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Abstract

Semiconductor nanowire solar cells have achieved comparable efficiency to
their planar counterparts with substantial reduction of material consumption.
Tandem geometry is a path towards even higher efficiency. However, extensive
studies are needed to reach this goal. My study started from the building blocks
of the materials used in the upper cell, namely GalnP nanowires. The growth
and doping control was the focus. We achieved well-controlled GalnP
nanowire arrays and effective doping control of both #-type and p-type which
is needed for use in the tandem junction solar cells.

In a tandem junction solar cell, a tunnel junction which is virtually a
degenerately doped pn-junction is a critical component. It provides the
connection between adjacent subcells with low-resistivity and optical-
transparency. With the knowledge obtained from our doping evaluation
studies, we established the growth of InP/GalnP heterojunction nanowires
with degenerate doping achieved at the material heterointerface which is the
prerequisite for the tunneling effect. The tunnel diodes were realized in both
forward (InP/GalnP) and reverse (GalnP/InP) directions. This enabled the
tandem structures in the forward (InP subcell (bottom)/GalnP subcell (top))
and reverse (GalnP subcell (bottom)/InP subcell (top)) direction. (To enable
the use of the reverse tandem structure, peel-off of the nanowires is needed
since the higher-bandgap GalnP subcell should be on the top of the tandem
structure in applications.)

When the tunnel junction is incorporated into multiple pz-junction structures,
the growth of the complex structure can bring extra influence to the entire
device performance due to the VLS growth mechanism of nanowires. To
simplify the diagnostics of tandem junction structures, we designed a test
structure which connects a tunnel junction back to back with a p-i-# junction
(namely a ‘n-pin’ structure). The n-pin structure has both ends of n-type,
facilitating Ohmic contact formation. We found that a strong memory effect
from the firstly-grown segment can non-intentionally dope the following
segments. To overcome this challenge, compensation doping will probably be

needed.

The transfer of large area nanowire arrays to cheap substrates can significantly
reduce the material cost. We developed an effective technology to embed the
nanowire arrays into a polymer film and peel the film off from the native
substrate.

These studies will pave the way to the realization of the first InP/GalnP
nanowire tandem junction solar cell. The peel-off technique will also be of
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broad interests for reducing the fabrication cost of other nanowire devices, such
as light emitting diodes and photodetectors.
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Popular science summary

Solar energy, which reaches our earth every day, corresponds to 15000 times
more than all the electricity we need in our daily lives. We can overcome our
great challenge in finding alternative sources of energy for oil, coal, and gas if
we were able to capture the sun's rays in smarter ways. At NanoLund at Lund
University, extremely thin and incredibly small nanowires that are less than
1% of the thickness of a hair are manufactured. Nanotechnology, which has
many uses that can change our everyday life in the future, is about controlling
small materials down to the atomic level. NanoLund is one of the most
advanced nanoscience centers in the world when it comes to taking advantage
of the nanomaterials’ properties and producing nanomaterials in a cheap and
efficient manner.

I have been involved in the manufacturing of semiconductor nanowires.
Semiconductors are used in most types of solar cells today and are the type of
material that can convert light into electricity. The researchers at LU previously
held the record efficiency of nanowire solar cells of 13.8 %. The nanowire
arrays covered only about 10 % of the surface that the conventional solar cells
need. That was a big leap from the former record (5 %) and has attracted the
world’s attention from both academia and industry. Recently, we have updated
the efficiency of our devices to 15 %. So far, our solar cells consist of one single
pn-junction in dense nanowire arrays (about 4 million/mm?). However, the
single junction can only harvest a limited range of the solar energy, therefore a
single-junction solar cell has a limited efficiency roof.

In order to move forward, our next goal is to introduce the tandem junction
design into nanowires, which is the strategy used in the most efficient solar
cells of all kinds. In a tandem junction solar cell, several junctions are
connected in series so that different parts of the solar spectrum can be more
efficiently harvested by each junction. A design of the GalnP/InP double
junction solar cell is predicted to increase the efficiency to above 35 %.

I have also been striving to transfer nanowires from the substrate where they
were grown to another foreign substrate which can be cheaper materials like
silicon, glass or plastic by embedding the nanowires in a polymer film. A
polymer film of nanowire devices will be light in weight and flexible in shape.
As one is no longer locked to only silicon wafers, which are the standard base
for building a solar cell, the applications for a flexible device become broader.
The nanowire film can be conveniently applied on different surfaces, such as
building sidewalls, mobile electronics, and wearable devices. With this “cut
and paste” technique of nanowires, the cost of devices will be further lowered
by reuse of the substrate for nanowire growth.
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The price of solar cells has been reduced a lot in the past 20 years and is now
competitive with other energy resources. With the recent progress from binary-
material nanowires to ternary-material nanowires, a more advanced nanowire
tandem junction solar cell becomes possible. As Laozi said:* the Way begets
one; one begets two; two begets three; three begets myriad creatures.”, we are
optimistic that the next generation solar cells will promisingly power our future
by solar energy, which is free, endless and environmentally friendly!

-Excerpt and revised from the interview of me for the popular science article
“The sunhunters — with knowledge to collect the light” on the magazine of
“Mission is Possible”.
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1. Introduction

In 2016, the landmark Paris agreement came into force, addressing the urgent
needs on limiting the climate changes. In this historical agreement, countries
came together and agreed to work to control the global temperature rise to well
below 2 °C above pre-industrial levels [1]. As a non-renewable resource, the
conventional fossil fuels with their high emissions of CO, will eventually step
down from the stage of history. Any alternative energy sources should fulfill
the requirements of consistently sufficient power supply and eco-friendly
fabrication, storage, and usage. Tracing their roots, most energy resources,
including fossil fuels, biomass energy, hydroelectric, and wind energy, originate
from solar energy. The total annual solar radiation falling on the earth s surface
is an order of magnitude greater than all the estimated non-renewable energy
resources and about 14000 times of the world’s total annual energy
consumption in 2015 [2]. As the permanent and most abundant resource on
carth, solar energy is capable of de-carbonizing the global economy and
becoming the ultimate energy solution for the 21st century.

There are many techniques exploiting the big energy treasure of solar energy.
They store the solar energy into different forms of energy. For example,
photovoltaics  (PV) converts sunlight into electricity [3]; artificial
photosynthesis converts solar energy into chemical energy, such as
photocatalytic water splitting [4] and solar carbon dioxide fixation [5]; solar
thermal conversion harnesses solar energy to generate thermal energy or
electricity, such as solar water heating [6] and concentrated solar thermal
electric generation, respectively [7]. According to the second law of
thermodynamics, a direct energy transformation/transition from solar energy
to the type of energy that is to be used is the most efficient way, i.e. without
any loss via an intermediate third form of energy. Fitting well with this
electrified world, a solar cell, also called a photovoltaic cell, is a device that
converts solar radiation directly into electricity. The photovoltaic effect was
first reported by Edmund Becquerel in 1839 [8]. The first solid-state solar cell
was invented by Charles Fritts in 1883 by coating selenium with a layer of gold
to form the junction. However, the practical development in solar cells began
in the 1950s when scientists at Bell Telephone discovered that silicon pn-
junction created an electric charge when exposed to sunlight [3]. With a vast



government support, academic research, and industry investment, there has
been a huge growth in worldwide solar PV power, exceeding 400 GW at the
end of 2017 [9]. Meanwhile, a dramatical decrease of solar cell price has taken
place in the recent decades, from approximately 76.7 USD/W in 1977 to 0.2
USD/W in 2018 [10]. The World Energy Council’s report anticipates that
the photovoltaic systems could generate 16 % of the world’s total power by
2050 [11]. However, although having experienced a huge growth, the PV
power produces only about 2 % of all electricity used globally today [10]. One
of the main obstacles preventing the large-scale implementation of solar PV
power is the inefficiency of devices.

On the one hand, crystalline and polycrystalline silicon solar cells dominate
the conventional PV industry. In the last ten years, the average efficiency of
commercial wafer-based Si solar cell modules has increased from about 12% to
17 % [12], while the record lab-scale Si cells can reach an energy conversion
efficiency of 26.7 % (monocrystalline) [13]. Theoretically, the upper limit
efficiency for Si solar cells is 29 % [14]. Nevertheless, the reason for the limitted
efficiency of Si solar cells is the indirect and rarely tunable bandgap of Si, which
is only able to harvest a limited amount of solar radiation. The rest of it either
passed through without being absorbed or is lost as heat. On the other hand,
III-V compound semiconductors have a wide range of adjustable direct
bandgaps and thus have a better coverage of the solar spectrum. The record
GaAs solar cell has achieved an efficiency of 28.8 % (1 sun, AM1.5) [13].
Furthermore, by stacking these materials in series, the combination of several
optimal bandgaps can more efficiently harvest the sunlight with wider coverage
of the solar spectrum and less thermalization loss, compared to a single
bandgap material. Therefore, the total efficiency can be summed up from each
subcell. This is the so-called tandem junction (or multi-junction) solar cell,
which holds the world record of 46 % (508 suns) among all current types of
solar cells [15]. However, since large active areas are necessary due to the low
energy density of sunlight on earth [16], the difficulties in combining III-V
materials with the mainstream Si platform [17] and the cost of the expensive

HI-V materials are important factors that limit their terrestrial applications
[18].

To lower the cost of III-V solar cells, one can cither engineer the sunlight to
match the absorption of the solar cell or engineer the light-absorbing materials
to match the solar spectrum. In the first route of engineering the sunlight, one
way is to concentrate a large area of the incident light so that the energy density
per unit area increases. Consequently, the required amount of material can be
reduced. The drawbacks of this route include that additional cost will be spent
on the construction and installation of light integrating systems, and that the
device fabrication complexity will also increase. In the second route of



engineering the light-absorbing materials, materials with better optical
properties and low consumption can be designed and manufactured.
Additionally, lift-off of the epitaxial materials and recycle of the thick III-V
substrates (the base for material growth) can effectively reduce material
consumption [19]. Alternatively, the use of expensive III-V substrates can be
avoided via direct growth of III-V materials on relatively cheap Si substrates.
However, there are challenges in obtaining high-quality materials due to the
large lattice mismatch between the Si substrate and the III-V epitaxial layers
[20].

Thanks to the rapid development of nanotechnology in the recent decades,
now ordered nanomaterials can be fabricated in large scale [21][22][23]. III-V
semiconductor nanowires are rod-like semiconductors with a diameter of
nanometer scale. A typical nanowire can be several to hundreds of nanometers
in diameter and several to tens of micrometers in length. With the progress in
the growth of nanowire heterostructures and doping evaluation, the state-of-
art technology opens the opportunity to fabricate nanowire solar cells where a
large number of materials can be saved due to the strong light absorption
enhancement by the use of ordered nanowire arrays [24]. Another benefit of
the small size and high aspect ratio of nanowires is the ease of lattice matching
requirement. The strain between materials with lattice mismatch can be
accommodated by the large nanowire surface. Therefore, it is possible to grow
more optimal material combinations for light absorption. With a rather short
history of nanowire solar cells, a rapid increase of power conversion efficiency
has been achieved, with the latest record of 17.8 % [25]. Compared to a similar
achievement which took about half a century for Si planar technology, I1I-V
nanowire solar cells are showing great potential to meet the requirements for
solar cells for the future.

1.1 Principles of solar cells

A semiconductor solar cell is most commonly comprised of a pn-junction
where a built-in electric field, generated at the pz-junction interface, separates
the electron-hole pairs generated by the material absorbing the incident
photons. This is the so-called photovoltaic effect. As long as the excess carriers
can diffuse to the contacts before they recombine, they contribute to generating
a photovoltage. The p-i-n junction is a commonly-seen design where an
intrinsic segment is grown sandwiched between the p-type and 7-type segment,
prolonging the length of the built-in electrical field. In this prolonged built-in
electrical field, more photogenerated electron-hole pairs can be collected and



contributes to the photocurrent. Thus, a higher photocurrent is usually
expected in a p-i-n junction than that of a pn-junction, which in its turn can
affect the photovoltage.

1.2 Nanowire solar cells

With the ability to fabricate nanowire heterostructures and dope the
nanowires, it becomes possible to form pz-junctions in nanowires. Due to the
free dimension, there are two types of pn-junction geometries that can be
formed in a nanowire, i.e. an axial pn-junction along the nanowire axis, and a
radial junction at the interface of the concentric core-shell structure. Radial
junctions are predicted to potentially achieve high efficiency due to its
advantage of decoupling the light-absorption direction and the charge
separation direction [26]. However, in reality, there are difficulties associated
with forming high-quality radial junctions [27]. Instead, axial junctions
currently hold the record efficiency of nanowire solar cells.

As aforementioned, tandem junction solar cells have the ability to achieve
higher efficiency than a single p#-junction. Therefore, it is advantageous to
introduce tandem junction designs to nanowire solar cells. However, there are
some challenges to overcome: (1) doping control and evaluation of nanowires;
Dopants can affect nanowire growth, and the doping level in nanowires can be
different from that in planar growth because of the very different growth and
dopant incorporation mechanism in nanowires [28]. (2) the formation of
nanowire heterostructures; due to the VLS growth mechanism, the formation
of heterostructures can affect the nanowire growth direction owing to the
different surface energy of different materials [29]. (3) the device
characterization of complex nanowire heterostructures; the characterization
techniques on nanowires are less mature than that of thin films, hence further
development is needed.

There have been several reports so far on nanowire tandem junction solar cells,
including tandem junctions formed in InP nanowires [30], Si nanowires [31],
and a GaAs-nanowire-on-planar-Si tandem junction solar cell [32]. However,
an optimal combination of heterostructure materials is needed to match the
solar spectrum for high efficiency. Theoretical calculations solving the full
three dimensional Maxwell equations for absorption in an InP/Gag;slne;P
nanowire tandem junction solar cell predicts a maximum efficiency of 38.5%
(with different nanowire diameter optimized for each subcell) or 35.5% (with
uniform nanowire diameter for all subcells) [33]. The band structure of a
tandem junction solar cell is shown in Figure 1.



Figure 1. Schematic of the band structure of a tandem junction solar cell. The high-energy photons
(indicated by blue color) are absorbed in the top cell with large bandgap. The low-energy photons (indicated
by red color) are transmitted through the top cell and absorbed by the bottom cell with small bandgap. The
connection between the top cell and the bottom cell is the tunnel junction where the electrons tunnel from
the conduction band of the n-side of the bottom cell to the valence band of the p-side of the top cell.

This thesis is a study of growth, processing, and characterization of nanowires
for the development of InP/GalnP nanowire tandem junction solar cells.
Specifically, the thesis includes the growth and evaluation of doped GalnP
nanowires, the demonstration of InP/GalnP nanowire tunnel diodes, the
diagnostics of tunnel diodes embedded in a complex structure, and the
development of the peel-off technique.

The structure of the thesis is as follows:

The introductory chapters will give a general introduction to the related articles
involved in this thesis. First, Chapter 2 will introduce the basic material
parameters of the InP-GalnP material system. Then, Chapter 3 will give the
technical background of nanowire growth, processing, and characterization.
The following Chapter 4 will describe the pathway and milestones by which
we move from a binary nanowire solar cells towards a hybrid-binary-and-
ternary tandem junction solar cell, including doping evaluation, tunnel
junction realization, a test structure for diagnostics of a combination of a
tunnel junction and a p-i-z junction. Then, Chapter 5 will discuss the peel-off
technique for reducing the fabrication cost of nanowire devices. Finally,
Chapter 6 will present a summary and outlook of the thesis.






2. InP-GalnP material system

Indium phosphide (InP) is a widely used III-V material in electronic and
optoelectronic devices such as transistors, microwave devices, solar cells, light
emitting diodes, and lasers [34]. InP has a direct bandgap of approximately
1.35 €V at room temperature with zincblende (ZB) crystal structure in planar
growth [35]. However, due to different growth conditions and mechanism,
InP with wurtzite (WZ) structure also exists in nanowires, which has a bandgap

of 1.42 eV [36].

The ternary material gallium indium phosphide (GalnP) has a lattice constant
that can be interpolated from the parameters of the binary material InP and

gallium phosphide (GaP) by the Vegard's law:
AGaxn/«P = X AGaP + (]'x) aAlnp (21)

where a is the lattice constant of the respective materials, and x is the
composition of Ga in Gan,.P. GaJln,.P has an adjustable bandgap between
InP (1.35 eV) and GaP (2.26 V). Since InP has a direct bandgap and GaP has
an indirect bandgap, the ternary GaJn..P (x < 0.71) has a direct bandgap
where the I'-band dominates [37], and an indirect bandgap (x > 0.71) where
the X-band dominates. The bandgap of Ga.In,..P with a direct bandgap can be
given by:

Eg Gaxlnl+P = X Eg GaP + (]'X) Eg InP - x(]'X)b (22)

where b is the bowing parameter, which accounts for the deviation from the
linear relationship between ternary material and the interpolation of binary
material bandgaps. A typical value for b is 0.5 eV for the I'-band at 300 K [38].
In Paper V, the equation for calculating the Ga.In,..P bandgap is [39]:

Ey Gatnrop = 1.340 + 0.668x + 0.758x% (V)  (2.3)

The band alignment between Ga,In;.P and InP is type I (x < 0.2) [40]. The
band offset ratio (AE/AE,) for InP/Galn,.P of 0.36 was used in Paper III
[41]. Note that it has been possible to grow WZ GaP nanowires [42][43], and
it is predicted that WZ GaP has a direct bandgap [44][45][46]. Therefore, the
turning point from direct to indirect bandgap for Gan,..P nanowires could
be different from that in planar GaJn,.P.






3. Nanowire growth, processing,
and characterization

In this chapter, the main methods and techniques used for nanowire synthesis,
device fabrication, and material and device characterization will be introduced.
The nanowire growth starts from the gold particle arrays defined by
nanoimprint lithography, gold evaporation, and lift-off. In the device
fabrication, as-grown nanowires are broken from the native substrate and
transferred to a dedicated silicon substrate. Metal contacts are evaporated on
individual nanowires for electrical measurements. The electrical measurements
of single nanowire devices were performed in dark and under illumination.
The characterization techniques on material composition, nanowire
morphology, crystal structure, and optical properties of as-grown nanowires

will be described.

3.1 Nanowire growth

For III-V nanowire growth, there have been many techniques reported, such
as chemical beam epitaxy (CBE) [47], molecular beam epitaxy (MBE) [48],
aerotaxy [23], metal organic vapor phase epitaxy (MOVPE) [49], thermal
evaporation [50], laser-assisted catalytic growth [51] and solution phase
synthesis [52]. In general, MBE has a relatively low growth rate in order to
have an atomically precise material supply. Aerotaxy, as a recently-invented
technique, has the main advantage of substrate-free growth and relatively high
growth rate. However, this technique is still under development with
challenges in growing well-controlled pn-junctions and sharp heterostructures

[53].

As a comparison, MOVPE has a medium growth rate. It is a method which
has been intensively investigated and widely used in industrial production of
III-V materials. There are many advantages of using MOVPE, including high
purity, simple reactor, growth uniformity, large-scale production, selective
growth, and in situ monitoring. The first MOVPE growth study dates back to



the 1960s [54]. After experiencing an intensive development during the 1970
- 1980s, MOVPE technique has become capable of producing high-quality
materials with nearly atomically abrupt interfaces. Versatility and suitability of
large-scale production made MOVPE the mainstream III-V semiconductor
growth technique. A simple schematic of a MOVPE system is shown in Figure
2, which contains the main components including gas mixing system, source
bubblers, mass flow controllers (MFCs), reactor, heaters, in situ monitoring
equipment, exhaust gas line, pumping system and scrubber for exhaust gases.
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Figure 2. A simple schematic of a MOVPE system.

In a MOVPE growth, due to the gas phase expansion, a difference in chemical
potential arises between the gas phase and the substrate surface, which in its
turn leads to diffusion of precursor species from the gas phase with a high
concentration towards the substrate. This is the diffusion process. Then,
through surface reactions, the material reaching the growth front incorporates
into the solid crystal and further reduces the chemical potential of the species.
Depending on the relative chemical potential drop between the diffusion
process (App) and the surface reactions (Aps), the two-step chemical potential
drop determines the growth process is either mass-transport limited (if App >>
Aps) or kinetically limited (if Aps > App) [54]. For nanowire growth, it is
often performed in the kinetically-limited regime because the mass-transport
regime usually has a temperature more favorable for planar growth instead of
nanowire growth [55]. This means that the nanowire growth is strongly
dependent on the growth temperature. This is especially influential to the
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growth of ternary GalnP nanowires, since it involves the complexity of low
temperature precursor pyrolysis and the relative diffusion rates of growth
species from the gas phase and surfaces to the growth front [56].

In general, the key parameters of MOVPE growth are growth temperature,
reactor pressure, gas flows, and V/III ratio. There are highly complex processes
involved, including thermodynamics, mass and heat transport, physical surface
processes, chemical reactions, and subsurface processes. For example, in the
growth of GalnP, the standard group III precursors are metal atoms with
methyl groups such as trimethylindium (TMIn) and trimethylgallium
(TMGa), and the group V precursor is phosphine (PH3). In the reactor, the
precursors are transported by a carrier gas (Hz or N») to the heated substrate in
the reactor. In the gas phases, a partial pyrolysis of the precursors takes place.
The degree of pyrolysis depends on the binding energies of the molecule,
temperature, and total reactor pressure. The hydrides are mainly
heterogeneously decomposed on the substrate surface. The overall simplified
reaction of the growth of GaosIngsP (as an example) can be written as:

Ga(CHj3)s (g) + In(CHa)s (g) + 2PH; (g) = 2GaoslnosP (s) + 6CHs (g)

3.1.1 Growth of nanowire arrays

To favor the nanowire growth rather than the planar growth, a small seed
particle of metal is usually used as a catalyst which can lower the nucleation
barrier compared to that for the corresponding planar growth [57]. In our
studies, the nanowires are grown from patterned gold particles, which are
prepared by nanoimprint lithography [58]. The gold particle arrays are in a
hexagonal pattern, with an average diameter of 200 nm and a thickness of
approximately 65 - 70 nm, as shown in Figure 3.

Figure 3. A hexagonal pattern of gold particles made by nanoimprint lithography. (a) Top view, with 0° tilt.
(b) Cross-section view. The scale bars are 200 nm.
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The particle-assisted nanowire growth is generally believed to be a Vapor-
Liquid-Solid (VLS) process [57], even though other processes have been
observed, e.g. Vapor-Solid-Solid (VSS) process [59][60]. When the group I1I
and group V precursors are introduced into the reactor, pyrolysis of the
precursors starts. The mass transport is either via a route of Vapor-Solid or
Vapor-Liquid-Solid. The Vapor-Solid route is a direct impingement of
adatoms from the vapor phase to the nanowire growth front (solid). As for the
Vapor-Liquid-Solid route, the adatoms (vapor) are absorbed in the seed
particle (liquid) and supersaturate the particle. Then, III-V nanowires
crystallized underneath the seed particle, with the combination of the group V
adatoms which are mainly from the vapor-solid route. A schematic of the VLS
growth mechanism is shown in Figure 4. With the different mechanism of the
nanowire growth compared to that of the planar growth, a new phenomenon
arises, i.e. the polytypism in nanowires. This means that the crystal structure
in nanowires can be a mix of WZ and ZB [61][62][63]. By contrast, ZB is
normally observed for most III-V materials in planar growth.

(a) (b) ® %

Figure 4. A schematic of the VLS growth of nanowires. (a) The substrate with gold particles patterned on
its top. (b) The supply of 1lI-V precursors which alloy with the gold particles. (c) The particle gets super-
saturated, and IlI-V materials start precipitating and crystallizing underneath the particle. (d) With the
changes of the precursor supply, heterostructures are formed in the nanowires.

A typical growth experiment of our samples consists of the following steps: The
temperature of the reactor is ramped to 280 °C when TMIn and PHj are
supplied. With the incorporation of In into the gold (Au) particle, the Au
particle turns into Au-In alloy. This low-temperature nucleation step helps to
preserve the seed particle pattern during the following high-temperature
annealing at 550 °C when particle moving and merging can happen [58]. After
the low-temperature nucleation step, the reactor temperature is raised to 550
°C for the desorption of surface oxide on the substrate. Then, the reactor
temperature was set at 440 °C for InP/GalnP nanowire growth. When the
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nanowire growth is completed, the group III supply is switched off. The heater
is switched off at the same time. The reactor is cooled down with a group V
overpressure, with the aim to prevent material decomposition because of the

high volatility of phosphorous atoms.

3.1.2 Formation of nanowire heterostructures

One of the main challenges of nanowire growth is the formation of
heterostructures [64][65]. After the switch-on of the material supply for the
heterointerface, the composition of the seed particle is changed, i.e. the
chemical potential is changed. This will lead to a change in the contact angle
between the particle and the nanowire. Consequently, the diameter and the
crystal structure can be changed. Moreover, nanowire kinking can happen due
to the change of surface energy during the heterostructure growth, which
means a change in nanowire growth direction, especially for ternary nanowire
growth [66]. For example, GaP segment can be grown vertically on InP bottom
segment in <111>B direction, but the reverse case (InP grown on top of GaP)
is not as easy. It usually ends up with kinked nanowires [67]. In the proposal
of the GalnP/InP double junction nanowire solar cell, a GalnP top cell needs
to be grown on top of an InP bottom cell. As a result of the switch-on of TMGa
for GalnP segment growth, the chemical potential and surface energy of the
seed particle is changed, followed by nanowire diameter change and possibly
nanowire kinking,

Besides kinked nanowires, we also observed inhomogeneous growth rate for
GalnP nanowires during the growth of either GalnP nanowires on InP
substrates or a GalnP segment on top of the InP segment. As shown in Figure
5, the ultra-long nanowires stand out from the other normal wires and have a
smaller diameter (See the inset of Figure 5). We found that when there is more
TMGa supplied, there are more ultra-long wires. In the transmission electron
microscopy (TEM) measurement on the ultra-long nanowires, we observed
that the ultra-long nanowires always contain diagonal twin planes in them.
More in-depth understanding of the origin of this phenomenon is needed. As
an attempt to eliminate such inhomogeneity, alternative Ga precursor, i.e.
triethylgallium (TEG) has been studied for the growth of GalnP nanowires by

which the number of ultra-long nanowires was greatly reduced [Paper X].
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Figure 5. A Gaoslno7P nanowire sample with kinked and ultra-long nanowires. The scale bar is 2 um. The
inset has a scale bar of 200 nm.

Another challenge in forming heterostructures is the control of the
heterojunction sharpness in terms of material and doping transition. On the
one hand, the nanowires grown in a MOVPE system can be influenced by the
reactor memory effect and the particle reservoir effect due to the VLS growth
mechanism. One consequence of such effects is that the growth sequence of
two materials can affect the sharpness of the heterointerfaces [68]. On the other
hand, the introduction of dopants which can affect the chemical potential of
the seed particle can further complicate the scenario [Paper III].

The reactor memory effect and the particle reservoir effect make the growth
interface change not as abrupt as the input gas change resulting in a carry-over
of adatoms for the following-grown materials. Specifically, it can be either that
the newly-introduced species diffuse on the surfaces (reactor sidewalls,
susceptor surface, substrate surface) before reaching the nanowire growth front,
or the newly-switched-off gases are desorbed slowly from the susceptor and/or
the reactor sidewalls, thus remaining in the reactor for a period of time. A
typical case for the reactor memory effect is the magnesium (Mg) doping in
gallium nitride (GaN) growth [69]. For species with high vapor pressure and
low solubility in the gold particle, such as phosphorous (P) and sulfur (S), the
reactor memory effect is considered less prominent because they can be quickly
desorbed [70]. For those species with low vapor pressure, such as Mg and
antimony (Sb) [71], they will remain in the reactor for much longer time.
Consider the formation of the InP:Sn/GalnP:Zn tunnel junction, there will be
a zinc (Zn) concentration saturation delay for reaching the degenerate doping
level needed at the heterointerface. Hence, the delay will result in a gradual p-
type doping profile which is unfavorable for carrier tunneling [Paper I1I].

The particle reservoir effect is another factor that will smear out the
heterojunction sharpness. Since many adatoms incorporate into the nanowire
via the seed particle, the materials stored in the particle will not be desorbed
immediately after the switch-off of the gas supply. The stored materials will
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gradually precipitate from the seed particle. For example, the particle reservoir
effect brings dual influence to the growth of the InP:Sn/GalnP:Zn (i.e. 7-
InP/p-GalnP) tunnel diode. One is regard to the doping. Since Sn has a
relatively large solubility in the particle [72], there is some amount of Sn
remaining in the seed particle after the Sn precursor is switched off. The
remained Sn will gradually precipitate into the following p-type GalnP
segment, resulting in a compensation to the p doping which is undesired. The
other influence is that because of a higher affinity of In in the Au particle than
that of Ga [68][73][74][75], a sharper InGaP (bottom)/InP (top)
heterointerface than the InP (bottom)/GalnP (top) heterointerface can be
achieved.

3.1.3 In situ surface treatment

During the nanowire growth, axial growth is usually accompanied by radial
growth, due to the mass transportation along the nanowire sidewalls and the
limited diffusion length of adatoms. Any radial growth is not preferred in the
formation of axial p-i-» junctions because it can short-circuit the junction. In
previous studies, hydrogen chloride (HCI) and hydrogen bromide (HBr) have
been introduced in situ to remove any radial growth for InP [76] and GaP [77]
nanowires, respectively. The radial growth was successtully suppressed, but the
use of hydrogen halides can bring additional effects to the nanowires, such as
nanowire surface and defect incorporation. Considering the large surface-to-
volume ratio of nanowires, this can be important for the optoelectronic
properties of nanowires. In our study, we found that the optimal HCI flow
used for InP nanowire growth which completely removes the radial growth also
leads to the longest carrier lifetime in photoluminescence measurements

[Manuscript XI1].

Since the surface of III - V materials is an important factor for the
optoelectronic properties, many studies have been reported on surface
passivation for both planar materials [78] and nanomaterials [79][80]. The
usual solutions for nanowire surface passivation include chemical treatment
[81], in situ growth of a heterogenecous shell [82] and ex situ deposition of
protective capping layers [83][84]. In situ passivation is expected to achieve a
better passivation effect than the ex situ passivation. This is because the
nanowire surface is preserved without being exposed outside the growth
environment in the in situ passivation. For an ideal shell, it is supposed to
prevent carriers from recombining at the nanowire surface. Therefore, it should
have a higher bandgap than that of the nanowire core, forming a sufficient
barrier at the conduction band and valence band surrounding the core. Then,
a sufficient thickness of the shell is necessary to prevent any carriers from
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tunneling to the outer surface of the shell and recombining. Lastly, a relatively
high quality of the shell is needed. Any recombination center introduced by
the shell is undesired, such as oxides and lattice-mismatch related defects.

To passivate the GalnP nanowires, we have designed the shell parameters and
developed the growth of an aluminium indium phosphide (AlInP) shell to the
GalnP nanowires [Manuscript VI]. The optical measurements show that the
photoluminescence carrier lifetime is improved from approximately 200 ps to
1.5 ns, which is comparable to the best passivated GaAs nanowires [78].

3.2 Nanowire processing

To contact a single nanowire for electrical measurements, one approach is to
measure the nanowire as grown, ie. by using a nanoprobe to contact the
nanowire tip as the top contact and using the backside of the substrate as a
back contact. The other approach is to break the nanowires from the substrates,
transfer them to an insulating substrate, define and deposit metal contact on
the lying-down nanowires. In the first approach, any nanoprobe with the
ability to inject a current through the tip can be used, such as a conductive
atomic force microscopy (cAFM) [85], or an electron beam induced current
(EBIC) system equipped with nanoprobes [86][87]. Compared to the first
approach, the second approach has the advantage of a larger contact area,
which facilitates Ohmic contact formation. However, there are still challenges
in forming Ohmic contacts to p-type InP and GalnP nanowires, due to the
Fermi level pinning, where surface states tend to pin the Fermi level at a certain
position at the nanowire surface [28][88][89].

In this thesis, three types of samples were processed into single nanowire
devices: the doped GalnP nanowires for doping evaluation, the InP/GalnP
nanowire tunnel diodes and the 7-pin structure samples (See Chapter 4.3.1).
The contact design and processing procedure are similar, and the differences
lie in the specific 7- or p-type contact material deposited to the specific ends of
the nanowire. For p-(Ga)InP, Ti/Zn/Au is used. For n-(Ga)InP, Ti/Au is used.
The detailed processing procedure can be found in Paper I, II, and III. A
processed GalnP nanowire for doping evaluation is shown in Figure 7 in

Chapter 3.3.2.
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3.3 Nanowire characterization

3.3.1 Material characterization

After the growth, the nanowires are usually inspected by scanning electron
microscopy (SEM) which is a powerful tool to image the nanowire morphology
with information on nanowire diameter, length, orientation and preliminary
indication on the crystal structure. In a SEM system, an incident electron beam
can be generated by cither a thermionic filament which is heated by a filament
current for electron generation or a field emission gun (FEG) where the
electrons are pulled off the cold filament by a strong electrostatic field. Then,
the electrons are accelerated by an electromagnetic field. The electron beam is
then focused and scanned on the sample. When the incident electrons interact
with the sample, electrons scatter either elastically or inelastically which creates
an excitation volume where various types of products can be generated,
including auger electrons, secondary electrons, backscattered electrons, and
characteristic X-rays. The imaging system of a SEM can detect the ejection of
secondary electrons and/or the backscattered electrons.

X-ray diffraction (XRD), with its non-destructive and rapid feedback, is widely
used for material composition analysis. The composition homogeneity both
across the sample and along an individual nanowire’s axis is an important issue
for nanowires [90]. A ® - 20 scan is normally performed with a sweep from the
20 angle of InP to that of GaP. The peak position, width, and shape of the ®
- 20 curve indicate the material composition and its distribution.

To inspect the crystal structure and chemical composition of nanowires,
transmission electron microscopy (TEM) equipped with energy dispersive X-
ray spectroscopy (EDX, EDS or XEDS) is used. Compared to SEM, TEM
makes use of the transmitted electrons instead of the scattered ones. Therefore,
it utilizes a much higher energy electron beam and requires the sample to be
sufficiently thin (For a 300 kV electron gun, the specimen should not be
thicker than a scale of ~100 nm). By tilting the sample holder, the inspected
nanowire is aligned to the incident electron beam with the {1-10} facets being
perpendicular to the electron beam so that the atomic column of the (111)A
and (111)B facets is lying parallel to the beam. Hence, the contrast from crystal
structure is maximized. High-resolution TEM images can be taken for the
analysis of the crystal structure. By converging the electron beam to a small and
incoherent probe, the beam can be scanned across the sample. This Scanning
TEM (STEM) mode can be used for imaging, meanwhile, it is also beneficial
for high spatial resolution chemical composition analysis. X-rays are generated
from a small illuminated volume of the sample by the scanning beam. When
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an incoming electron scatters inelastically, the specimen ejects a core electron
from the inner shell. The excited atom may relax by allowing an electron from
an outer shell to fill the empty state in the inner shell. Consequently, an X-ray
photon is emitted with the characteristic energy of the excited element which
can be detected and identified. The standardless quantitative analysis is used
for the determination of chemical composition. For most elements, the typical
detectable limit is approximately 0.5 — 1 at. %.

Photoluminescence characterization is a convenient method which requires no
prior processing to assess the optical quality of materials. The
photoluminescence is the light emission from materials after the absorption of
photons during which electrons transit from low energy states to high energy
states. When a semiconductor material is excited by photons with energy larger
than the semiconductor bandgap, electrons in the valence band can be excited
to the conduction band. Correspondingly, holes are generated simultaneously
at the valence band. Then, the excess electrons and holes can recombine
radiatively through the bandgap or via the local states in the bandgap. In either
way, photons with characteristic energy will be emitted. The characteristic
emission of photons reflects the electronic structure, material composition,
crystal quality and the competition between radiative and non-radiative
recombination. A sketch of the photocarrier generation and recombination
processes is illustrated in Figure 6. The carrier concentration for highly doped
nanowires can be extracted by the method of fitting the high energy tail of the
PL spectrum which corresponds to the extent of band filling effect due to the
high doping level [91]. We found that the carrier concentration of n-type
GalnP nanowires calculated from the PL spectrum has a good agreement with
that obtained from the Hall-effect measurement [Paper I1].

@ ® | (c) (d)
Y S
|

Figure 6. Schematic of the generation and recombination of photocarriers. (a) Electrons are excited by
photon absorption. (b) Auger recombination (nonradiative). (c) Shockley-Read-Hall recombination
(nonradiative). (d) Radiative recombination with photon emission.
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For the application of GalnP nanowires in optoelectronic devices, it is essential
to understand the recombination and photoconductivity dynamics of photo-
generated charge carriers. In Paper V, we did a comprehensive study by
measuring the photoluminescence carrier lifetime, photoconductivity and
photocarrier mobility of GalnP nanowires with different Ga composition.
Time-resolved photoinduced luminescence (TRPL) measurement was used for
the study of the charge recombination dynamics. The TRPL decay under
different excitation photon flux can reveal if the recombination of
photogenerated carriers is bimolecular dominated or Auger-recombination
dominated. Time-resolved THz spectroscopy (TRTS) was used for the analysis
of the mobility dynamics and carrier recombination process. In contrast to PL,
TRTS generates an excitation which initiates a change in far-infrared
absorption properties on a sub-picosecond timescale. It is selectively sensitive
to photoconductivity which is a product of the mobility and concentration of
photocarriers. The fs-transient absorption (T'A) can measure the changes in the
absorbance/transmittance of the sample. The absorbance at a particular
wavelength was measured as a function of time after excitation by a flash of
light. The overall charge recombination via both radiative and nonradiative
channels can be resolved in the TA decay kinetics. By combing all these
measurements, we found that the fast hole- and electron-trapping rates and the
nonradiative recombination rate are all strongly dependent on Ga composition
in the GalnP nanowires, in agreement with the expected formation of deep
traps under increased Ga composition [Paper V].

3.3.2 Device characterization

The I-V measurement on single contacted nanowires is performed at a
CASCADE probe station operated at room temperature. It is equipped with
four tungsten probes and a Keithley 4200 semiconductor characterization
system. For the nanowire tunnel diode samples, the I-V curves were measured.
For the n-pin structure samples, I-V curves both in dark and under
illumination were measured. The devices were illuminated by a 532-nm laser.
In the doping evaluation studies on GalnP nanowires, for the four-probe
resistivity measurements, voltage sweep was done between the two end contacts
of the nanowire, and the resulting current was measured. The voltage at the
different positions along the device was measured, and the electrical resistance
of each segment was calculated by dividing the voltage drop between each
contact pair by the current. For the backgated field-effect transistor (FET)
measurement, two probes were connected to the bondpads as source and drain,
respectively. The backside of the device substrate was used for back gate voltage
sweeping. A detailed description of the measuring methods can be found in
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Paper II. The SEM image of a processed single nanowire device is shown in

Figure 7.

Y
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Figure 7. A processed single nanowire device with contact pairs for the four-probe resistivity, backgated
FET, and Hall-effect measurements. The scale bar is 1 pm.

The method for the extraction of carrier concentrations from the four-probe
and backgated FET measurements is described as follows:

In the Drude model, conductivity (0) is defined as:
o = nqu (3.1)

where 0 is the conductivity, n is the carrier concentration, q is the elementary
charge, and p is the carrier mobility. According to Equation 3.1, the
conductivity and carrier mobility is needed for the calculation of the carrier
concentration.

The conductivity can be obtained from the four-probe I-V measurement. The
mobility can be extracted from the backgated FET measurement. By sweeping
the back-gate voltage, the conducting channel is modulated and the
transconductance can be extracted from Equation 3.2:

_ 4isp _ Cu
Im = ave |V5D=constant - L_ZVSD (3-2)

where g, is the transconductance, Isp is the source-drain current, Vgis the gate
voltage, C is the capacitance of the nanowire, and L is the length of the active
region. Once the g, and C is known, the mobility p can be extracted.

Here, C is estimated as a metallic cylinder surrounded by a layer of dielectric,
and is expressed as:

2mLEYE,

C=——F%m (3.3)

-1t
cosh™1( R )

Where & is the vacuum permittivity, €, is the relative dielectric constant, R is
the nanowire radius, and h is the distance between the gate and the bottom of
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the nanowire [92]. Note that in our devices, the dielectric area used for
calculation only covers approximately half of the nanowire surface because of
the presence of the lifting layer which partially buries the lying-down nanowire

[93]. Therefore, C should be divided by 2 here.

Through the method described above, the carrier concentration can be
calculated. However, the accuracy of this approach is limited [94][95], due to
the deviation of the estimation of the transconductance which is virtually gate-
voltage-dependent, the estimation of the capacitance and the ignorance of the
influence of surface states on carrier concentration distribution [96]. As an
alternative method to avoid such inaccuracy, Hall-effect measurement was
carried out for the doping evaluation studies [Paper II].

In the Hall-effect measurement, the magnetic field applied vertically to the
current flow will lead to a so-called Hall voltage due to the Lorentz force. The
Hall-effect measurement is widely used in conventional planar characterization
as an effective method to determine the carrier concentration in doped
samples. The Hall-effect measurement has been enabled on nanowires not
until the recent years [97][98]. The challenge in performing Hall-effect
measurements on nanowires is the limited surface area for the formation of the
high-quality electrical contact. In our studies, three pairs of Hall contacts are
deposited for investigating the spatial distribution of carrier concentrations.
The related device fabrication requires a precise control of contact definition
by electron beam lithography (EBL), metal evaporation and lift-off.

In addition to the electrical measurement by contacting lying-down nanowires,
electron beam induced current measurement (EBIC) can provide further
information on the depletion region and minority carrier diffusion length [86].
Under the illumination of the electron beam, the nanowire absorbs the energy
of the incident electrons. Consequently, excess minority carriers are generated
and then separated by the built-in field of the pz-junction. When scanning the
electron beam on the sample, the EBIC signal and profile can reveal the
location and characteristics of the pn-junction. EBIC measurements on the as-
grown nanowire samples were performed with the help of a nanoprobe-system
from Kleindiek Nanotechnik, mounted inside a Hitachi SU8010 SEM. The
samples were cleaved so that one can access nanowires in the center of the
sample in a cross-section view. The substrate was glued to an SEM stub by use
of silver paste, and a tungsten nanoprobe was put in direct contact with the
seed particle on the tip of the nanowire for back and front contacts respectively.
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4. Steps towards InP/GalnP
tandem junction solar cells

In this chapter, we will move step by step from the research of binary nanowires
towards more complex binary-and-ternary-combined nanowires. Starting from
the successful InP nanowire solar cell device [99], the first step forward is the
synthesis and doping control of the GalnP nanowires, which is the building
block of the upper cell of the proposed tandem junction solar cell design [33].
Compared to the binary InP nanowire growth, the ternary GalnP nanowires
involve more challenges in the control of the nanowire length uniformity, the
composition homogeneity, and the dopant incorporation. Once we have
achieved a high yield of GalnP nanowires with desired doping level, we can
form a GalnP p-i-» junction and characterize it. Meanwhile, as a critical
component connecting subcells in the tandem junction solar cell, InP/GalnP
tunnel diodes need to be established. When we have realized all the
components of the double junction solar cell (i.e. the two subcells and the
tunnel junction), the ensemble of the tandem junction solar cell becomes
possible. To reduce the complexity for characterizing the final device with
multiple junctions, we designed and fabricated an intermediate test structure,
which consists of the tunnel junction and the upper cell, enabling the
diagnostic of the components’ performance. These studies will lay the
foundation for the realization of a nanowire tandem junction solar cell.

4.1 Doping evaluation of n- and p-type GalnP
nanowires

We did a systematic study on the growth and doping evaluation of p- and »-
type GalnP nanowires by using different dopant species, which are reported in

[Paper I] and [Paper II], respectively.

23



4.1.1 n-type doping

S, selenium (Se), silicon (Si), tin (Sn), and tellurium (Te), are the commonly-
used n-type dopants for the planar InP-GalnP material system [54]. As
discussed in Chapter 3, since the dopants can affect the VLS growth
mechanism of nanowires, this becomes an important issue to consider when
choosing proper dopant species for nanowires. In our studies, hydrogen sulfide
(H2S) and tetraethyltin (TESn) were tested for GalnP nanowires as they had
been successively applied in the doping of InP nanowires [100].

On the one hand, S mainly incorporates into the GalnP nanowire via the
vapor-solid boundary due to its high vapor pressure and low solubility in Au
particle. This makes it incorporate/desorb immediately after H,S is switched
on/oft, respectively. Therefore, a sharp doping profile can be expected. The
similar atom size of S and P favors S to be a substitutional dopant of P, hence
a high doping level is expected. However, S has a prominent effect on the
crystal structure of GalnP nanowires. It is believed that S lowers the surface
energy of the seed particle and enlarges the wetting angle [101]. As a result,
WZ crystal structure is favored and the nanowire diameter increases
[102][103]. Additionally, S is also known as a surface passivator [102]. It
changes the surface diffusion length of adatoms, especially for those with a
relatively small surface diffusion length, e.g. In. This can result in a more
uniform composition distribution along the nanowire axis [Paper II].

On the other hand, Sn has a relatively large solubility in Au particle. It does
not have a prominent influence on the crystal structure and nanowire diameter
of GalnP nanowires. The stability of Sn favors its use in nanowire devices.
However, the large solubility brings a large particle reservoir effect, which
means that a sharp high Sn doping profile is difficult to achieve. In the doping
evaluation study, we observed a carrier concentration saturation by using TESn
as dopant precursor at approximately 3 x 10'® cm™. By contrast, the highest S
doped GalnP nanowire sample reaches a carrier concentration of 1 x 10" cm®
3 [Paper II]. The difference in the maximum doping levels between the two
dopant species is probably because of the different incorporation pathways and
different segregation coefficients of Sn and S [104][105].

4.1.2 p-type doping

The typical p-type dopant species for planar GalnP are Mg and Zn [54]. bis-
cyclopentadienyl magnesium (Cp.Mg) is the commonly-used precursor for Mg
doping with a relatively high vapor pressure and strong reactor memory effect

[54]. In our study, Cp.Mg was investigated for p-type doping of GalnP
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nanowires. A series of samples with varying Cp.Mg molar fractions from low
to high were grown. Increasing the amount of Cp.Mg supply to a high level
resulted in an inhomogeneous length of GalnP nanowires, as shown in Figure

Figure 8. GalnP nanowires grown with high Cp2Mg flows. The scale baris 1 um.

The electrical measurement of the Mg doped GalnP nanowire samples showed
no observable effective doping. This was unexpected, considering the
successful doping in planar GalnP growth by using Cp.Mg which reaches a
carrier concentration of 10" cm™ [106]. One possibility is that the Mg
incorporation is low in our GalnP nanowires, as it has been found that the Mg
incorporation decreases rapidly with growth temperature in the Mg doped
planar GalnP grown by CBE [106]. Another possibility is that the Mg dopants
incorporated successfully into the nanowires but were not activated. Therefore,
as an attempt to activate the possibly incorporated Mg dopants, a rapid thermal
annealing step was performed on the processed devices at 350 °C, for 10 's, and
in the forming gas. However, we did not observe any change in the I-V
measurements. In conclusion, our results show that Cp,Mg is not an effective
dopant precursor for GalnP nanowires grown in VLS mechanism.

By contrast, Zn doping shows effective p-type doping. However, the use of
diethylzinc (DEZn) facilitates Ga incorporation due to the enhanced pyrolysis
of TMGa in the presence of the ethyl radicals from the decomposed DEZn. It
also changes the wetting angle of the seed particle, introducing ZB crystal
structure with twin planes in GalnP nanowires [Paper I]. Due to the limited
diffusion length of In adatoms, the amount of In adatoms reaching the
nanowire growth front decreases with the growth of the nanowires. To balance
the decreasing In adatoms and obtain a constant Ga composition, the GalnP
composition homogeneity along the nanowire can be achieved by gradually

decreasing the TMGa supply [107]. Even though p-type behavior has been
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observed in the backgated FET measurements of Zn doped GalnP nanowires,
it was not possible to accurately extract the carrier concentration from the four
probe and the backgated FET measurements due to the highly resistive
Schottky contacts to the p-GalnP nanowires. Hence, the Zn doping level was
difficult to assess by the electrical measurements on single nanowire devices.
Despite the poor contacts, degenerate p-type doping has been confirmed by
the realization of #-InP/p-GalnP nanowire tunnel diodes [Paper IJ.

A recent study on X-ray fluorescence (XPF) measurements of the Zn doped
GalnP nanowires revealed a carrier concentration of 10 cm? in our most
highly doped p-GalnP nanowires [Manuscript XIII]. However, the maximum
doping level was reached after about 700-nm growth of the nanowires in our

system.

4.2 InP/GalnP nanowire tunnel diodes

If we consider several pn-junctions to be connected in series with the intention
to form a tandem junction solar cell, a back-to-back pz-junction would be
formed in the opposite direction between the two adjacent pz-junctions.
Assume this reverse pn-junction was a normal diode, then the carriers would
have to overcome a large barrier of the reverse pn-junction when the other pn-
junctions are forward biased. Therefore, a normal back-to-back pz-junction
would cause large photovoltage loss in a tandem junction solar cell. To
minimize the photovoltage loss, a tunnel diode is needed between the two
subcells, through which carriers can tunnel through the pn-junction barrier
instead of having to overcome the pz-junction barrier.

Invented by Leo Esaki in 1958 [108], planar tunnel diodes have been
extensively investigated with applications in electronic and optoelectronic
devices such as tunneling static random access memory (SRAM), tunnel FETs,
and solar cells. A tunnel diode is a pz-junction with degenerate doping at both
p- and n-sides where the Fermi level enters the conduction band of the 7-side
and the valence band of the p-side. Because of the degenerate doping at the
heterojunction, the depletion region is narrow with a favorable distance for
carrier tunneling. The amount of degeneracy of doping in tunnel diodes is
typically 50 - 200 meV [109]. Due to the lack of knowledge and difficulties in
nanowire growth and doping of nanowires, nanowire tunnel diodes have only
been demonstrated in unitary and binary materials [30][110][111][112][113]
[114][115]. However, nanowire tunnel diodes with material combinations
optimal for solar energy harvesting (usually involve ternaries) have not been
reported until the study in [Paper II1].
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Figure 9. Schematic of a typical I-V curve of a tunnel diode (right) with band diagrams at the corresponding
voltage bias (left). Left: Band diagrams of a tunnel diode under various voltage bias. (a) Reverse bias, Zener
tunneling. (b) Equilibrium, zero net current. (c) Forward bias, I=lpeak. (d) Forward bias, I=lvaey. (€) Forward
bias, diffusion of thermal electrons. Right: The typical I-V curve of a tunnel diode.

The principles of a tunnel diode are shown in Figure 9. When in reverse bias
(Fig. 9a), the quasi-Fermi level at the p-side rises compared to that at the #-
side, i.e. there is a band of occupied energy states at the p-side and unoccupied
energy states at the #-side. Therefore, a direct Zener tunneling from the p-side
to the 7-side will occur. When in equilibrium (Fig. 9b), a uniform Fermi level
is achieved across the pn-junction, hence there is no net current. When in
forward bias (Fig. 9¢), the quasi-Fermi level at the 7-side rises compared to that
at the p-side. There are a band of occupied energy states at the #-side and a
band of unoccupied energy states at the p-side. Thus, electrons can tunnel from
the #-side to the p-side. When the bias increases to the peak voltage Vp, the
tunneling current reaches its peak value Ir. When the forward bias further
increases (i.e. for Vo < V < Vy, where Vy is the valley voltage) (Fig. 9d), the
number of unoccupied states at the p-side decreases so the tunneling current
decreases. With the further increase of the bias voltage (i.e. for V > Vy), there
are no unoccupied states at the p-side because of the bandgap. Therefore, the
tunneling current can no longer flow. Instead, when the forward bias increases
further (Fig. 9¢), a thermal current will flow.

To design a tunnel junction for tandem junction solar cells, there are several
requirements to fulfill. First, degenerate doping is a prerequisite for direct
tunneling. To have a high tunneling probability, the depletion region of the
junction should be sufficiently thin to enable carrier tunneling. The direct
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tunneling current 7; is exponentially dependent on the effective barrier
thickness as described in Equation (4.1) [109]:

—a2m E3/? —E,n/2m°E
Ty ~ exp(— = )exp(——) (41

where E; is the bandgap energy, E| is the transverse energy of electron
associated with momentum perpendicular to the direction of tunneling, q is
the elementary charge, h is the reduced Plank constant, m* is the effective mass,
and € is the built-in electric field of the junction. The equation implies that the
less abrupt the heterojunction, the weaker the built-in electric field, and thus
the smaller the tunneling current. Therefore, a sharp material transition and
doping profile at the heterojunction is necessary. Second, in order to minimize
the electrical and optical loss, the electrical resistivity of the tunnel diode should
be as small as possible, and the entire tunnel junction should be as thin as
possible [116]. Third, the peak current of the tunnel junction should be larger
than the expected photocurrent of the device. Otherwise, the tunnel junction
could work in an unstable status, which could lead to a large voltage drop over
the tunnel junction [117].

In the formation of InP/GalnP nanowire tunnel diodes, several challenges are
involved for a sharp transition of material and doping, as discussed in Chapter
3.1.2. To establish a tunnel diode used for the InP/GalnP nanowire double
junction solar cell, we designed a set of samples as illustrated in Figure 10. The
configurations were designed in either the forward #-InP/p-GalnP direction or
the reverse p-GalnP/»-InP direction. Different dopant species were tested for
the #-InP segments, based on their different capabilities as discussed in Paper
II. Through our investigation, the InP:Sn/GalnP:Zn configuration and the
GalnP:Zn/InP:S configuration were found working as tunnel diodes [Paper

11].
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Figure 10. Schematic of the design of tandem structures and the corresponding tunnel junction
configurations. Left: The forward tandem structure (top) and the corresponding tunnel junction configurations
(bottom). Right: The reverse tandem structure (top) and the corresponding tunnel junction configurations
(bottom). Star marks indicate the working tunnel diodes achieved in our study.

To analyze the reasons for the non-working configurations, one working
configuration and one non-working configuration were measured by EBIC
measurement. The non-working configuration showed a wider depletion
region than the working configuration, indicating a lower doping level which
reduced the tunneling probability. A recent study by electron holography
performed in a TEM equipment also supports a wider depletion region for the
non-working devices [Manuscript XIV]. According to the peak current
density, the peak-to-valley-current (PVCR) ratio, and the electrical resistivity
measured in our working tunnel diodes, they are eligible to be applied in an
InP/GalnP tandem junction solar cell.

We have measured the working tunnel diode sample (GalnP:Zn/InP:S
configuration) by contacting the as-grown nanowire by a nanoprobe installed
in a SEM system. It is known that, during the cooling-down process of the
nanowire growth, the particle reservoir effect can lead to a small extra nanowire
segment (“‘neck”) grown on top of the nanowire. Together with the fact that
H.S desorbs rapidly from the growth front after the supply is switched off, this
may result in a low #z-doped InP “neck” left on top of the nanowire, which can
worsen the contact between the nanowire and the nanoprobe of the EBIC
setup. To investigate whether such a low #-doped InP “neck’” degraded the
contact properties or not, we switched the 7-type dopant species from S to Sn
for the InP segment after the growth of the heterojunction (i.e. We grew a
GalnP:Zn/InP:S/InP:Sn configuration). Compared with the GalnP:Zn/InP:S
configuration, we found an improvement of the peak current and the PVCR

of the tunnel diode [Paper IV].
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4.3 Build up InP/GalnP double junction solar cells

The realization of InP/GalnP nanowire tunnel diodes is a milestone towards
the InP/GalnP double junction solar cell (DJSC). However, the property of a
simple tunnel diode could be different from that grown in a more complex
structure. For example, the shortened length of the tunnel junction in a
combination with other pn-junctions could be insufficient for reaching the
degenerate doping owing to the reactor memory effect and/or particle reservoir
effect as discussed in Chapter 3.1.2. Since the I-V characteristics of the ultimate
DJSC structure can be complicated to interpret, it is of importance to design
an intermediate structure as a transition from single-junction solar cell to
double-junction solar cells for diagnostics and optimization.

4.3.1 Intermediate test structure

The intermediate test structure (short for “n-pin”) consisting of a working 7-
InP/p-GalnP tunnel junction and a GalnP p-i-n junction was designed. The
schematic of the 7-pin structure is shown in Figure 11. With this structure, we
can conveniently form Ohmic contacts on both 7-InP and #-GalnP end
segments. The #-InP was designed to 1 pm so that the tunnel junction and the

upper GalnP cell can be grown at the same position as they were designed in
the DJSC structure.

InP GalnP

Figure 11. Schematic of the n-pin structure.

For comparison, a p-InP/GalnP p-i-n structure, namely “p-pin” structure was
grown. By the I-V measurement in the EBIC setup, we found that the
nominally intrinsic GalnP segment was p-type in the p-pin structure, however,
it was n-type in the n-pin structure. This was evidenced by the location of the
EBIC signal. As shown in Figure 12, the depletion region is located at the
nominal #-GalnP/i-GalnP interface in the p-pin structure (Fig. 12b). By
contrast, the depletion region is located at the nominal i~GalnP/p-GalnP
interface in the n-pin structure (Fig. 12d). These results indicate memory
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effects from dopants used in the firstly-grown 7- or p-InP segment, similar with
the observations in [118]. Considering the growth of the full tandem structure,
we can anticipate that multiple memory effects may occur for different
junctions, bringing challenges in the growth of the desired structure. Solutions
for the multiple memory effects can be compensating doping and/or growth
interruption.

Figure 12. EBIC measurements on the p-pin and n-pin structures. (a) SEM image of the p-pin structure with
50-nm-p++ GalnP segment. (b) The EBIC signal of the p-pin structure. (c) SEM image of the n-pin structure
with 50-nm-p++ GalnP segment. (d) The EBIC signal of the n-pin structure. The scale bar is 1 pm.

To investigate the influence of the p++ segment length on the performance of
the n-pin structures, we grew a series of n-pin samples with a variation of the
p++ segment length (approximately 30 nm, 50 nm, and 90 nm, respectively).
Single nanowire devices were processed and measured. In the I-V
measurements under illumination, a 512-nm laser was used. The results were
shown in Figure 13.

31



(a) 1E-6 (b) 1E-6
—a— Dark —=a— Dark
r ~—=— |llumination r —a— |llumination
1E-8| 1E-8|
- [ - I
< 1e10f < 1e10f
c c
E ] 2 1
8 1E-12} 8 1E-12}
] [
1E-14} 1E-14}
] [
1E-16 1E-16 A
-3 2 1 0 1 2 3 -3 -2 -1 0 1 2 3
Voltage (V) Voltage (V)

Figure 13. |-V measurements in dark and under illumination of the n-pin structures with varied p++ segment
length. (a) The sample with 30-nm-p++ segment. (b) The sample with 50-nm-p++ segment.

In the I-V curve under illumination of the sample with 30-nm-p++ segment
(Figure 13a), we observed a positive current plateau at the positive bias which
reduces the “V..” of the device (i.e. the voltage at the crossover of the I-V curve
with the X-axis) to ~0.3 V, compared to that of ~0.95 V for a p-pin structure.
By contrast, as shown in Figure 13b, we observed the absence of the positive
current plateau in the samples with 50-nm-p++ segment, and so as the sample
with 90-nm-p++ segment (not shown). The mechanism behind this
phenomenon is not fully understood yet. However, we speculate that in the
sample with the 30-nm-p++ segment, it could be insufficiently long to reach
degenerate p-doping for the GalnP segment due to the saturation delay of Zn
concentration. Therefore, the tunnel junction could work not as it should, but
as a reversely-connected pn-junction. Under illumination, it could contribute
a positive photovoltage and photocurrent, in the opposite direction to that of
the GalnP p-i-» junction. These results indicate that a sufficiently long p++
segment is needed for the tunnel junction working in the complex structures.
We are working on a more detailed analysis, and a manuscript is under
preparation [Manuscript VII].

The next step forward will be to optimize the growth and performance of the
tunnel diodes, the performance of individual subcells, the growth of the
tandem structure, and the current matching between the two subcells.
Additionally, to enable the use of the reverse tandem structure (as shown in
Figure 10) which may have an advantage of a better tunnel junction (i.e. the
p-GalnP/n-InP tunnel junction shows a higher peak current and PVCR than
the #-InP/p-GalnP tunnel junction. See [Paper III] ), the reverse devices will
need to be turned upside down eventually to have a higher bandgap subcell on
top. Therefore, the development of the peel-off of nanowires is necessary. We
have developed an effective peel-off technique for transferring nanowires from
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the native substrate to a foreign substrate, which will be discussed in the next
chapter.
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5. Nanowire peel-off

The cost of conventional planar III-V devices includes a large portion of the
expensive substrates. The substrates usually have a thickness in the order of
hundreds of micrometers, which is much thicker than the epitaxial layers which
are usually only a few micrometers. Transferring the epitaxial layers and reusing
the substrate for growth can greatly reduce the cost, thus releasing the potential
of III-V devices for large-scale applications. The lift-off technology has been
investigated for various thin film devices [19][119]. For nanowire arrays which
only cover a small portion of the substrate surface, it is promising to peel them
off from the homogeneous substrate [120]. In this thesis, we have developed a
technology to peel the dense nanowire array by embedding them into a
polymer.

5.1 Peel-off and processing

Previous studies on the peel-off technique have been reported for nanowires
with a relatively large length (typically >5 pm), small diameter and small
density [121][122][123][124]. The transfer of nanowires is effective, but not
many of the peeled films have been processed into a device [125][126]. When
it comes to our samples which are shorter (- 2 pm in length), thinner (- 200
nm in diameter) and denser (500 nm in pitch) than the reported ones, the
reported methods did not work on our samples. Thus, the peel-off becomes
more challenging.

To successfully peel off the nanowire array, the desired polymer should have
good penetration to the bottom of nanowires, proper adhesion to the
nanowires and the substrate surface, and sufficient robustness to withstand the
mechanical peeling process. Considering the requirements for optical
measurements and the compatibility to the following solar cell processing steps,
the polymer is also required to be transparent to visible light and easy to remove
after peel-off, respectively. After testing several other chemicals including
polydimethylsiloxane (PDMS) and perylene, we found the “First Contact”
(FC) polymer an optimal option. The FC polymer is a product of the Photonic
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Cleaning Technologies LLC [127]. The colorless FC that we use is an
optically-transparent, inert, and plastic film. Its main application is the surface
cleaning of optics.

The specifics of the peeling procedure are described as follows: First, cover the
sample surface with the FC solvent by using a pippet. After the deposition, the
solvent begins to cure in the air. Normally, several layers of FC are added. This
is to make sure a sufficient robustness to endure the peeling process. A
sufficient cure of the polymer lasts for approximately 48 hours. Then, the
peeling starts with the revealing of a corner of the sample. The peeling of the
polymer film is done by use of a tweezer, as illustrated in Figure 14. In order
to improve the uniformity of the force applied to the polymer film, a razor can
be applied. Another way is to embed a plastic mesh in between the several FC
layers, which can help to avoid too much stretch in the film during the peeling.
The use of a roller for the peeling can also be helpful [128][129].

- (b)

(a) FN\

-

Figure 14. Schematic of the peeling procedure of the polymer film with nanowires embedded. (a) The pulling
of the film by using a tweezer. (b) The use of a plastic mesh and the attachment of a tape to the polymer
film is to have a more uniform peeling force.

A peeled-off film is shown in Figure 15. The dark color indicates a good
embedding of the nanowire arrays in the film and the preservation of the array
order which maintains the light trapping advantage.
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Figure 15. A peeled-off FC film with nanowires embedded in the triangular area.

As shown in Figure 16a, the substrate after peel-off shows that most of the
nanowires were broken from the nanowire bottom, and only a few nanowires
and stubs were left on the substrate. The SEM image (Figure 16b) was also
taken from the backside of the polymer film, which evidenced that the order
of the nanowire array was basically preserved. However, it was hard to judge if
the nanowires were tilted in the film due to the minor unflatness of the film
and how it was placed on the SEM holder. This peeling approach turned out
to be effective and has been applied to the samples involved in Paper V, VIII,
IX, and XIL

Figure 16. SEM images of a peeled-off sample. (a) The substrate after peel-off. The scale bar is 2 pm. The
image is taken at 30° tilt. (b) The backside of the polymer film. The scale bar is 2 um. The inset has a scale
bar of 200 nm. The images are taken at 0° tilt.

To process the peeled polymer film into a device, the necessary step is to reveal
the nanowire bottom and tip for the deposition of back and front contacts,
respectively. The nanowire bottom was revealed by reactive ion etching (RIE)
by approximately 200 - 300 nm. A layer of contact materials either (Ti/Au) or
indium tin oxide (ITO) was deposited. The contact metal embeds part of the
nanowire bottom to help to keep the nanowires standing after the removal of

the polymer. Since the FC film has a thickness of several hundreds of
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micrometers, dry etching of the film by using reactive ion etching (RIE) is not
allowed in the cleanroom at NanoLund according to the concern on the
contamination of the chamber. Alternatively, it is possible to dissolve the FC
film in a dedicated solution named the “thinner”. Note that the dissolution of
a crosslinked polymer will not be complete, and the swelling of the film during
the dissolution process is inevitable which can affect the nanowire orientation.
The schematic of the peel-off and the processing procedure is shown in Figure

17.

W0 1l Al L

Backcontact Bond to a foreign Polymer

Peel-off RIE etching deposition substrate dissolution

Figure 17. The peel-off and the related processing procedure.

The dissolution of the film in the thinner takes approximately 36 hours. After
that, the peeled film was put on a foreign substrate, for instance, a Si substrate
or a copper coin. However, the nanowires were found tilted after the
dissolution of FC polymer, as shown in Figure 18a. The tilt is undesired, as it
brings a shading effect to the adjacent nanowires, thus affecting the device
performance. The origin of the tilt can be tracked to the stretch of the film
during the peeling process, the insufficient support from the back contact
metal, and/or the unstable dissolution process. Regarding the unstable
dissolution process, a solution can be to use the critical point dryer to reduce
the surface tension during the dissolution of FC polymer. Additionally, the
thin layer of nanowires with the backcontact material was found with cracks
after polymer dissolution which is undesired for device fabrication, as shown
in Figure 18b. These issues remain as challenges for further development.

Figure 18. SEM images of a peeled sample after polymer dissolution. (a) Top view of the sample, 0° tilt.
The scale bar is 1 um. (b) Top view of an area with cracks, 0° tilt. The scale bar is 10 pm.
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6. Summary and outlook

With the studies presented in this thesis, we investigated the topics necessary
for the development of the InP/GalnP nanowire tandem junction solar cell,
including:

(1) The growth of doped GalnP nanowires and doping evaluation of both #-
type and p-type GalnP nanowires were investigated. A wide range of #-type
and p-type doping levels can be achieved suitable for the use in the tandem
junction solar cells.

(2) InP/GalnP nanowire tunnel diodes were established. This is a milestone
towards the InP/GalnP double junction nanowire solar cell. Different dopant
species and growth directions were studied. We observed a wider depletion
region for the non-working devices which was the result of a gradual transition
of materials and doping. The reproductivity and homogeneity of the tunnel
diodes will need further optimization.

(3) We combined the working tunnel junction with the GalnP upper cell as
an intermediate test structure to the full tandem structure. We found that the
memory effects from the firstly-grown segment will unintentionally dope the
nominal i-segment of the upper cell, affecting the property of the GalnP upper
cell. This knowledge indicates that multiple memory effects can be involved in
the growth of the tandem junction solar cell, for which a solution will be

needed.

(4) As an attempt to peel off the nanowires and be able to use the inverted-
grown reverse tandem structure, the peel-off technique has been developed.
The embedding of nanowires in the polymer is effective. However, the tilt of
nanowires and cracks of the backcontact material after the removal of the
polymer constitute issues to be further improved.

In summary, these studies have laid the foundation for the realization of a
nanowire tandem junction solar cell. The future developments will involve the
demonstration of a tandem junction solar cell indicated by Vi addition,
growth optimization to solve the unintentional doping, current matching
between subcells, and the development of the peel-off technique and the
related processing which can lead to a flexible device.
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