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Abstract

I11-V semiconductor nanowires (NWSs) are often referred to as one-dimensional (1-D)
materials because of their high aspect ratios and excellent quantum confinement
properties. Spacing between NWs in a NW array is on the order of ~10° nm, which is
close to the wavelength of visible light. These properties make NWs have excellent light
trapping effects and suitability for optoelectronic applications, such as solar cells and

photodetectors.

Gallium arsenide (GaAs) has high electron mobility and a band gap of 1.424 eV,
which makes it an ideal material for solar cells. Since GaAs NWs can be grown on either
GaAs substrates or foreign substrates such as silicon (Si) substrates without lattice

mismatch issues, they are being widely studied for photovoltaic applications.

GaAs NWs could be achieved by the vapor-liquid-solid (VLS) method in molecular
beam epitaxy (MBE), or etching a GaAs substrate by inductively coupled plasma reactive
ion etching (ICP-RIE). Cyclotene was used as the filling material in gaps between NWs
to support a low sheet resistance front contact and prevent shunts. An In/ITO contact was
developed to achieve a lower contact resistance to n-GaAs NWs than an ITO contact,

while it had a similar transmittance as ITO.



A crack test also showed that insertion of a thin indium layer between ITO and GaAs
NWs solved the ITO crack issue during heating that resulted from a large difference in
coefficients of thermal expansion (CTE) between ITO and cyclotene. Energy dispersive
x-ray spectrometry (EDS) was used to determine indium diffusion into NWs, and it

showed that indium diffusion was not so significant to damage the features in NWs.

A novel method to achieve substrate-free NW arrays by combining ICP-RIE and
selective chemical etching together was also introduced. This method made it possible to
measure the transmittance of NW arrays and contact layers for the first time. Absorption
of GaAs NW arrays with various NW diameters and periods were also determined

experimentally.
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1 Introduction

1.1 GaAs Nanowire Fabrication

GaAs nanowire fabrication methods can be divided into two categories based on
their formation: bottom-up approach and top-down approach. In the bottom-up approach,
GaAs nanowires can be grown by the vapor-liquid-solid (VLS) growth mechanism [1-4],
vapor-solid-solid (VSS) growth mechanism [5] and solution-liquid-solid (SLS) growth
mechanism [6]. Nanowires obtained by bottom-up growth can achieve high crystal
quality and core-shell structures [7]. In addition, nanowires can also be grown in the
bottom-up approach on foreign substrates, such as silicon substrates, without lattice
mismatch issues [8,9]. The top-down approach is a combination of lithography and
etching techniques. After patterning, nanowires can be achieved by either anisotropic
chemical wet etching [10] or dry etching [11]. Controlling nanowire diameters, lengths
and space between nanowires are relatively easy in the top-down approach [10,11],
while they are difficult to achieve in the bottom-up approach. Nanowires with
heterostructures could also be achieved in the top-down approach and while retaining
material properties. In this thesis, nanowire formation by VLS growth with molecular
beam epitaxy (MBE) and by dry etching with inductively coupled plasma reactive ion

etching (ICP-RIE) was studied exclusively.
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The VLS growth mechanism could be defined as a process whereby liquid metallic
droplets on top of substrates absorb growth species supplied in the vapor phase, and grow
solid crystals underneath the metallic droplets. Since the first introduction of the VLS
growth mechanism by R. S. Wagner and W. C. Ellis in 1964 [12], it has been widely

studied and developed for NW growth over the past five decades.

GaAs subsirate

(@) (b) (©)

Figure 1.1. VLS mechanism for NW growth: a) a thin Au layer is firstly deposited on the
GaAs substrate; b) the substrate is then transferred to an MBE system and heated to form
Au droplets; c) Au droplets absorb growth species supplied in the vapor phase and grow
GaAs crystals underneath.

At the beginning, a thin metallic impurity layer is deposited on a GaAs substrate
(Figure 1.1 (a)). Both Ga [13] and Au [14] films have been reported being used as the
seeding layer in NW growth by self-catalysing and foreign-catalysing methods,
respectively. In this thesis, Au-catalysed NWs were studied exclusively. The substrate is
then transferred into a molecular beam epitaxy (MBE) system and heated to a desired
temperature. During the annealing process, the Au film alloys with group Ill atoms (Ga)
from the substrate and form a eutectic alloy, which results in a lower melting point. Due
to surface tension, the eutectic alloy nucleates into islands and form droplets (Figure

2
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1.1(b)). For GaAs NW growth, the typical epitaxial growth temperature is around 600 <C.
At this temperature, Ga rich Au droplets are formed. Without pre-patterning of the
substrate, Au droplets with different sizes are obtained, which eventually determine the
diameter and height of grown NWs. Next, growth species (molecules or atoms of group
I11 or group V elements) are supplied to the system in the vapor phase. Group V elements
are supplied by hydride gas sources and pre-cracked into dimers before entering the
chamber and then absorbed by Au droplets. AsHj3 is cracked into As, dimers for GaAs
NW growth. Au droplets act as sinks that absorb atoms from direct impingement and
surface diffusion on the substrate or NW sidewalls. The absorbed group Il and group V
atoms contribute to the Au droplets reaching a higher level of supersaturation, and
incorporate to form crystals underneath the droplets (Figure 1.1 (c)). In this way, Au
droplets stay on top of NWs and continuously grow GaAs crystals underneath with a

constant supply of growth species.
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spin-coat with pattern with EBL
e-beam resist e-begmresist and develop

»

metal mask depostmn

(a) (b (C)
remove metal mask etch with ICP-RIE remove e-beam resist
() (e) (d)

Figure 1.2. Top-down approach of obtaining NW arrays: a) a GaAs substrate is spin-
coated with e-beam resist; b) the substrate is patterned with EBL and developed to
remove resist exposed to the electron beam; c) a metal layer is deposited on the substrate;
d) residual resist is removed; e) the substrate is etched with ICP-RIE to obtain NWs; f)
the metal mask is removed with chemical etching.

Another technigue used in NW fabrication is inductively coupled plasma reactive
ion etching (ICP-RIE). In this technique, GaAs films or substrates are directly etched by
high density plasma to obtain GaAs nanowires. As illustrated in Figure 1.2, an e-beam
resist is firstly spin-coated on a GaAs substrate, followed by patterning with electron
beam lithography (EBL). A metal layer is then deposited on top of the substrate, after
which the residual resist is removed. Metals such as Al, Cr and Ni [15] have been
reported being used as etching masks for GaAs nanowires in ICP-RIE. Besides, non-
metal materials such as silica bead [16] have also been reported. After masking, the
substrate is transferred into an ICP-RIE system and etched with high density plasma, such

as Cl/N, [15], Cl/SiCl4/Ar [16], Clo/No/BCl;z and CHF3/Ar plasma [11]. Since the

4
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plasma has a fast etching rate to GaAs and a very low etching rate to the mask, GaAs
under the masks would not be etched. Depending on the size and spacing of the metal
dots, NWs with different diameters and periods can be obtained. In Ref. [15], the top-
down approach of GaAs nanowire array fabrication with ICP-RIE based on Cl./N;
chemistry resulted in nanowires with 30 nm diameter and 1 pm length. In the work of Ke
et al., nanowires with heights ranging from 540 nm to 2600 nm, and diameters from 200
nm to 400 nm were obtained [11]. The main advantage of this top-down approach is that
the source material properties could be retained, and nanowires with different diameters
and heights could also be easily controlled. It is a low-cost and robust sample preparation

technique for achieving NW arrays.

1.2 Application of GaAs Nanowires

Due to excellent light absorption and high carrier mobility, GaAs nanowires are
being widely studied for future optoelectronic applications. They have been reported in
making laser diodes [17], photodetectors [18], and field effect transistors [19]. In Ref.
[17], Hua et al. reported their GaAs/GaAsP core-shell NW laser diode grown by selective
area metal organic vapor phase epitaxy (SA-MOVPE) has strong emission in the near-
infrared range. Wang reported a GaAs nanowire-based photodetector that achieved a
photoconductive gain of 20000 at low laser excitation [18]. More interestingly, GaAs
nanowires are being widely studied in photovoltaic applications [20-28].

5
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[11-V multi-junction solar cells could achieve high efficiency under concentrated
sunlight, but the high cost of 111-V materials limit their applications in certain occasions.
To reduce the cost by reducing the 111-V material being used, I11-V nanowire-based solar
cells are being widely studied, especially in the last decade. Being one of the ideal
materials, GaAs is promising in nanowire solar cells. In GaAs nanowire-based solar cells,
p-n junctions can be created either within the nanowire [21, 22, 26] or between
nanowires and the substrate [27]. By switching growth species and conditions during
growth, nanowires can be controlled to grow axially or radially, and doped to n-type or p-
type. In this way, heterostructures are created within nanowires to make p-n junctions. An
alternative way is growing n-type nanowires on p-type substrate, or vice versa, to create
p-n junctions between nanowires and the substrate. To increase solar cell efficiency,
nanowires are usually passivated to reduce the density of states on the nanowire sidewalls.
It can be achieved by chemical passivation with sulfur [23] or by encapsulating
nanowires with a large band gap shell such as InGaP [21]. In literature, performances of
both single nanowire solar cells and nanowire array solar cells have been reported.
Han [28] and Colombo [24] reported their single GaAs nanowire solar cells with
efficiencies of 2.8% and 4.5%, respectively. In Ref. [13], Krogstrup et al. reported an
efficiency of 40% for their p-i-n GaAs nanowire solar cell, which is above the Shockley-
Queisser limit. Further investigation indicated that the high efficiency is partly due to
field concentration. The highest efficiency GaAs nanowire array solar cell was reported

by Chao et al. in Ref. [25]. In their work, n-type GaAs nanowires were obtained by ICP-
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RIE and embedded in P3HT to achieve 9.2% efficiency. GaAs nanowire array solar cells
fabricated with MBE and selective area metalorganic chemical vapor deposition (SA-

MOVPE) were also reported and their performances were summarized in Table 1.1.

Table 1.1. Summary of GaAs NW array solar cell performance.

GaAs NW | Fabrication J Voo | Mumin-

SC
Substrate | siructure method 7 Pl maem) | (v) | ation | R
'21(132)%5 Core-shell | MBE | 0.83% | 27% | 366 | 020 | 26sun | [7]
le(ﬁ‘é; n-type MBE | 165% | 25% | 274 | 025 | 1sun | [27]
] n-type; ]
NGaAs | Empedded | oA 144% | 43% | 186 | 018 | 1sun | [20]
(111B) | Sppgur | MOVPE
?1(1322)5 Coresshell | (S)C'PE 254% | 37% | 176 | 039 | Llsun | [22]
Core-shell;
n-GaAs . ’ SA- 0 0
(lllB) vr\)/ﬁ%g:féé(é MOVPE 6.63% 62% 24.3 0.44 1 sun [21]
] n-type;
embedde - .20% 0 : : sun
n (fla(gs bedded | ICP-RIE |9.20% | 70% | 202 | 065 | 1 [25]
in P3HT

1.3 Motivation of Present Work

For optoelectronic applications, the front contact should meet three requirements:
high transmittance, low sheet resistance (high conductivity) and low contact resistance.
Ni/Ge/Au contact is a traditional contact to n-type GaAs film and could achieve a specific
contact resistivity as low as ~10° Q-cm? [29]. However, its opaqueness prevents it from
being used in optoelectronic devices. Transparent conducting oxides (TCOs), such as
indium tin oxide (ITO) and aluminum zinc oxide (AZO) were then developed to contact

7
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optoelectronic devices. Their applications have been found in both thin film devices [30]
and nanowire devices [21, 22, 31-33]. Due to special properties of nanowires, existing
TCO contacts have performed poorly on nanowire devices relative to thin film
equivalents, and they could not achieve Ohmic contacts to GaAs nanowires. There are
several criteria in contacting nanowires. Firstly, since nanowires have high aspect ratios,
direct deposition of TCO materials onto the nanowire array would result in a high sheet
resistance (large roughness) of ITO films. This issue has been reported in lowering
conversion efficiency of InP nanowire solar cells in Ref. [31]. To lower the sheet
resistance, gaps between nanowires should be filled with a material that is robust,
transparent and insulating to support the contact layer. Secondly, the contact should have
a low resistance to NWs with a small contact area. Mariani et al. reported their 630 nm
thick ITO contact on GaAs nanowires supported by BCB polymer reached an excellent
sheet resistance of 15 Q/o [22], but the high ITO/NW contact resistance resulted in a low
fill factor of the solar cell. In order to improve the performance of optoelectronic devices,
a contact with high optical transmittance and low contact resistance to nanowires should
be developed. In this present work, an In/ITO contact with 13 Q/o sheet resistance, 0.13
Q-cm? specific contact resistance and 89% transmittance has been developed to meet

these requirements.

The second half of my work developed a technique to obtain substrate-free
nanowire arrays and measure their absorption experimentally. Since light is coupled into

nanowires at resonances [34], absorption of a nanowire array largely depends on the

8
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diameter and length of nanowires, and the spacing between nanowires. Simulation work
has shown the diameter and period dependence of the absorption of nanowire arrays [35].
To our knowledge, although the reflectance of nanowire arrays with different nanowire
diameters and spacing has been determined experimentally [36], absorption of the
nanowire arrays has not been determined directly yet due to inability in measuring
transmittance. In this present work, a technique used to obtain substrate-free nanowire
arrays with ICP-RIE and selective chemical etching is described. Absorption of nanowire

arrays with different diameter-period combinations has been determined experimentally.

1.4 Introduction of Ohmic Contact

At the metal-semiconductor interface, charge carriers diffuse from one side to the
other and create a depletion region. Based on Schottky’s diffusion theory, a potential
energy barrier, named as a Schottky barrier, would build up to block further diffusion of
carriers. The barrier height (q¢;,) is approximately 2/3 of the band gap for n-type
semiconductors and it is 1/3 of the band gap for p-type semiconductors [37]. In ref. [37],
Rideout pointed out that there are three main mechanisms for carriers to transport from n-
type semiconductor to the metal contact. They are: 1) thermionic emission (TE) of
carriers that have sufficient energy to overcome the barrier height; 2) thermionic field
emission (TFE) of hot carriers tunneling through the top of the barrier; and 3) field

emission of carriers tunneling through the entire barrier (shown in Figure 1.3).

9
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For thermionic emission, the current density (J) through the junction is determined

by the barrier height g, by Eq. 1.1:

qV

] < exp (— %) exp (E -1 ) (Eqg. 1.1)

where k is Boltzmann’s constant and T is the absolute temperature. In the case that
the junction is forward biased, carriers gain energy to overcome the barrier and

thermionic emission is enhanced.

The importance of thermionic field emission to thermionic emission is evaluated by
the term kT /E,, , Where E,, is proportional to the square root of doping density (vN).
Increasing the doping density would reduce the barrier width (Wg,,) and result in more
carriers tunneling through the barrier. In this way, both thermionic field emission and

field emission are enhanced.

The most common way to achieve an Ohmic contact is by placing a metal contact
to a highly doped surface layer, in which quantum tunneling is enhanced. Ni/Ge/Au
contacts have been studied for decades and proved to be one of the best contacts for n-
type GaAs films by creating a highly Ge-doped GaAs region near the metal/GaAs
interface [38]. When heating the as-deposited Ni/Ge/Au contact to 360C, Ge and Au
start to form a eutectic alloy [29], while Ni atoms diffuse into the GaAs film to create Ga

vacancies. Then, Ge atoms fill the vacancies and create a highly doped surface layer at
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the interface [38]. The Ni/Ge/Au contact has achieved a specific contact resistivity as

low as ~10® Q-cm? on GaAs films [29].

Another approach to form an Ohmic contact is reducing the barrier height to
enhance the thermionic emission. This could be achieved by creating a graded band gap
at the metal/semiconductor interface. Placing a graded InGaAs layer between the metal
contact and GaAs film is a common way to achieve an Ohmic contact [39-42]. Lakhani
has reported a specific contact resistance of 1.2x10° Q-cm? that was achieved by heat
treating a thick indium layer deposited on top of a GaAs film [40]. M. Murakami
reported a technique that used In-based alloys, such as GelnW, NilnW [42] and
MoGelnW [41], to achieve Ohmic contacts. The In-based alloys were deposited on GaAs
films by evaporation and heat treated to form InGaAs layers. The reduced barrier height
resulted in Ohmic contacts with specific contact resistances as low as 110 Q-cm? [41].
A lower specific contact resistance of 5x10° Q-cm? was reported by Nittono et al. In his
work, the Ohmic contact was achieved by growing a graded InGaAs layer on a GaAs
film with MBE [39]. However, the contacts introduced above are opaque and would not
be suitable for GaAs NW devices that require transparent front contacts. Since it is also
hard to grow highly doped GaAs NWs (>10'° cm™) in MBE, forming an Ohmic contact
by enhancing thermionic field emission is difficult. In Chapter 3, a transparent In/ITO
contact that achieved low resistance Ohmic contact to n-GaAs NWs by enhancing

thermionic emission was introduced.
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Figure 1.3. Schematic of band diagram at the metal/n-type semiconductor interface; and
carrier transport mechanisms: thermionic emission (TE), thermionic field emission (TFE)
and field emission (FE) from semiconductor side to metal side.

1.5 Introduction of Indium Tin Oxide (ITO)

Indium tin oxide (ITO), also named as tin doped indium oxide, is a solid solution
that is typically composed of 90% indium oxide (In,03) and 10% tin oxide (SnO,) by
weight. Bulk 1TO materials can be formed by mixing In,O3 and SnO, powders [43] or
doping In,O3 with Sn, in which process Sn atoms replace In atoms in the oxide

compound [44].

Since ITO has a large band gap of ~4 eV [45], it was reported to have a
transmittance as high as ~90% in the visible range [46], and very low transmittance in
ultraviolet and infrared ranges in the light spectrum [47]. ITO was also reported to have

an electrical resistivity as low as 10 Q-cm [47]. Because of its high electrical
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conductivity and optical transparency, ITO films are traditionally coated on aircraft
windshields for defrosting purposes, and coated on display devices for antistatic purposes.
More recently, ITO is widely used as transparent contacts for thin film devices and has
found implementation in many NW devices. For example, ITO was used as a transparent
contact on Si NWs to form metal-insulator-semiconductor (MIS) photodetectors [48],
and formed transparent Ohmic contact to ZnO NWs in ultraviolet photodetectors [49].
ITO has also been widely used in contacting 111-V semiconductor NWs such as InP NWs

[32,50], and GaAs NWs [22,33] in NW solar cell applications.

ITO films could be deposited on samples through various technigues such as
sputtering [51-54], screen printing [55], thermal evaporation [56] and spray
pyrolysis [57]. Since the quality of ITO depends on many factors such as ITO grain sizes,
density of impurities and surface roughness, ITO films obtained by different techniques
have different characteristics. Sputtering is the most commonly used technique in ITO
deposition for achieving high transmittance and low resistivity ITO films. In the
sputtering process, atoms or molecules are knocked out from an ITO target by accelerated
ions from excited plasma and reconstructed on the sample surface. Different sputtering
techniques such as RF sputtering [51,52]; magnetron sputtering [53] and ion beam
sputtering [54] have been reported in ITO deposition. A resistivity of <10 Q-cm was
commonly achieved by sputter-deposited ITO films with thicknesses between 100 and
500 nm [51-54]. Compared to sputtering, spray pyrolysis has a faster deposition rate

of >100 nm/s and could achieve a similar transmittance and conductivity. It is reported in
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ref. [57] that a 550 nm think ITO film obtained by spray pyrolysis had achieved a
resistivity of 3 <10 Q-cm and a transmittance of 85%. In screen printing, ITO films are
usually a few tens of microns thick, which resulted in their relatively low transmittances.
However, its ability in large scale deposition, as well as its fast processing rate, makes it

suitable for applications in production lines.

In our work, ITO was sputtered from an ITO target that was composed of > 99.99%
purity In,03/SnO; (90/10 wt%) by argon plasma in a RF sputtering system. Since oxygen
ions could be pumped out of the system before reaching the substrate, an oxygen gas flow
was inlet into the chamber to compensate the loss of oxygen and maintain the
transparency of deposited ITO films. Increasing in oxygen flow rate would result in an
increase in transmittance and a decrease in conductivity, so an optimization of oxygen
flow rate should be done to balance the transmittance and conductivity of the ITO film.
As deposited ITO films usually have low conductivity because of large stacking faults, so
they are usually heat treated to increase conductivity after deposition. In modern systems,
substrates are heated during ITO sputtering so that stacking faults are reduced and low

sheet resistances can be achieved.
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2 Experiment

2.1 Electron Microscopy

The diameters of nanowires and the spacing between nanowires are on the order of
tens or hundreds of nanometers. Since these values are so close to the wavelength of light
in the visible range, nanowires cannot be resolved optically. However, electrons have a
relativistic wavelength in the sub-A range, which makes it possible to image nanowires
with electron microscopy. In this work, two types of electron microscopes: scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) were used.
SEM was mainly used in determining surface morphology of nanowires, such as
nanowire sizes and densities, while TEM was incorporated with energy dispersive x-ray

spectroscopy (EDS) to determine contact diffusion.

2.1.1 Scanning Electron Microscopy (SEM)

The JEOL JSM-7000F field emission scanning electron microscope (SEM) was
used to determine the characteristics of samples, such as NW densities, cyclotene height
and roughness of sample surfaces. The SEM is equipped with a tungsten filament cathode,

which emits primary electrons by field emission. Primary electrons are accelerated in an
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electric field and focused to a spot by condenser lenses. The objective lens, which
determines the resolution of the instrument, then forms the focused electron beam into a
small electron probe with a diameter of several nanometers. Scan coils deflect the
electron beam in the x and y axes, so the electron probe could scan the specimen in two
perpendicular directions to generate 2D images. At the probing spot, primary electrons
interact with the sample and are scattered both elastically and inelastically within the
interaction volume. The interaction volume depends on a few factors such as electron
acceleration voltage and sample density. In inelastic scattering, part of the energy is lost
in the energy exchange process and left with low energy secondary electrons. Those
secondary electrons originated near the sample surface are able to escape from the sample
and collected by an Evenhart-Thornley detector. In this detector, secondary electrons are
converted into photons by a scintillator and the signal is amplified by a photomultiplier.
In this way, by rastering the electron probe across the sample and detecting secondary

electrons at each spot, a 2D image of the specimen can be generated.

Specimens can be mounted on either a 0°(planar) stub or a 45°stub depending on
the morphological features to observe. To study the height of NWs or cyclotene, the
specimen was usually mounted on a 45°stub with carbon tape, which allowed the
specimen to be studied from 90“to the NW axes. To study the density of NWs or surface
roughness, it was preferred to mount the specimen on a 0°stub and observe from 0< 30
and 45<from the NW axis. For insulating samples, a 5 nm thick carbon layer was usually
coated on sample surfaces to create a charge path to ground.
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2.1.2 Transmission electron microscopy (TEM)

In order to determine the significance of indium diffusion into GaAs NWs or
cyclotene, a high resolution JEOL 2010F transmission electron microscope (TEM) was
used to analyze the sample prepared by focused ion beam (FIB) as described in section
4.2. In this TEM, electrons are emitted through field emission by applying a high
electrostatic field at the tip of the cathode. The system was operated in scanning
transmission electron microscopy (STEM) mode for imaging the sample. Similar to SEM,
electrons are accelerated in an electric field parallel to the optic axis and focused to a spot
by a condenser lens system. Since the sample is very thin, high energy incident electrons
could either pass through the sample or scatter in the sample before getting collected by
detectors. A high angle annular dark field (HAADF) detector was used to collect
inelastically scattered electrons to image the sample. It is a large ring shaped detector
placed under the specimen, and it also has a large collection angle to avoid collecting
coherently diffracted electrons. The system is also equipped with an energy dispersive x-
ray spectroscopy (EDS) detector, so chemical compositions at different locations on the
sample could be determined. In EDS, an incident electron ejects a core shell electron and
leaves a vacancy in the inner shell. An outer shell electron then fills the inner shell
vacancy and emits an x-ray photon. The x-ray photon energy is characteristic of elements
and it is determined by the energy levels of the inner and outer shells. Thus, by measuring
the x-ray photon energy that has been detected, chemical compositions of the sample

could be determined.
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All the TEM images shown in this thesis were taken in the STEM mode with a
200 kV primary electron accelerating voltage. The position of the electron probe could be
controlled by INCA software, and both EDS point-scan and line-scan measurements were

taken by fixing the probe at a spot or scanning across the sample, respectively.

2.2 Secondary lon Mass Spectrometry (SIMS)

In SIMS, primary ions generated by electron ionization, such as O," and Cs" ions,
are accelerated in an electric field and focused to a spot by several condenser lenses. The
primary ion beam size can be as low as ~1 um in diameter [58]. The outermost layer of
the sample surface is sputtered by the primary ion beam and ionized secondary particles
are generated in this process. The ionized secondary particles pass through an energy
filter to screen out particles in a narrow energy range and separated by a mass
spectrometer according to their mass/charge ratios. The separated secondary ions are then
detected by the detector to determine the element and chemical composition of the
sample. Only a fraction of 10°-10 of the secondary particles is positively or negatively
charged, so most of the particles are neutral atoms that are filtered out through the mass
spectrometer and cannot be analyzed [59,60]. Since the sputtering rate of a certain
material is constant, the secondary ion signal is recorded as a function of time throughout
sputtering, and a depth profile could be generated at the end by simply measuring the

crater depth. This fact makes in-depth analysis possible. SIMS can detect different
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elements simultaneously and has a depth resolution of 1 to 5 nm [59]. Depending on the
target sample parameters, type and size of primary ions beams, lateral resolution varies

from less than 100 nm to a few microns [60].

2.3 Inductively Coupled Plasma Reactive lon Etching (ICP-

RIE)

An inductively coupled plasma reactive ion etching (ICP-RIE) system is equipped
with two radio frequency (RF) sources: one creates high density plasma, the other
accelerates the reactive species to etch the sample. Initially, reactive gases are inlet into a
vacuum chamber and maintained at a desired chamber pressure. High density plasma is
then initiated by applying a strong RF electromagnetic field to the gas cloud. Since the
substrate is biased by the other RF source, reactive ions are extracted from the plasma
and accelerated to etch the sample. By controlling the composition of gas mixture,

chamber pressure and RF power, the etching rate could be altered.

To form nanowires, a substrate is firstly lithographically patterned and then etched
with ICP-RIE. In our work, an Oxford PlasmaTherm ICP-RIE system was used to etch
Al/Cr masked GaAs substrates. Firstly, an electron-beam (e-beam) resist (PMMA950-A3)
was coated on the GaAs substrate and an array of dots was patterned by electron beam
lithography (EBL) on the polymer. After that, the substrate was developed in methyl-
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isobutyl-ketone to remove the resist that was exposed to the electron beam. After
developing, the substrate was deposited with a thin layer of Al and Cr, followed by
immersionin acetone to remove the residual resist. Since the metal layer deposited on top
of the resist would also be lifted off, an array of metal dots was eventually left on the
substrate. With this patterning technique, metal dots with different sizes and spacing
could be achieved and NWs with various diameter and periods can be obtained. After
patterning, the sample was transferred to the ICP-RIE system and etched by N,/Cl,
plasma. Since the plasma has a high etching rate to GaAs and a very slow etching rate to
the Al/Cr mask, GaAs crystal underneath the metal mask would not be etched. In this
way, GaAs NW arrays could be achieved. At last, the metal mask was removed by

chemical etching.

2.4 Electrical characterization

Glass microscope slides were used as witness samples during In and ITO
depositions to be used for sheet resistance and optical transmittance characterization. A
standard four-point probe technique, shown in Figure 2.1, was used to measure the sheet

resistance of the ITO and In/ITO films on the glass slides both before and after annealing.

A two-point probe configuration and a Keithley 2400 sourcemeter were used to

obtain I-V characteristics between front and back contacts of the NW samples as
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indicated in Figure 2.1. Specific contact resistances were then estimated from the I-V

characteristics as described in Chapter 3.

film
glass

Figure 2.1. Schematic of sheet resistance measurement by four-point probe technique.

2.5 Optical characterization

Optical transmittance of the ITO and In/ITO films after annealing were measured
by variable angle spectroscopic ellipsometry operated in transmission mode and

normalized to the transmission through an uncoated microslide.

An optical system was setup for transmittance and reflectance measurements of
nanowire arrays. An Ocean Optics LS-1 light source with tungsten halogen lamp was
used as the light source in this setup. Source light was split by several beam splitters and
focused onto the sample by a few lenses. Light reflected from the sample or transmitted
through the sample was coupled into an optical fiber and analyzed by an Ocean Optics

Jaz spectrometer. Before the reflectance measurement, the sample was replaced by a
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mirror in the setup to calibrate the light source. Reflectance of nanowire arrays were
normalized to the calibrated light and transmittance was normalized to the transmission

through air. More details about the setup will be described in Section 5.1.

A Zeiss Axioplan2 light microscope (LM) that was equipped with a digital camera
was used in checking sample status, such as determining sample size and etching-hole
depth. Images with the LM working in both reflection mode and transmission mode were

taken using Clemex Vision Lite software.

22



MASc Thesis — J. Zhang McMaster University — Engineering Physics

3 Low Resistance Indium Tin Oxide (ITO)

Contact to n-GaAs Nanowires

3.1 Introduction

Due to their unique properties, GaAs nanowires (NWs) are being widely studied
for future optoelectronic applications such as laser diodes [17], photodetectors [18] and
solar cells [7,9] . As with thin film devices, these applications require electrical contacts
which possess both low contact resistance and good transparency, thus precluding the use
of established opaque contacts such as Ni-Ge-Au and Ti-Pt-Au to achieve low resistance,
ohmic front contacts [61,62]. Transparent conducting oxides (TCOs), such as indium tin
oxide (ITO) or aluminum zinc oxide (AZO), are typically used as transparent contacts for
thin film devices and have found implementation in several NW devices. For example,
ITO was used as a transparent contact on Si NWs to form metal-insulator-semiconductor
(MIS) photodetectors [48], and formed transparent Ohmic contact to ZnO NWs in
ultraviolet photodetectors [49]. ITO has also been widely used in contacting I1I-V
semiconductor NWs such as InP NWs [32,63] and GaAs NWs [21,22] in NW solar cell

applications.
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Despite its popularity for both thin films and NWs, TCO contacts to NW devices
have performed poorly relative to thin film equivalents, thus leading to performance
degradation in NW devices. Among NW solar cells, a high sheet resistance [63] of the
ITO top contact and high contact resistances between ITO and NWs [33] are believed to
play a primary role in limiting conversion efficiency. Ref. [33], for example, reported a
poor ITO/InGaAs NW contact resulting in a high parasitic resistance, which degraded the
performance of photovoltaic devices. A 630 nm thick ITO contact possessed an excellent
15 Q/o sheet resistance but was reported to suffer from high ITO/NW contact resistance,
which resulted in a low fill factor of the solar cell in Ref. [22]. AZO contacts also had a
poor performance on the same NWs because of its higher sheet resistance (627 Q/o). In
comparison, a modified Ti/ITO contact applied to p-GaAs substrates reported a ~12.5
Q/o sheet resistance while achieving Ohmic contact on thin film calibration samples
with doping densities as low as 1x10*® cm™ in Ref. [21]. However, the performance of
Ti/ITO contacts on NWs has not been specified. To our knowledge, the contact between
ITO and NWs has not been thoroughly characterized nor optimized largely due to the
infeasibility of extending established thin film characterization techniques to NWs. This
present work describes the formation of ITO contacts on n-GaAs NWs which achieves
high optical transmittance while simultaneously achieving low sheet resistance and low

specific contact resistance.
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3.2 Experimental Details

n-GaAs NWs were grown by the Au-assisted vapor—liquid-solid (VLS) method in
a gas source molecular beam epitaxy (MBE) system on a n-GaAs wafer. The wafer was
cleaned by UV ozone oxidation, followed by buffered HF etching and rinsing in
deionized water. Afterwards, a 1 nm thick Au layer was deposited onto the substrate in an
e-beam evaporation system. Samples were grown at a nominal 2D growth rate of 0.5 pm
h™ with a /111 flux ratio of 2.3 and a substrate temperature of 600 <C [4]. Two samples
of different NW doping were grown to determine the influence of doping on specific
contact resistance. Sample A NWs were grown for a duration of 30 min, and were n-
doped by Te with a nominal carrier concentration of 5 x 10*® cm™ as determined from
previous Hall effect calibrations on (100) GaAs films. Sample B NWs were grown under
the same conditions as sample A but with a nominal carrier concentration of 5 x 10*®
cm 2 for 15 min followed by Te doping with a carrier concentration of 8 <10 cm™ for
25 min. Hence, sample B was similar to sample A but with higher doping at the top of the
NWs. The nominal doping was identical at the beginning of growth in sample A and B to
avoid any doping dependent changes in growth mechanism that may influence NW
density [64]. The structure schematic and SEM images of Sample A and B are shown in

Figure 3.1.

Both sample A and sample B were spin-coated with cyclotene and baked for 30
min at 250 <C on a hot plate in N, ambient, so that the gap between NWs was filled by

cyclotene to support the contact layer at the top of NWs. A controlled length of NWs was
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exposed by back etching the cyclotene with CF4 and O, plasma in a reactive ion etching
(RIE) system. Samples were subsequently sonicated in DI water for 10 min using a
Branson 1510 ultrasonic cleaner to remove the top of NWs exposed above the cyclotene
layer. Hence, the Au seed at the top of NWs was removed. Finally, in preparation for top
contact deposition, samples were cleaned by immersion in acetone for 9 min and
methanol for 4 min, followed by rinsing with DI water for 6 min. This planarization
process has been described in detail in [65]. A JEOL JSM-7000F scanning electron
microscope (SEM) was used to determine the final height of NWs embedded in the
cyclotene and the area coverage of NWs.

]n=8x10" cm™, NW

A n=5x10"8 cm®, NW
I 0=5%10"% cm™, substrate

Sample A Sample B

Figure 3.1. SEM images and structure schematics of NWs in Sample A and Sample B.

Four different contact pads were deposited on each NW sample as depicted in
Figure 3.2(a). Deposition through a shadow mask consisting of 2 mm diameter apertures
was used to provide multiple TCO contact pads on the NWs and prevent short circuits at

the sample edges. First, 25 nm thick indium (In) contact pads were deposited by RF
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sputtering with 25 sccm argon (Ar) flow rate, 25 W RF power, and 7.2 mTorr chamber
pressure. Vacuum tape was used to cover a fraction of the apertures in the shadow mask,
such that only a portion of the sample received the In contact pads. Next, the vacuum tape
was removed without disturbing the mask, and 500 nm thick ITO was deposited by RF
sputtering with flow rates of 36 sccm Ar and 0.2 sccm O, power of 125 W, chamber
pressure of 5 mTorr, and deposition rate of ~2 A/s. In this manner, half of the contact
pads consisted of ITO only (indicated as contacts C in Figure 3.2(a)), while the
remaining half contained the In/ITO layer (indicated as contacts D in Figure 3.2(a)). To
provide low probing resistance, Ni/Ge/Au (50/100/250 nm) was finally deposited by
electron beam evaporation onto all of the In/ITO and ITO contact pads through a shadow
mask with 1 mm diameter circular apertures. The resulting contact pads are indicated by
configuration C and D in Figure 3.2(a). Ni/Ge/Au contact pads were also deposited
directly on top of the NWs and the bare substrate (without NWs) for comparison with the
In/ITO and ITO contact pads. The latter are indicated as configurations A and B in
Figure 3.2(a). Ni/Ge/Au (25/50/120 nm) was then deposited over the bottom of the
samples by electron beam evaporation. The samples were then annealed for 30 s at
400 T in N, ambient in a rapid thermal annealing (RTA) system to alloy the contacts to

GaAs.

27



MASc Thesis — J. Zhang McMaster University — Engineering Physics

3.3 Results and Discussion

3.3.1 Contact Resistance

Two-point probe 1-V measurements across the NWs were made to determine the
specific contact resistances.  First, the parasitic resistance of the two-point |-V
measurement apparatus was determined by short circuiting the two-point probes. The I-
V characteristic (not shown), measured with the two probes shorted, indicated a parasitic
system resistance of Rys= 2 Q. Additionally, 1-V characteristics of probe configuration
A in Figure 3.2(a) exhibited the same resistance of 2 Q, indicating a negligible probe-
contact, substrate and rear contact resistance relative to Rgs. As such, the I-V curves
measured for probe configurations B, C and D in Figure 3.2(a) were converted into J-V'
curves shown in Figure 3.2(b) and (c) where V'=V-IRqys gives the voltage drop across the
NWs and the top contact. The current density is given by J =1/A where A is the
interfacial contact area between the NWs and the TCO given by the product of the
contact pad size and the percentage of the contact area in contact with the NWs. This
percentage was determined for each sample by SEM measurements prior to contact
deposition and typically ranged between 1.5 to 4.5%. The error bars in Figure 3.2(b) and
(c) are standard deviations obtained from measurements on four contact pads across each

sample.
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With Figure 3.2(b) and (c), the slopes of J-V' curves can be related to the specific

contact resistance:

dJ "
(dV’j = ARy, +I. (Eq. 3.1)

where r, is the specific contact resistance and R,,, is the effective resistance of the NW.
Since it is difficult to determine R, due to surface depletion effects [66], it is assumed
that AR,,, << r, such that r, can be directly determined from the slope of curves in
Figure 3.2(b) and (c). This assumption serves to overestimate r, since any contribution
from the AR, term in Eq. 3.1 would serve to lower the calculatedr, . Additionally,

when comparing different contacts on the same sample, differences in J-V' curves can be
attributed to differences in the top contact resistances (and not differences in Ryw). As

discussed below, even with the overestimation ofr,, the In/ITO contacts give excellent
performance.
From Figure 3.2(b) and (c), the specific contact resistances were obtained and

summarized in Table 3.1. For sample A, Ni/Ge/Au contacts gave the best contact

resistance of 0.11 Q-cm?. It must be noted that identical Ni/Ge/Au contacts deposited on

thin film calibrations yielded r, <10™ Q-cm?, further demonstrating the overestimation
of r, values in Table 3.1 due to ignoring R, . In sample A, ITO contacts gave a high

r, =33 Q-cm?, but insertion of an In layer between the GaAs and ITO improved r, to 11
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Q-cm?. We speculate that this improvement is due to In diffusing into n-GaAs forming a
smaller bandgap InGaAs layer, which is also known to reduce the contact resistance in

thin films [40]. The addition of In represents a 3x improvement in r, over ITO, but r, is

still two orders of magnitude greater than Ni/Ge/Au contacts. This is likely due to the
presence of a Schottky barrier (caused by insufficient doping) at the GaAs-TCO interface
as evidenced by the assymetry and rectification in the J-V' curves of Figure 3.2(b). This
necessitates the implementation of high doping. This standard procedure of high doping

for forming Ohmic contacts [37], is showcased by J-V' results of sample B.

Upon examination of highly doped sample B J-V' curves in Figure 3.2(c), it is
clear that the curves are less rectifying, indicating a reduced Schottky barrier width (due
to the increased doping) allowing for field emission. Ni/Ge/Au contacts on sample B
show only a small improvement since these contacts already gave ohmic contacts for the

lower doped sample A. However, ITO and In/ITO contacts on sample B showed large r,
improvements, giving values of r =1.41 Q-cm? and r.=0.13 Q-cm? respectively,

rivalling the performance of the ohmic Ni/Ge/Au contacts. From these results, a nominal
NW doping of 8x10*® cm™ is needed to realize Ohmic contacts between In/ITO and n-

GaAs NWs.
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Figure 3.2. (a) Schematic of the different two-point probe configurations used for I-V
measurements; (b) J-V curves of different contacts on sample A; (c) J-V’ curves of
different contacts on sample B. The probe colors in (a) correspond to the curve colors in

(b).

Table 3.1. Specific contact resistances for different contact materials on samples A and B.

Specific contact resistance, r; (Q-cm®)
Sample A Sample B
(low doping) (high doping)
Ni/Ge/Au 0.11 0.09
In/ITO 11 0.13
ITO 33 1.41
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Figure 3.3. (a) Theoretical I-V curves for a photovoltaic device with various specific
contact resistances, rc. (b) Cell efficiency versus r. extracted from the I-V curves in (a).

To assess the potential impact of this work, we estimated the effect of contact
resistance on GaAs NW-based solar cells. The theoretical 1-V characteristics under
AM1.5G illumination for GaAs NW-based solar cells in Ref. [35] was modified to
include a specific contact resistance (rc) at the top of the NWs, and plotted in Figure

3.3(a). From these I-V curves, the efficiency (n) of the cells can be extracted from n =
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ImpVmp/Pinc Where 1y, and Vi, are the current and voltage at the maximum power point,
and Pjn.=100 mw/cm? for the AM1.5G spectrum. Figure 3.3(b) shows that significant
efficiency degradation only occurs for r. > 1 Q-cm® Comparing this with Table 3.1
shows that a high doping of 8x10* cm™ (sample B) is imperative to avoid severe

efficiency degradation. Additionally, a supplemental In layer gives r, <0.13 Q-cm?

which is seen to yield a negligible impact on the photovoltaic device performance. Even
without the In layer, the ITO contact is good enough provided the NW is doped higher

than 8x10'® cm™.

3.3.2 Transmittance

According to the transmission results shown in Figure 3.4, the unannealed ITO and
In/ITO film exhibited a low average optical transmittance of 81% and 63%, respectively,
over a wavelength range of 400 to 900 nm. The post-annealing average transmittance of
the In/ITO film increased to 89%, which is comparable with 91% for the ITO film
(without In). The increase in transmittance after annealing of the In/ITO film results from
diffusion of In into the ITO film. The annealing enhances the transmission in the

ultraviolet range while drastically reducing the transmission in the infrared range.
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Figure 3.4. Optical transmittance spectrum of ITO and In/ITO films normalized to the
glass slide transmission. The inset shows the unannealed (top) and annealed (bottom)
In/ITO film on a glass slide, in comparison with a glass slide without deposition.

3.4 Sheet resistance

After optical characterization, sheet resistances of unannealed and annealed TCO
films on glass slides, as measured by four-point probe, are tabulated in Table 3.2. As
commonly reported for ITO [51], unannealed films had a very high sheet resistance while
annealing reduced the sheet resistance to 21 Q/o. The In/ITO film showed a lower sheet
resistance before and after annealing compared to the ITO film. The annealed In/ITO film

showed the lowest sheet resistance of 13 Q/o.
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Table 3.2. Sheet resistance of ITO film and In/ITO film on glass slide.

ITO (500 nm) In/ITO (25/500 nm)
Unannealed Annealed Unannealed Annealed
Sheet resistance 4
Qo) 3.7x<10 21 122 13

3.5 Contact pad crack test

As shown in Table 3.3, the difference in coefficient of thermal expansion (CTE)
between ITO and cyclotene is large, which would cause the contact pads to crack after
annealing. An example of an SEM image of cracks on an ITO contact pad after annealing
is shown in Figure 3.5. In order to determine the largest size of a crack-free contact pad,
contact pads with various sizes were deposited onto cyclotene-buried NW samples. The
contact pads achieved by photolithography (PL) were square shaped with length of side
varying from 150 pm to 600 um. The technique used in In and ITO deposition was the
same as described in Section 3.2. Crack test results are shown in Table 3.4. 250 nm thick
ITO pads started to crack when the pad length increased to 300 wm, while none of the
In/ITO (25/250 nm) pads cracked in the test. Since indium has a relatively low melting
point of 157 <C, it would melt when the sample was heated to 400 <C. It was suspected
that the indium layer acted like a “lubricant” that prevented the expanding cyclotene from
stretching the ITO and tearing it apart. It was also possible that indium diffused into the

ITO film and changed the composition of ITO, which resulted in a higher CTE.
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Figure 3.5. SEM image of cracks on ITO contact pad after annealing.

Table 3.3. Coefficient of thermal expansion (CTE) of several materials at room

temperature.

Cyclotene

ITO

In

CTE (ppm/<C)

42 [67]

8.5 [68]

~50 [69]

Table 3.4. Crack test results of various sizes of ITO (250nm) and In/ITO (25/250nm)
square contact pads.

Length of side | 150um | 200pum | 250um | 300pum | 350um | 400pm | 500um | 600pum
ITO
(250nm) N N N Y Y Y Y Y
In/ITO
(25/250 nm) N N N N N N N N

*N — there are no cracks on the contact pad; Y — there are cracks on the contact pad.
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3.6 Improved Contact Resistance on Etched NWs

Sample S4 (as described below) showed an improved contact resistance of In/ITO
contact to GaAs NWs. Initially, a 500 nm thick GaAs epilayer with a carrier
concentration of 8x10'® cm™ was grown on a GaAs substrate. NWs in sample S4 were
obtained by etching the GaAs epilayer with an inductively coupled plasma reactive ion
etching (ICP-RIE) system with different diameters (D) and periods (P). Three different
NW pads: 1) D=100 nm, P=350 nm; 2) D=180 nm, P=350 nm; and 3) D=300 nm,
P=700nm, were all contacted with 25 nm thick In and 500 nm thick ITO. Details about

sample processing methods will be introduced in Section 4.2.

Since NWs in sample S4 were shorter and thicker than those in sample A and B
(Section 3.2), NW resistances (Rnyw) would be even smaller. However, by assuming Ryw
= 0, we would still overestimate r. values calculated with Eq. 3.1. J-V’ curves of In/ITO
contacts on these three NW pads are shown in Figure 3.6 and specific contact resistances
(rc) were obtained and summarized in Table 3.5. For the pad with D=100 nm and P=350
nm, the In/ITO contact had the highest r. = 2.65 Q-cm?. However, when the diameter of
NWs increased to 180 nm while the period remained the same, r. was reduced to 0.70
Q-cm?. This fact indicated that the contact resistance is NW diameter dependent due to
surface depletion effects [66]. The lowest r. = 0.02 Q-cm?was achieved when the NW
diameter was increased to 300 nm and the period was doubled to 700 nm. This r. value

was even lower than we achieved on sample B (0.13 Q:cm?). However, NWs in sample B
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had a typical diameter of ~50 nm, which is much smaller than 300 nm here. Again, the
increase in NW diameter reduced the significance of the surface depletion effect on
contact resistances. In the extreme case that NWs are thick enough to connect with each
other, the pad would act like a thin film. In our measurement, the In/ITO contact had a
negligible contact resistance on GaAs thin films that was beyond the resolution of our
two-probe station. Another technique, such as transmission line method (TLM), has

higher resolution that could be used to determine this very low specific contact resistance.
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Figure 3.6. J-V' curves of In/ITO contacts on GaAs nanowires with D=100 nm, P=350
nm; D=180 nm, P=350 nm; and D=300 nm, P=700nm.

Table 3.5. Specific contact resistance of In/ITO contacts on GaAs nanowires with D=100
nm, P=350 nm; D=180 nm, P=350 nm; and D=300 nm, P=700nm.

D=100 P=350 D=180 P=350 D=300 P=700

re (Q-cm?) 2.65 0.70 0.02
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3.7 Contact Test on Planar GaAs Solar Cells

In order to assess the impact of low resistance contacts on solar cells, performance
of both In/ITO and ITO contacts on planar GaAs solar cells were evaluated as shown in
Table 3.6. Thin film GaAs solar cell structure. Five epilayers were grown on a p-type
GaAs (100) substrate in a gas source molecular beam epitaxy (MBE) system. The GaAs
substrate was Zn-doped and had a carrier concentration of n>5x10"® cm™. Firstly, a 50
nm thick Be-doped GaAs (p-type) buffer layer with a carrier concentration of 310 cm™
was grown on the substrate, followed by a 70 nm thick Be-doped InGaP back surface
field (BSF) layer with n=1x10'® cm™. After that, a 1.5 um thick p-type GaAs base film
(Be-doped, n=1x10"") and a 100 nm thick n-type GaAs emitter film (Si-doped, n=3x10"®)
were grown to create a p-n junction. In order to achieve a good front contact, a 30 nm
thick n-type GaAs film doped to n=1x10"® cm™ with Si as dopants was grown on top of

the sample.

Table 3.6. Thin film GaAs solar cell structure.

Layers Doping Thickness
n*-GaAs (contact) Si: 1x10%° cm™ 30 nm
n-GaAs (emitter) Si: 3x10*® cm™ 100 nm

p-GaAs (base) Be: 1x10*" cm 1.5 pm
p-InGaP (BSF) Be: 1x10"® cm™ 70 nm
p-GaAs (buffer) Be: 3x10* cm 50 nm
p-GaAs (100) . 18 -3
substrate Zn: >5x10™ cm 350 pm
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To evaluate the contacts, ITO (250 nm) and In/ITO (25/250 nm) contact pads were
applied on two planar GaAs solar cells, respectively. Ni/Ge/Au (50/100/250 nm) bus bars
were deposited on top of the contact pads by electron beam (e-beam) evaporation to
reduce probing resistance. A control sample with Ni/Ge/Au bus bars directly deposited
on top of the cell was processed at the same time. The back of the samples were
contacted with Ti/Pt/Au (25/50/100 nm). Structure and appearance of the samples after
contacting are shown in Figure 3.7(a) and (b), respectively. Samples were annealed for
30 s at 400 <T in a rapid thermal annealing (RTA) system before I-V measurement. 1-V
characteristics were measured by two-point probe configurations with a Keithley 2400
sourcemeter under an AM1.5G spectrum. J-V’ curves of the solar cells contacted with

ITO, In/ITO and Ni/Ge/Au are shown in Figure 3.8.

(a) Ni/Ge/Au

DENENEEEN
ITO or In/ITO

GaAs Solar Cell

p-GaAs substrate
Ti/Pt/Au

Figure 3.7. (a) Schematic and (b) light microscope image of planar GaAs solar cells
contacted by ITO (or In/ITO) pad and Ni/Ge/Au fingers.

Among the three solar cells, the control sample (Ni/Ge/Au) had the lowest open
circuit voltage (Voo) of 0.40 V and the lowest short circuit current (Jsc) of 13.64 mA/cm?.

The low V. and Jg resulted in its low efficiency of only 1.74%. Both In/ITO and ITO
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contacted solar cells had similar Vo and Js.. The solar cell contacted by ITO had a Js of
20.47 mA/cm? and a Vo of 0.73 V, while the cell contacted by In/ITO had a Js. of 20.91
mA/cm? and a Vo of 0.78 V. The fill factor (FF) for In/ITO contacted cell was 44.62%,
which was much higher than 38.37% for the ITO contacted cell. Compared to the
conversion efficiency () of 5.38% obtained by the ITO contacted solar cell, the cell
contacted with In/ITO had a higher  of 6.83%. The fact that the solar cell efficiency
improved by inserting a thin indium layer between ITO and GaAs NWs indicated that the
In/ITO contact had a lower contact resistance to NWs than ITO. This fact was also
predicted by the model shown in Section 3.3.1. In section 3.3.1, we predicted that indium
diffused into GaAs NWs and created a graded InGaAs layer to reduce contact resistance,
but we did not know how far indium diffused into GaAs NWSs. However, the result
achieved on planar solar cells was evidence that indium diffusion length is less than 130
nm, otherwise it would have shorted the p-n junction and resulted in a decrease in
conversion efficiency. Although the indium diffusion in the In/ITO contact resulted in a
better result than the ITO contact on planar solar cells, we could not conclude that indium
diffusion would not be a problem for GaAs NW devices because it was still possible that
indium could diffuse along the NW sidewalls and potentially short the p-n junctions in
the NWs. Thus, a contact diffusion test was carried out to determine the significance of

indium diffusion into NWs, as discussed in detail in Chapter 4.
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Figure 3.8. J-V' plots of planar GaAs solar cells contacted with Ni/Ge/Au, In/ITO, and
ITO contacts under AM1.5G illumination.
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4 Contact Diffusion Test

4.1 Introduction

Lakhani reported an indium-based Ohmic contact to GaAs films by creating a
graded InGaAs layer [40]. In his work, a 600 nm thick indium layer was deposited on a
GaAs substrate, followed by annealing for 60 s at 350 <C. Graded InGaAs layers were
found at several spots on the sample, but the indium diffusion length was not specified.
Indium diffusion length is crucial in NW devices, such as NW solar cells, NW
photodetectors and NW lasers, where p-n junctions or quantum dots are created within
the NWs. There are two possible ways of indium diffusion in NWs: bulk diffusion in
NWs and surface diffusion along NW sidewalls. If indium diffuses deep into NWs by
bulk diffusion, it would potentially destroy the p-n junctions or quantum dots in the NWs.
Long surface diffusion length would also possibly short axial p-n junctions and result in

low NW solar cell efficiencies.

4.2 Experimental Details

Using the pre-growth preparation technique described in Section 3.2, an n-type

GaAs (100) wafer was cleaned by UV ozone oxidation, followed by buffered HF etching
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and rinsing in deionized water. A GaAs thin film was grown at a nominal 2D growth rate

of 0.5 pm h™* with a V/I1I flux ratio of 1.5 and a substrate temperature of 575 <C. The

500 nm thick grown GaAs film was Te doped and had a carrier concentration of 810"
3

cm °. The grown GaAs film was then etched with inductively coupled plasma reactive

ion etching (ICP-RIE) to obtain GaAs NWs.

For the NW etching process, a thin layer of e-beam resist (PMMA950-A3) was first
spin-coated on the GaAs film. It was then baked at 180 <C for 20 min to cure the resist.
After that, the resist was patterned by electron beam lithography (EBL) and developed in
a methyl-isobutyl-ketone:isopropanol (1:3) solution [70]. Next, a 20 nm thick Al layer
and a 45 nm thick Cr layer were deposited onto the sample by electron-beam evaporation.
Finally, acetone was applied to the sample to lift-off the resist. The etching process was
done in an Oxford PlasmaTherm ICP-RIE system with 10 mTorr chamber pressure, 20
sccm Cl; flow rate, 5 sccm N, flow rate, and a RF source power of 500 W. This sample

was named as sample S4.

Sample S4 was processed to make a device and contacted by In/ITO (25/500 nm)
and Ni/Ge/Au (50/100/250 nm) films with the methods described in Section 3.6. The
sample was then annealed for 30 s at 400 T in an RTA system to improve the contact. A
Zeiss NVision 40 focused ion beam (FIB) was used to prepare samples for TEM analysis.
The instrument was equipped with a gallium liquid-metal ion source (LIMS) and a

Schottky field emission gun (FEG) filament scanning electron microscope (SEM).
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Gallium atoms were ionized under a very high electric field. Ga* primary ions were then
accelerated through an electric field and bombarded the sample to sputter an amount of
material. The sputtering rate could be altered by changing the primary beam current, and
precision milling to the nanoscale could be achieved at low primary ion beam currents.

The entire milling process could be monitored by built-in SEM.

Initially, a 1.7 pm thick carbon layer was coated on 7 rows of NWs in the sample
for protection and charge dissipation purposes. The surroundings of the carbon coated
area were then milled by focused Ga ion beam to release the specimen from the bulk
sample. The specimen was then transferred to a TEM grid and milled to only have one
row of NWs left. The sidewalls of the last row of NWs were also partly milled so that the
sample would be suitable for determining indium diffusion. The initial stage and final

stage of the FIB process are shown in Figure 4.1(a) and (b), respectively.

Figure 4.1. a) Initial stage and b) final stage of sample preparation for TEM with FIB.
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4.3 Results and Discussion

To ascertain the indium bulk diffusion length in GaAs NWs and in cyclotene, EDS
line-scans were taken across both the NW/contact interface and the cyclotene/contact
interface (Figure 4.2(a)). At the NW/contact interface, Ga and As counts were low at the
noise level in the contact region and they increased to a high level in the NW region,
while In and Sn counts dropped tremendously, suggesting there is no significant bulk
diffusion of either In or Sn. In and Sn counts also dropped rapidly to noise level at the
cyclotene/contact interface, which means the diffusion into cyclotene was also not
significant. In addition, since there was no abrupt In peak near the interfaces and Sn
counts remained high across the contact region until the interfaces, it seemed that the

deposited In film also diffused into ITO.

EDS line-scans were also taken at 50 nm and 100 nm below the NW/contact
interface. In both cases, Ga and As counts peak in the middle of the NW region, while In
counts stayed at noise level throughout the scans. Since not all cyclotene on the NW
sidewalls got milled by FIB, residual cyclotene on either side of the sample contributed to
oxygen and silicon counts in the EDS analysis. This reason explained the fact that silicon

counts decreased at the cyclotene/NW interface but stayed at a level above the noise level.

In EDS point scans, 9 spots ranging from 36 nm above the NW/contact interface (in
the contact region) and 141 nm below the interface were analyzed to find the change in

chemical composition. Figure 4.3 shows the atomic percentage of Ga, As and In in each
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spot in the EDS point scan. Since ~150 nm tall NW tips were buried in the In/ITO contact,
Ga and As at 36 nm above the interface had an atomic percentage of 26.78% and 25.92%,
respectively. At this spot, In from the annealed In/ITO film contributed to the In counts,
which resulted in 41.64%. Tin from ITO, oxygen from both ITO and cyclotene, and
silicon from cyclotene contribute to the remaining 5.66%. At the interface, Ga and As
percentages increased to 42.53% and 28.3%, respectively, while In dropped to 10.49%
because of diffusion into both ITO and GaAs NWs. The slight increase in In percentage
at a depth of 18 nm below the interface might have resulted from the rough cyclotene
surface near the NW, where the original indium film was not uniform. From 36 nm
below the interface, In percentage dropped gradually from 2.6% to 0% at a depth of 177
nm, while Ga and As percentages increased gradually to 48.16% and 47.98%,
respectively. At the last spot, oxygen and silicon from cyclotene contribute to the other
3.86%. Hence, very little In could diffuse this far and In counts at this spot is below the
detection limit of EDS. In other words, indium diffusion length is a maximum of 148 nm

to 177 nm after heating for 30 s at 400 <C.

However, EDS has a detection limit of 0.1~1% [71], corresponding to 10'° ~ 10%°
atoms/cm™. Indium atoms below this density would still be able to short p-n junctions or
destroy quantum dots in NWs, which means EDX is not sufficient to determine whether
the indium diffusion is significant or not. An alternative technique, secondary ion mass

spectrometry (SIMS), could be used to detect lower indium densities, as well as
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generating a detailed depth profile. SIMS has a detection limit as low as 10 cm™ [59],

which is sufficient for our purpose. This is recommended for future work.

T Ty,
:-'”“irin“ ik i
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Figure 4.2. EDS line scan a) along NW; b) across the contact/cyclotene interface; c)
across the NW at a depth of 50nm; and d) 100 nm under contact layer.
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Figure 4.3. STEM image of NW/contact interface. Inserted 2D line plot shows the atomic
percentage of Ga (green), As (red) and In (blue) at each scan spot in the EDS point-scan.
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5 Transmittance and Reflectance of Nanowire

Arrays and Thin Film

5.1 Introduction

As NW solar cells have excellent light trapping and use less materials compared to
planar solar cells, optical properties of NW arrays are being widely studied for
maximizing light absorption [34,35,72—74]. In NW arrays, light is coupled into NWs at
resonances [34]. Hence, absorption of NW arrays could not be simply calculated with
material properties. Other parameters, such as NW diameters (D) and space between
NWs (P) should also be taken into consideration in determining absorptance of NW
arrays. These parameters determine the resonance modes of light coupled into NW arrays.
Finding out absorption of NW arrays would be crucial for NW based optoelectronic
devices, such as solar cells and photodetectors. To maximize absorption, some simulation
work has been done to optimize the diameter-period configurations for different material
NW arrays [35,72]. In Ref. [72], Wen reported that the reflection and transmission
should be traded off to maximize the absorption. More specifically, GaAs NW arrays
tend to absorb more long wavelength photons (>700 nm), while having higher reflectance
at short wavelength photons (<700 nm) with increasing fill factors (D/P). In addition,

NWs with small diameters would have low reflectance, but absorptance would also be
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low because fewer modes could be supported. In contrast, NWs with larger diameters
could support more modes, but reflectance would also be increased [34,72]. In Hu’s
model, NWs with various diameters and periods were evaluated to maximize the
absorption. An optimum D-P configuration for high efficiency two-junction GaAs
nanowire-on-Si solar cells was obtained in his model [35]. Transmittance measurement
of a NW array was firstly done by Sivakov on Si NW solar cells [74]. In his work,
amorphous Si (a-Si) films were firstly deposited by electron beam evaporation (EBE) on
a glass substrate. Then the Si layers were etched by electroless chemical etching with
silver nitrate (AgNO3) and hydrofluoric acid (HF) to obtained Si NWs. In this way, by
measuring transmittance and absorptance of the NW array, absorptance of the NW array
could be determined. However, absorptance or transmittance of GaAs NW arrays has not
been determined experimentally yet because of difficulties in obtaining high quality
substrate-free NW arrays. In this section, techniques that made these measurements
possible are reported, as well as absorption results of GaAs NW arrays with various D-P

configurations.

5.2 Experimental Details

To measure the transmittance of a NW array, the thick opaque substrate should be
removed and the substrate-free NW array should be flat and well supported. One

approach is covering the NW array with polymer (eg. PDMS), and then peeling the
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polymer off [75]. This method could achieve high transfer yield, but NWs would break
or be tilted during transfer. An alternative way is bonding the NW array to a glass
microslide and etching the substrate off. However, both dry etching (by RIE) and wet
etching (by chemical solutions) have relatively fast etching rate (~1um/min), and caused
difficulties in controlling etching depth. Since NWs and substrate are both made of GaAs,
and the height of NWs (~2 um) is quite small when compared to the substrate (>300 pum),
slight over etch would destroy the NWSs. The solution to this problem is inserting an etch
stop layer between the GaAs substrate and GaAs NWs, and using selective chemical
etching to remove the substrate without affecting NWs. In this section, techniques of
forming NWs on an etch stop layer and methods of preparing samples for transmittance

measurement are described.

5.2.1 GaAs Substrate Etching

One piece of the same planar solar cell that was described in Section 3.7 was used
in this absorption study. This sample was named as S5 and its structure is shown in
Figure 5.1(a). S5 was coated with a metal mask and etched with ICP-RIE to obtain GaAs
NW solar cells with methods discussed in Section 4.2. A schematic and SEM image of
the GaAs NW solar cell after etching is shown in Figure 5.1(b) and (c), respectively.

Sixteen NW pads were obtained with 100 pm > 100 pm size each and separated by a
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spacing of 100 pm. Each pad had unique NW diameters and periods, and these

parameters are listed in Table 5.1.

After etching, sample S5 was spin-coated with cyclotene for 60s at 5000 rpm to fill
the gaps between NWs and to planarize the top surface. Cyclotene was then cured by
baking in N, ambient for 30 min at 250 <C. To expose the top of NWs, cyclotene was
etched back with CF, and O, plasma in a reactive ion etching (RIE) system. The Al/Cr
top was removed by MF319 before contacting. Each NW pad was contacted by a 140
pm>140 pm In/ITO contact pad with 25 nm thick In and 500 nm thick ITO, followed by
a Ni/Ge/Au (50/100/250 nm) ring (15 nm wide) deposited at the ITO pad edge. Details
about contact depositions were discussed in Section 3.2. I-V characteristics of sample S5
were measured both before and after annealing as presented in Chapter 4 (S5 similar to

sample S4 as described in Chapter 4).

| | | —Al/ Cr
n-GaAs (contact) —n-GaAs (contact)
n-GaAs (emitter) —n-GaAs (emitter)
p-GaAs (base) —p-GaAs (base)
p-InGaP (BSF) p-InGaP (BSF)
p-GaAs (buffer) p-GaAs (buffer)
p-GaAs (substrate) p-GaAs (substrate) ,H k]
(a) (b)

Figure 5.1. Schematic of a) a thin film GaAs solar cell structure grown by MBE; b) GaAs
NW solar cell structure after etching with ICP-RIE; ¢) SEM image of an etched NW
array (NW diameter =150nm, pitch = 350nm).
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Table 5.1. Diameters and pitches of NWs in different pads in sample S5.

D1 C1 B1 Al
D =225nm D =225nm D =225nm D =225 nm
P =270 nm P =350 nm P =460 nm P =530 nm
D2 C2 B2 A2
D =180 nm D =180 nm D =180 nm D =180 nm
P =270 nm P =350 nm P =460 nm P =530 nm
D3 C3 B3 A3
D =150 nm D =150 nm D =150 nm D =150 nm
P =270 nm P =350 nm P =460 nm P =530 nm
D4 C4 B4 A4
D =110 nm D =110 nm D =110 nm D =225 nm
P=270 nm P =350 nm P =460 nm P =570 nm

Sample S5 was bonded to a glass slide with EPO-TEK 301-2 epoxy, a transparent
epoxy with a refractive index of 1.5 that has been reported being used in a wafer bonding
process in multi-junction solar cells [76]. The epoxy was firstly applied to a glass
microslide and spread uniformly, followed by pressing the sample against the glass
microslide with sample front surface facing the glass. After that, the whole stack was
baked in an oven at 80<C for 3 hours to cure the epoxy. In this way, the epoxy could

strongly hold the sample on the glass.

An etch window was opened on the back side of the substrate. The etch window
was carefully aligned to the NWs on the other side of the substrate. In this process, the
back contact in the middle of the substrate was firstly scratched off to expose the GaAs
substrate. Then the sample was spin-coated with photoresist S1818 at 4000 rpm for 30s,
followed by baking on a hotplate at 90<C for 2 min to cure the photoresist. After that,

sample S5 was transferred into a mask-aligner to expose the window area with 4.6 mJ/s
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of UV light for 32.6 s. After exposure, the sample was immersed in toluene for 6 min,
followed by baking at 90 <C for 45 s to make the surface of unexposed photoresist harder
and resistant in developing. The sample was developed in MF 319 for 75 s to remove the
photoresist for the etch window. The sample was then rinsed in running de-ionized (DI)
water for 2 min and dried with a nitrogen gun before etching. Figure 5.2 shows the
schematic (Figure 5.2(a)) and images (Figure 5.2(b) and (c)) of sample S5 after bonding

and photolithography (PL).

Figure 5.2. a) Schematic of sample structure; light microscope image of b) sample front
surface; and c) sample back surface after bonding and PL.

The GaAs substrate in the etch window was etched by H,SO4:H,0,:H,0 (1:1:10)
solution [77] at room temperature. This etchant was quite selective and it could etch
GaAs at a fast rate, while etching InGaP at a very slow rate. The GaAs etching rate varied
through the etching process as shown in Figure 5.3. The etching rate was ~4 pm/min at
the beginning, and it decreased to ~1.5 um/min after 130 min of etching. We suspect that
as the etching hole got deeper, less chemical could reach the GaAs surface and less
material could escape. The depth of the etching hole was measured by alpha-step when
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etching time was less than 30 min, and it was measured by light microscope after 30 min

of etching.
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Figure 5.3. Etching rate and etching depth versus etching time.

As shown in Figure 5.4, light microscope images in both reflection and
transmission modes showed that etching stopped at the InGaP layer, without etching the
GaAs NWs. Since NWs in each pad had different diameters and periods, they absorb

different wavelengths of light and have different colors in the light microscope images.
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Figure 5.4. Light microscope images of NW pads after etching in a) reflection mode; and
b) transmission mode.

5.2.2 Reflectance and Transmittance Measurement

Figure 5.5(a) shows the experimental setup of reflectance measurements of NW
pads. The sample was mounted on a three-axis stage so that different pads could be
selected for analysis. An Ocean Optics LS-1 light source with tungsten halogen lamp was
used as the light source in this setup. The primary light beam passed a collimator (L5) to
narrow the beam waist. The beam passed the beam splitter (BS1) and the objective lens
L1 and was reflected by the NW pad before being collected by L2. After passing L2, the
beam was split again by the second beam splitter (BS2). Then, one split beam was
collected by objective lens L3, while the other beam was coupled into a multimode
optical fiber and was analyzed by an Ocean Optics Jaz spectrometer. In this setup, NW

pads on the sample could be seen through L3 and their positions could be aligned for
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analysis. Since L3 and the spectrometer shared the same beam, the area being analyzed
in the spectrometer was the same area seen from L3. After measuring the interested NW
pads, the sample was replaced by a mirror and the spectrum obtained was used as a
reference to normalize the sample reflectance spectrum. The setup used in transmittance
measurements (Figure 5.5(b)) was very similar to the reflectance measurement setup.
The only difference was that the light source was moved to the other side of the sample
and lens L5 was removed. The area between the NW pads (off-pad area) was also
analyzed to create a reference spectrum for normalization of the sample transmittance

spectrum. The analyzed spot on each NW pad was circular and had a diameter of ~70 um.

Sample ——] (a)
L3
L1 <
A » /\ @ spectrometer
BS1 V y V optical fiber
L2 BS2 L4
L5 <>
light source
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light source (b)
Sample C——]
L3
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pectrometer
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Figure 5.5. Experimental setup for (a) reflectance measurement; and (b) transmission
measurement for NW pads.

5.3 Results and Discussion

Transmittance (T'), reflectance (R) and absorptance (A) over a wavelength range of
400 nm to 1000 nm were used to evaluate optical properties of the NW pads.
Transmittance of the NW arrays is plotted in Figure 5.6. In Figure 5.6(a), each subplot
shows NW arrays with the same P ((i): P=460 nm; (ii): P=350 nm; (iii): P=270 nm), but
different D (D=110 nm; D=150 nm; D=180 nm; D=225 nm). By comparing curves in
each subplot, the diameter dependence of each NW array transmittance can be seen.
Decreasing D resulted in an increase in transmittance. For example, the transmittance of
sample D2 was an average of 4.9 % over a wavelength range of 400 to 900 nm, while it

was 8.1 % for D3. Decreasing D further to 110 nm, transmittance increased to 13.8% for
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D4. Figure 5.6(b) compares transmittance of NW arrays with the same D ((i): D=110 nm;
(i1): D=150 nm; (iii): D=180 nm; (iv): D=225 nm), but different P (P=460 nm; P=350 nm;
P=270 nm) in each subplot. They showed the period dependence of NW array
transmittance: decreasing P resulted in a decrease in transmittance. For instance, while
decreasing P from 460 nm to 350 nm, transmittance decreased from 29.7% to 19.9% in
the D=110 nm group. D4 had the lowest transmittance of 13.8%. As shown in Figure 5.7,
the metal mask on the D1 array did not get lifted off, so D1 had a very low transmittance

of 3.5%.

The peaks in the transmittance spectra matched the colors of NW arrays in the
transmission light microscope images. In Figure 5.6(a-i), transmittance curves of B2 and
B3 had peaks around 550 nm (green light). This fact explained that B2 and B3 NW pads
appeared green in the transmission light microscope image shown in Figure 5.4(b). The
same phenomenon could be seen in Figure 5.6 (b-iv), where transmittance curves of B4,
C4 and D4 pads had peaks around 700 nm (red light). Again, these peaks in the red color
range were the reasons that B4, C4 and D4 pads appeared red in light microscope images
(Figure 5.4(b)). While keeping NW diameter the same (D=100 nm) and decreasing NW
periods from 460 nm (B4) to 350 nm (C4), and then to 270 nm (D4), NW pads appeared
increasingly darker in light microscope images. D4 showed the darkest red among these

three.
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Figure 5.6. Transmittance of off-pad area and twelve nanowire arrays with various
diameter D and period P. (a) Each subplot shows NW arrays with the same P ((i): P=460
nm; (ii): P=350 nm; (iii): P=270 nm), but different D (D=110 nm; D=150 nm; D=180
nm; D=225 nm); (b) Each subplot shows NW arrays with the same D((i): D=110 nm; (ii):
D=150 nm; (iii): D=180 nm; (iv): D=225 nm), but different P (P=460 nm; P=350 nm;
P=270 nm).
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Figure 5.7. SEM image of as-etched NW array D1 showing that the metal mask did not
get lifted-off.

Figure 5.8 shows the reflectance of NW arrays and the off-pad area. Since the InGaP
film was not removed, reflectance in each measurement was generally higher than expected. The
off-pad area showed a reflectance of 60.7%, and reflectance of all NW arrays was over 30%. To
obtain accurate reflectance and D/P dependence of reflectance, the InGaP layer should be
removed in further studies. Absorptance spectra of the NW arrays are shown in Figure 5.9, and
the average absorptance from each NW array over a wavelength range of 400 nm to 900 nm is
listed in Table 5.2. The off-pad area had the lowest absorptance of 5.8%, which would be
contributed by the glass microslide, epoxy, cyclotene and InGaP film. Since D1 had residual
metal film on top of the NW array, it showed the highest absorptance of 65.4%. Generally, a
decrease in D while keeping P the same would result in a decrease in absorptance. Taking the
P=350 nm group (C1, C2, C3 and C4) as an example, the absorptance dropped from 62.9% to
59.4% when D decreased from 225 nm to 180 nm. While D decreased further to 150 nm and 110

nm, the absorptance decreased to 58.4% and 37.2%, respectively. Due to the residual InGaP film,
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the change in reflectance is minor. Thus, the increase in transmittance contributed to the decrease

in absorptance more than the increase in reflectance did.
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Figure 5.8. Reflectance of off-pad area and twelve nanowire arrays with various D and P.
(a) Each subplot shows NW arrays with the same P ((i): P=460 nm; (ii): P=350 nm; (iii):
P=270 nm), but different D (D=110 nm; D=150 nm; D=180 nm; D=225 nm).
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Figure 5.9. Absorptance (1-R-T) of off-pad area and twelve nanowire arrays with various
D and P. (a) Each subplot shows NW arrays with the same P ((i): P=460 nm; (ii): P=350
nm; (iii): P=270 nm), but different D (D=110 nm; D=150 nm; D=180 nm; D=225 nm).

Table 5.2. Average absorptance of NW pads over 400 nm to 900 nm wavelength range.

Bl B2 B3 B4
Absorptance 58.6% 58.2% 53.4% 42.2%
C1 C2 C3 C4
Absorptance 62.9% 59.4% 58.4% 37.2%
D1 D2 D3 D4
Absorptance 65.4% 60.2% 58.3% 49.6%
Off-pad
Absorptance 5.8%
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5.4 Conclusion

In this work, substrate-free GaAs NW arrays were successfully obtained by a
combination of ICP-RIE and selective chemical etching. Optical characteristics of NW
arrays with different NW diameters and periods were firstly measured experimentally.
Although the residual InGaP film on the sample resulted in a high reflectance in the
measurement, the D/P dependence of absorption could still be seen clearly. To obtain

more accurate absorption results, the InGaP layer should be removed in future work.
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6 Conclusions and Future Work

6.1 Thesis Summary

An ideal front contact for GaAs NW optoelectronic devices should meet three
requirements: high transmittance, low sheet resistance and low contact resistance. ITO
has low sheet resistance and high transmittance in the visible range, which makes it an
ideal material for front contacts. However, performance degradation in GaAs NW
devices have been reported due to poor performance of ITO contacts or other TCO
contacts. To address this issue, an In/ITO contact with 13 Q/o sheet resistance, 89%
transmittance and 0.13 Q-cm? specific contact resistance to 8x10™ cm™ doped n-type
GaAs NWs was developed. In this work, gaps between NWs were filled with cyclotene to
minimize contact pad sheet resistance and prevent shunts. Insertion of a thin indium layer
between ITO and GaAs NWs followed by heat treatment created a graded InGaAs layer

to lower the contact resistance.

Since the CTE of ITO is much lower than that of cyclotene, cracks were observed
on ITO contacted samples. A contact crack test showed that the cracking issue was
solved by inserting an indium layer between ITO and NWs. In In/ITO contacted samples,
indium may have acted like a “lubricant” that prevented the expanding cyclotene from
tearing the ITO apart. With regards to the concern that p-n junctions in NWs could be

shorted due to indium diffusion, an indium diffusion test was done with FIB, TEM and
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EDS to determine the significance of diffusion. EDS results showed that indium could
not be found 177 nm below the contact/NW interface, which means p-n junctions below
this depth would not be affected. In addition, the fact that In/ITO contacted planar solar
cells had a higher efficiency than ITO contacted cells also proved that indium diffusion
was not significant enough to affect p-n junctions. It was also evidence that In/ITO had a

better contact performance than ITO.

Previous work has shown NW arrays have excellent light trapping effects, and
absorption of NW arrays depends on the NW diameter-period (D-P) configuration.
However, due to difficulties in obtaining high quality substrate-free NW arrays,
absorption of NW arrays have not been measured experimentally until now. In this work,
a technique combining ICP-RIE and selective chemical etching has been developed to
obtain substrate-free NW arrays. Transmittance of NW arrays with various D-P
configurations was determined experimentally for the first time. D/P dependence of NW

array absorption has also been analyzed.

6.2 Future Work

While the In/ITO contact has achieved low contact resistance to n-GaAs NWs and it
improved efficiency of planar GaAs solar cells, performance of In/ITO contact on p-

GaAs NWs has not been characterized yet. Indium film thickness and annealing
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temperature may be optimized to achieve a higher transmittance and a lower contact
resistance. It would also be worthwhile to determine the performance of In/ITO contacts
on other GaAs NW optoelectronic devices such as photodetectors and laser diodes.
Although EDS showed the indium diffusion was not significant to destroy p-n junctions
in NWs, the diffusion length of indium has not been specified accurately. SIMS has a
lower detection limit than EDS and it can generate detailed depth profiles. Performing
SIMS analysis on a sample both before and after annealing can not only determine the
indium diffusion length, but also show the composition change of contact material during

annealing.

The technique used in obtaining substrate-free NW arrays made it possible to
measure transmittance of NW, which is a big step in optical characterization of NW
arrays. However, improvements on this technique are strongly motivated. First of all, a
more selective chemical solution would be helpful to ensure the InGaP layer is not etched.
Secondly, while the remaining etch stop layer has significant effects on optical
measurements, a technique needs to be developed to remove it without affecting NWs.
Finally, future work on determining absorption of NWs made of different materials and

different D-P configurations would also be valuable for future NW optoelectronic devices.
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