het dus nodig dat
de efficiëntie van zonne-energie verbetert. De actieve delen van zonnepanelen zoals die tegen-
woordig veel worden gebruikt, worden zonnecellen genoemd. De efficiëntie van fotovoltaïsche
cellen (dat zijn zonnecellen die licht direct in elektriciteit omzetten) wordt bepaald door de
elektrische spanning en de elektrische stroom.
Dit wijst op twee belangrijke eisen die we stellen aan zonnecellen: ten eerste, de absorptie

van licht. Dit is belangrijk, want meer ingevangen licht in de zonnecel betekent meer energie
die kan worden omgezet in elektriciteit. Ten tweede moet het ontwerp van de zonnecel zorgen
dat de elektrische stroom uit de zonnecel kan worden gehaald zonder verliezen onderweg. Dat
betekent dat we een hoge spanning nodig hebben.
In dit proefschrift laten we zien dat zonnecellen die bestaan uit nanostructuren beter kun-

nen presteren dan zonnecellen die bestaan uit vlakke, gladde laagjes. Als nanostructuren ge-
bruiken wij nanodraden: patronen van verticale paaltjes die ongeveer vijfhonderd keer dunner
zijn dan een haar en een lengte hebben van een paar duizendste van een millimeter. Deze ver-
ticale draadjes absorberen bijna al het licht (van alle kleuren) en hebben minder elektrische
verliezen (dus een hogere spanning) dan vlakke laagjes. Dit laatste komt doordat minder ma-
teriaal gebruiken ook zorgt voor minder foutjes (defecten) in dit materiaal. Daarnaast zorgt
het gebruik van minder materiaal ervoor dat de zonnecel minder opwarmt, wat ook leidt tot
minder verliezen.
Uit onze metingen blijkt dat deze effecten zorgen voor een elektrische spanning in de nan-

odraadjes die ongeveer eentiende hoger is dan in een vlak laagje gemaakt van precies het-
zelfde materiaal. We fabriceren een zonnecel op basis van deze draadjes die 17.8% van het
zonlicht omzet in elektriciteit. Dat is een nieuw record voor zonnecellen gemaakt van nanodra-
den! We hebben daarnaast ook ontdekt dat het plaatsen van kleine doorzichtige nanobolletjes
boven op de zonnecel de absorptie van licht in de nanodraden nog verder verhoogt.
Om zonnecellen op basis van nanodraden nog verder te verbeteren kunnen we gebruik

maken van het aanpassen van de richtingen van het licht dat door de zonnecel wordt uit-
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gezonden. Dit is belangrijk vanwege het verschil in entropie (wanorde) tussen het licht dat
binnenkomt vanaf de zon en het licht dat wordt uitgezonden door de zonnecel. Het binnenko-
mende licht is namelijk een parallelle bundel, met al het licht in dezelfde richting (dus weinig
wanorde) en het uitgezonden licht (door het energieverval van de elektronen) beweegt zich in
een normale zonnecel ongeorganiseerd in alle richtingen (dus met veel wanorde). Deze toe-
name in wanorde betekent een afname in de maximale energie-opbrengst van de zonnecel.
Als we deze lichtemissie kunnen controleren en zorgen dat het allemaal in dezelfde richting
wordt uitgezonden, dan wordt de toename van wanorde beperkt. Je zou kunnen zeggen dat we
het licht zo beter onder controle houden. Dat levert een betere energie-opbrengst op! In dit
proefschrift bestuderen we uitgebreid hoe we de richting van de lichtemissie kunnen control-
eren. In het kort kan dat doordat de dikte van zo’n nanodraad kleiner is dan de lengte van een
lichtgolf. Daardoor kan licht zich maar op een beperkt aantal manieren voortbewgen langs de
draad. Dit worden ‘golfgeleidermodes’ genoemd. Door deze modes slim te gebruiken kunnen
we de richtingsverdeling van het licht aanpassen. In een goede zonnecel kunnen we daarmee
de maximaal te behalen spanning verhogen.
De richting van het uitgezonden licht is niet alleen belangrijk voor zonnecellen, maar ook

voor andere apparaatjes die licht uitzenden. Je kunt daarbij denken aan LED-lampjes of lasers.
Door gebruik te maken van slim ontworpen nanodraden als lichtuitzenders kun je de richt-
ingsverdeling van het licht zo sturen dat het voldoet aan de eisen voor het apparaat. Dit kan
betekenen dat al het licht in een enkele richting moet worden uitgezonden, maar ook dat het
licht in alle richtingen gaat. Naast de richting kan op deze manier ook de polarisatie, dat is de
oriëntatie van de trilling van het lichtveld, worden beïnvloed.
Kortom, in dit proefschrift beschrijven we waarom het gebruiken van nanodraadjes in zon-

necellen tot een betere energie-opbrengst kan leiden. We leggen uit hoe de interactie tussen
de draadjes en het licht werkt, waaruit kan worden afgeleid hoe de vorm en afmetingen van
de draadjes moeten worden ontworpen voor de beste zonnecel. Hopelijk draagt dit bij aan
een mooie toekomst voor zonnecellen op basis van nanodraden en duurzame energie in het
algemeen.
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