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Abstract

An ammonium polysulfide (NH,4),Sx solution was optimized through a series of
experiments to be used for surface passivation of 111-V nanowires (NWs). The
effectiveness of sulfur passivation was investigated by measuring the
photoluminescence (PL) from p-InP NWSs before and after passivation. The
optimized parameters included solvent type, molarity and passivation time.
According to the experiments, passivation of NWs in 0.5 M solution diluted in
isopropyl alcohol (IPA) for 5 min produced the maximum PL improvement. It
was also demonstrated that the whole surface passivation of vertical NWs in
ensemble samples caused a 40 times increase in the PL intensity while top surface
passivation of individual NWs resulted in a 20 times increase of PL intensity. A
model was developed to calculate the PL from single NWs under different surface
recombination and surface potential. The model showed that the 40 times increase
in the PL is mainly due to the reduction of surface state density from 102 cm™
before passivation to 5x10'° cm™ after passivation. The effect of passivation was
also investigated from the excitation intensity dependence of the PL. Before
passivation a blue shift of around 32 meV was observed on the PL peak position
by increasing the excitation intensity, but after passivation no blue shift was
observed. This change was attributed to the reduction of surface potential after

passivation. The PL intensity from passivated NWs decreased to its initial (pre-



passivation) value over a period of 7 days in ambient air, indicating that the sulfur
passivation was unstable in atmosphere.

The 1-V characteristics of ensemble n-GaAs NWs were measured before
passivation (BP), after contact passivation (ACP) and after whole surface
passivation (AWP) of NWs. An increase in the current through the ensemble NWs
was observed after both ACP and AWP. Using a metal-semiconductor model, it
was shown that the change in the Schottky barrier height of the top contact and
resistivity of the NW due to the change in the effective radius of NW after
passivation, can explain the current enhancement. For ensemble NWs, the back
contact was considered to be mainly affected by n-n+ junction formation between
the NWs and substrate, while the top contact was kept as a Schottky barrier. The
model showed a reduction of 0.2-0.3 eV for the Schottky barrier of the top contact
and an increase of a few nanometers in the radius of NWs.

The effect of sulfur passivation on core-shell p-n junction GaAs NW solar cells
has been investigated. Two types of device were investigated consisting of
indium tin oxide contact dots or opaque Au finger electrodes. Lateral carrier
transport from the NWs to the contact fingers was achieved via a p-doped GaAs
surface conduction layer. NWs between the opaque contact fingers had sidewall
surfaces exposed for passivation by sulfur. The relative cell efficiency increased
by 19% after passivation. The contribution of the thin film grown between NWs

to the total cell efficiency was estimated by removing the NWs using a sonication



procedure. Mechanisms of carrier transport and photovoltaic effects are discussed

based on spatially resolved laser scanning measurements.
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Chapter 1

Introduction

1.1 The Vapour-Liquid-Solid Growth
Mechanism for Nanowire
Heterostructures

One-dimensional (1-D) crystal growth mechanisms emerged in the early
1960’s when Wagner and Ellis revealed the details of their study on the
growth of silicon whiskers [1]. The silicon whiskers were grown in the
presence of a gold droplet which acted as a catalyst for the nanowire
(NW) growth. Since vapour, liquid and solid phases were involved in the
growth mechanism through the source material component, catalyst alloy
and precipitated crystal structure, respectively, the growth mechanism
became known as vapour-liquid-solid (VLS) growth [2]. Later, the
promising physical, chemical and mechanical properties of NWs compared
to bulk materials, owing to quantum confinement effects and large surface
to volume ratio, were demonstrated. Since NWs can accommodate the
induced strain in lattice-mismatched heteroepitaxy, they can be grown on
substrates with different lattice constants [3]. On the basis of the novel

properties of NWs, the idea of NW-based optoelectronic devices such as
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lasers [4], solar cells [5,6], field-effect transistors (FET) [7,8],
photodetectors [9,10], sensors [11] and light-emitting diodes (LEDs) [12]
were developed. The physical and chemical properties of NWs such as
length and diameter, doping type and concentration, growth orientation,
structural defects, surface states and facets alignment, are closely related
to the growth mechanism and directly affect the functionality of the
optoelectronic devices. The VLS growth is a controllable mechanism
which can manipulate the above mentioned properties of NWs in a simple
way and is widely used in the field of NW research. Fig. 1.1 schematically
shows the VLS growth mechanism for NWs. As can be seen, the VLS

mechanism includes three main steps: alloying (Fig. 1.1b), precipitation

(Fig. 1.1c), and axial growth (Fig. 1.1d).

Precursor Elements
(vapor)

a b g

Z :, .Droplets
metal catalyst Heat . :J o

substrate

Supersaturation

d g
I !M “i | 4 . [[[ ' : 1 [[ [ ' Precpraton
-

1D structure

Figure 1.1: NW growth through VLS mechanism. Adapted from [2].
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The VLS mechanism requires a metal catalyst for the crystal growth to
happen. As shown in Fig. 1.1a, a layer of a metal catalyst with specific
thickness is deposited on the substrate by sputtering, thermal or electron beam
evaporation. The thickness of the deposited metal depends on the desired
diameter for the NW and is usually around a few nanometers. Then, the
substrate isannealed at temperature higher than the eutectic point of the metal-
semiconductor substrate to form metal droplets on the surface as in Fig. 1.1b.
This step can also be performed on the pre-patterned substrate using electron
beam lithography (EBL) to control the size and position of the droplets. After
droplet formation, the growth of the NWs is initiated by the impingement of the
growth species in the vapour phase on the substrate and the metal-alloy
droplet. When the liquid alloy becomes supersaturated, the precursors start to
precipitate at the interface between the liquid alloy and the substrate (Fig.
1.1c). The length of the NWSs depends on the growth duration. By stopping
the flux of the vapour components onto the substrate, the growth will be
terminated as shown in Fig. 1.1d. The growth direction of the NWs depends
on the surface orientation of the substrate and is favorable along the <111>
direction. It has been demonstrated that the surface free energy of the liquid-
solid interface is minimum in the < 111 > direction [1,13]. The NWs grown
in this direction have shown higher density of twin stacking faults in

comparison to other directions [14].
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1.1.1 Metal Catalysts Requirements

Although a metal catalyst is essential for driving the VLS growth of
NWs, there have been some issues related to contamination caused by the
contact with the semiconductor at high temperatures [15]. In some cases
the diffused metal can act as an impurity in the semiconductor and
degrade the optical and electrical properties of the NW.

In general, the metal should satisfy some requirements before being
used as a catalyst in the VLS mechanism [2]. It should be able to make a
solution with the solid semiconductor components at the NW growth
temperature. It’s solubility in the solid and liquid phase of the host
material should be low to reduce the contamination. The catalysts should
remain on top of the NWs during the growth, so their vapour pressure
over the liquid alloy should be low to prevent evaporation. They should
also be inert and not react with the host material.

According to the above mentioned requirements, different metals have
been used for the VLS growth of NWSs, which are mostly noble and
transition metal elements. For example, Au is widely used for the growth
of Si and Ge, ZnO and IlI-V semiconductors such as InP, GaAs, and
InAs [16, 17]. Other metals such as Al, Ti, Ni, Fe, and Cu are also used
as catalysts [18, 19, 20].

To overcome the limitations produced by catalyst-assisted growth,



Ph.D. Thesis — N. Tajik McMaster University — Department of Engineering Physics

self-catalytic VLS mechanisms have been developed in recent years [21,
22, 23]. In this method one of the components forming the NW plays the
role of catalytic droplet and drives the VLS growth. For example, in the
case of InP, In droplets and in GaAs, Ga droplets work as catalysts [24,
25]. These droplets are formed on a full or patterned layer of SiO,

deposited on the substrate.

1.1.2 Effect of Growth Parameters on
Morphology of the Nanowires

Although the diameter of NWs can be adjusted by the size of the catalyst
droplet, the minimum size of the droplet (R,,) and in turn the diameter of
the NW is thermodynamically restricted according to the following

equation [2]:

217[
R = RTin(s) 11

where v, is the molar volume of the droplet, o;,, is the liquid-vapour surface
energy, and s is the degree of supersaturation of the vapour. Eq. 1.1
shows that a higher degree of supersaturation is necessary to achieve
smaller droplets.

The growth rate of the NW depends on the NW diameter. According
to the Gibbs-Thompson effect, the axial growth of the NWs with larger
diameter is faster due to the higher supersaturation of the alloy droplet

which is the driving force for the NW growth. The chemical potential of

5
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the precursors in the droplet becomes high as the size of the droplet

decreases:

Ap=— (1.2)

where Au is the chemical potential difference of the precursors in the
liquid droplet, y is the surface energy and r is the radius of the droplet.
Higher chemical potential leads to lower solubility of the vapor species in
the droplet which makes it difficult to reach supersaturation.

The morphology of the NWs can be adjusted by four main
parameters in VLS growth. The size of the catalyst droplet, the growth
temperature, the flux ratio of the species (for 111-V growth, the V/II1 flux
ratio) and the growth rate. The temperature affects the diameter of the
NWs prior to growth and the length of them during the growth. At higher
temperature, the droplets can migrate freely on the surface and by
coalescing together vyield larger droplet size and in turn larger NW
diameter. During the growth, higher temperature increases the diffusion
of adatoms from the substrate to the tip of the NW and assists the axial
growth. There is a temperature beyond which desorption of adatoms from
the surface starts. The balance between these two stages should be obtained
for optimal growth. Increasing the flux of group V species helps the axial
growth of the NW by compensating the desorption of group V adatoms

especially at higher temperatures.
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1.2 Semiconductor Surface Passivation
Methods

The surface of the crystal corresponds to an abrupt change in the
periodic pattern of chemical bonds. This interruption leaves some
unsaturated chemical bonds which are called dangling bonds. To minimize
the surface energy, dangling bonds can change their arrangement (surface
reconstruction) and/or get saturated by adsorbing atoms such as oxygen.
Both the disruption in the periodicity of the crystal and adsorption of
adatoms modify the electronic states at the surface and result in the
formation of localized surface states with energy levels (Es) somewhere in
the bandgap or valence band or conduction band. At high density of
surface states, charge accumulation and release occur through the Eglevels
without altering the Fermi level position. This effect is called Fermi level
pinning. Under this condition, a barrier height formed at the surface is
independent of the deposited metal work function. For example, GaAs
Fermi level pinning due to the wide range of adsorbents is reported to
be ~0.8 and ~0.5 eV above the valence band for donors and acceptors,
respectively, while for InP the pinning is much lower and is ~1.2 and
~1 eV for donors and acceptors, respectively [26].

Free carriers in the bulk of doped semiconductors can be trapped in
the empty surface states and leave a depleted region inside the bulk with
a charge amount equal to the surface charge with opposite sign.
Depending on the density of surface states and dopant concentration, the

width of the depletion region can vary. In equilibrium, the potential
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inside the bulk and outside the depletion region should be constant. To
satisfy this condition, the energy bands at the surface start to bend upward
or downward for n-doped or p-doped semiconductors, respectively. Band
bending suppresses further migration of free carriers from the bulk to the
surface. The amounts by which the band bending happens can be

obtained by solving Poisson’s equation:

p
V2 = —=
l,[) &

(1.3)
where 1y is the potential, p is the space charge per unit volume, and € is
the dielectric constant of the semiconductor. The band bending reduces
the radiative recombination by spatially separating the carriers and in turn
decreases the PL intensity measured from a semiconductor (Fig. 1.2).

The thermal velocity of carriers in the conduction and valence band of
a semiconductor is around 10’cm/s. At equilibrium, there is a balance
between the number of carriers moving in one direction with carriers
moving in the opposite direction. So, the total current density due to the
thermal motion of carriers is zero [26]. When recombination takes place at
the surface of a semiconductor, a net flow of carriers toward the surface is

established. The rate of the loss of carriers due to this current is defined

by the surface recombination veIocityS(%). For high efficiency devices

S should be as low as possible.
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Figure 1.2: Upward (a) and downward (b) band bending due to the
electron and hole accumulation in surface energy levels (E;). Adapted

from [27].

I11-V semiconductors have been vastly used in optoelectronic devices

for many vyears. It has been shown that the surface of most I1lI-V

semiconductors contain a high density of surface states which can degrade

the functionality of the devices by trapping the free carriers and by strong

Fermi level pinning around the midgap.

In recent years, by developing the idea of micro- and nano-scale

devices, the importance of surfaces and interfaces have become more clear.

Since the surface quality and device performance are intimately related,

various surface treatment methods called passivation have been carried

out to lessen the devastating effects of the surfaces and interfaces [28].

Passivation reduces the density of surface states and prevents their later

formation, as well as protecting the surface from destructive reactions with
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its surrounding which is usually atmosphere [29]. Semiconductor surfaces
can be passivated by depositing a thick layer (thickness around tens of
nanometers to microns) of insulator such as native oxides or changing
the electronic structure of the surface using group V-VII atoms [28].
Unlike SiO, which is an ideal passivation layer for Si with a low density
of interfacial states, the interface of 111-VV semiconductors and their native
oxides contain many defect sites [30]. Passivation by large bandgap lattice-
matched semiconductors such as AlGaAs [31] or InGaP [32] have also
been reported.

Chalcogenide passivation (surface treatment by sulfur or selenium) is
another passivation method which was mainly developed after 1987 when
Sandroff et al. showed enormous enhancement in the gain and PL from a
GaAs/AlGaAs heterostructure bipolar transistor by spin coating a layer
of an aqueous solution of sodium sulfide (N a,S : H,O) on the device
[31]. Later, Carpenter et al. used both Na,S and another inorganic sulfide
solution of ammonium sulfide (NH;),S to passivate GaAs p-n
homojunctions and observed better improvement with a much slower
aging after (NH,4),S treatment [33]. To increase the effectiveness and
stability of sulfur passivation, alkaline solutions instead of aqueous ones
was suggested [34]. Solutions containing a solvent with higher
permittivity can make stronger covalent bonds and exhibit higher PL

intensity. It was also shown that external excitation in the form of heating

10



Ph.D. Thesis — N. Tajik McMaster University — Department of Engineering Physics

the solution under light illumination can facilitate the passivation
procedure [35, 36]. Since the sulfur passivation is the subject of the
current thesis, the process of passivation will be discussed in more details
in the following.

To perform sulfur passivation, a semiconductor should be in contact
with the solution containing a certain concentration of sulfide for a limited
time. As mentioned before, it is better to place the solution under light
illumination at high temperatures ~62 °C to get optimal passivation [28].
As shown in Fig. 1.3, sulfur passivation occurs in three consecutive steps.
The removal of native oxide by the solution leaves free bonds at the
surface for later bond formation with sulfur (Fig. 1.3a). Electrons from the
conduction band of the semiconductor are transferred to the solution to
neutralize the hydrogen ions (Fig. 1.3b). Chemical bond formation
between sulfur and semiconductor atoms occurs (Fig. 1.3c).

The chemical reaction which takes place during the passivation process

can be described by [28]:

A"BY+HS+R-OH—(A"),S,+(B"),/S,+R-O"+H;? (1.4)

where R is either a hydrogen atom for aqueous solutions or an alkyl group
for alcohol solutions.

Bessolov et al. [37] proposed a model in terms of electronegativity to
explain the formation of chemical bonds between semiconductor atoms
and sulfur ions during sulfidizing from solution. According to this model,

overlapping between the wave function of sulfur’s valence electrons and

11
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orbitals of semiconductor surface atoms occurs in such a way as to bring
closer the electronegativity of both, until they become identical. As a
result of leveling of the electronegativity values, the electron work
function of the semiconductor differs from the starting value ¢ by an

amount A¢. The characteristic electron work function (¢°,) was defined
in such a way that if g, > ¢, the semiconductor work function would
be lower and if @9 < ¢°, the work function would be higher after
sulfidizing and no change if oo = 0%. ©°,is determined by the effective
electronegativity x°; of the sulfur ion in solution which consists of two

contributions: the electronic potential of an isolated sulfur ion in
solution, and the energy of the electrostatic interaction between the
sulfur ion and the semiconductor atoms. The first contribution depends
on the solution properties like temperature, concentration, pH, and
dielectric constant but the second contribution is affected by both the
solution and the properties of the semiconductor. The potential of the
electrons of the sulfur ions in solution decreases with temperature while
the electrostatic interaction of the sulfur ions with the semiconductor
surface atoms increases with temperature.

The effect of sulfur passivation has been greatly studied on IlI-V thin
film devices in recentdecades and has been shown to greatly improve the
optical and electrical properties of the devices [31, 33, 38, 39].

Characterization of the surface of a semiconductor after (NH,4),S

12
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chemical treatment is performed by different spectroscopy methods such
as X-ray photoelectron spectroscopy (XPS), synchrotron radiation
photoelectron spectroscopy (SR-PES), photoemission spectroscopy (PES),
Raman scattering, and Auger electron spectroscopy (AES). These methods
provide information about the chemical bond formation between the sulfur
and semiconductor atoms. It has been shown that the native oxide of InP
is mainly composed of In,0O; with some InPO; and InPO, [40].
Sulfidization removes the native oxide from the surface and encourages
sulfur reaction with semiconductor atoms. The passivated surface of InP
consists of a thin layer of InS and 1n,S; with no evidence of P-S bonding
which is in agreement with the high solubility of P-S bonds in
(NH,),S, solution [41]. Thus, In-S bond formation is the major part of
the passivation process for InP. Han et al. [42] investigated the
degradation behavior of sulfur treated InP with XPS and PL measurements
at 9K. They explained the oxidation process after (NH,),S, treatment by
two mechanisms. One is formation of In-O which is more stable than In-S
and the other is penetration of oxygen through the sulfur overlayer and
oxidizing the underlying InP and leaving the In-S layer unoxidized. They
claimed that according to their results, the second mechanism is more
probable to happen. It was concluded that a thick sulfur overlayer
increases the stability of a sulfur-treated surface.

The native oxide of GaAs is a mixture of all possible oxide bonding

13
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for both Ga and As such as As,O, AsO, As,0;, Ga,0, GaO, and Ga,03
including elemental As [43]. The sulfur passivation results in the
complete removal of the oxide layer and formation of As-S and Ga-S
bonds [44, 45]. Measurements show that Ga-S bonds are stronger than
As-S bonds. It has been observed that the oxidation for a sulfur passivated
surface of GaAs is slower than a non-passivated surface [46, 47]. Re-
oxidation of a sulfidized GaAs surface varies for different surface
orientations. For (100) the oxidation happens very quickly. It is also

shown that Ga oxide formation appears more rapidly than As [46].
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Figure 1.3: Schematic diagram of the process during the sulfur passivating
layer formation: (a) etching the native oxide, separating the HS™ ions and
breaking the covalent bonds between the Il and V atoms. (b) electron
transfer from semiconductor to the solution. (c) chemical bond formation
between sulfur and semiconductor atoms and release of H,. Adapted from
[28].
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The miniaturization of electronic and optoelectronic devices toward
the nanoscale has been accompanied by a larger influence of surfaces
and interfaces on the device functionalities due to the higher surface to
volume ratio. This fact encourages more attention to the surface
passivation of NWs. In recent decades, many studies have been focused
in the field of NW growth and device manufacturing. Although NW-based
devices have been shown to be a potential candidate for future
optoelectronic applications, there are many challenges which should be
overcome to obtain high efficiency devices. In comparison to surface
passivation of planar structures, surface passivation of NWs seems to be
more challenging due to the small size and several facets with different
orientations [48]. There have been few studies on surface passivation of
NWSs. The photocurrent measured from single ZnO NWs under
ultraviolet (UV) illumination was shown to be two orders of magnitude
larger than that under the dark condition and was attributed to the decrease of
the depletion width and the reduction of the contact barrier height [49]. ZnO
NW-based FET annealed under the flow of Hy/Ar for 20 min, notably
increased the peak transconductance from 40 to 448 nS, the field effect
mobility from 27 to 302 cm®V''s™, and lIna/ lin ratio from 1.5 to 10° [51].
The observed enhancements were attributed to the reduction of surface trap
charges under H, flow annealing. The surface of Si NWs, treated by dilute

hydrofluoric acid (HF), was investigated using Fourier transform infrared
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(FTIR) spectroscopy [51]. It was shown that HF removes the native oxides
from the surface of the NWs and leaves the hydrogen-passivated surfaces
behind, which showed good stability in air and poor stability in water.

Seo et al. showed that replacing the native oxide on the surface of the Si
NWs by a high quality thermally grown SiO, resulted in the reduction of
the surface charge density by a factor of two to four and increased the
effective diameter and the conductance of the NWs [52]. In situ
passivation of Si NWs by a thin layer of amorphous Si (a-Si) exhibited a
two-fold reduction in the surface recombination velocity from 3x10° to
4.5x10° cm/s [48].

ZnO NW FETs passivated with a bilayer of SiO, /SizN4 exhibited
an increase in the on/off ratio from 10° to 10* and carrier
mobility enhancement from 20-80 to 1200-4120 cm?V's™ [53].
These improvements were attributed to the passivation of
surface states defects and reduction of chemisorption processes
at oxygen vacancy sites. Si NW FETs passivated by SiOx were
demonstrated to have increased transconductance form 45 to 800 nS and
average mobility enhancement from 30 to 560 cm?V's™ [54]. The effect
of nanoscopic self-assembled superlattices (SAS) [55] on ZnO NW
FETs was claimed to be more effective rather than a conventional SiO,
passivation layer [56]. SAS-based ZnO NW-FETs showed low threshold

voltage of -0.4 V, a channel mobility of 196 cm?V's™ and on/off current
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ratio 10°.  InP NWSs used as a channel in NW FETs, covered with a
monolayer of cobalt phthalocyanine (CoPc), exhibited on/off ratio more
than 10* [57].

Improvement in electrical and optical properties of GaAs NWSs was
reported by the growth of a shell material with larger bandgap around the
NW as a passivant layer. AlInP [58] was reported to increase the PL from
GaAs NWs by 14 times and the current density by two orders of magnitude.
According to the model developed, these improvements were credited to the
reduction of surface recombination velocity from 1.8x10 to 5400 cm/s due
to the decrease of surface density of states from 3x10% to 9x10* cm™.
AlGaAs encapsulation of GaAs NWs was presented to decrease the surface
recombination velocity around one order of magnitude up to 3x10° cm/s [59]
and increase in the mobility from 1200 to 2250 cm®V''s™ [60]. Suyatin et al.
reported that sulfur passivation resulted in ohmic contact formation of
InNAs NWs [61]. Passivation of InAs NWs with 1-octadecanethiol (ODT)
is shown to increase the mobility of carriers due to the reduction of
surface traps density and formation of In-S bonds at the surface from
2100 to 3200 cm®V's™ [62].

Surface passivation of InP in a solution of butanol/HF/trioctylphosph-
ine oxide (TOPQO), accompanied by encapsulation of NWs with TOPO
ligand, resulted in a 10 fold increase in luminescence efficiency [63].

The improvements observed after surface treatment of semiconductors
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was mostly attributed to the decrease of density of surface states [31, 64,
65].

To increase the stability of sulfur passivation, reoxidation of the
passivated surface is inhibited by encapsulating the surface with an
insulator layer [29, 66, 67].

The choice of sulfur passivation for this study was mainly due to the
requirement of very thin passivant layer for making NW networks. The
passivant layer should allow the carriers to tunnel through the surface of the
NWs.

1.3 Photoluminescence as a Tool for Surface
and Interface Characterization

PL is a process of light emission from a material under optical
excitation. During this process, the absorbed photons with sufficient
energies can excite electrons from a ground state to higher excited states.
The excited states are not stable and in the process of radiative
recombination, the electrons relax back to the ground state which is
accompanied by photon emission. Analyzing the emitted light can provide
a wide range of information about the photoexcited material. The PL
spectrum yields information about transition energies and impurity levels
while PL intensity represents the relative rate of radiative and nonradiative
recombination, and the quality of surfaces and interfaces [27]. The

variation of bandgap in semiconductor alloys, such as Al,Ga;—,As by
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changing the compositional parameter x and also in semiconductors with
different structures such as zincblende or wurtzite, can be determined by
their PL spectrum [68].

Since PL is a nondestructive characterization technique, there is no
need for sample preparation. Since PL is generated near the surface of the
material, it is an appropriate technique for surface assessment of
materials and monitoring of applied surface modifications. PL can be
varied by external parameters such as the energy and intensity of the
incident light, temperature, applied voltage and surface modifications
[27].

The excitation energy of the incident light can be adjusted to target
specific depths in the sample. Photons with higher energies are absorbed
near the surface and the measured PL is dominated by surface
recombination while photons with lower energies can penetrate deeper
into the sample and the PL is mostly dominated by bulk recombination
[27]. The effect of PL quenching by nonradiative recombination has been
used for the measurement of depletion layer thickness formed at surfaces
with a high density of states [69].

The existence of different electronic states in the material can be
recognized by the absorbed or emitted photons with specific energies.
Although absorption is appropriate for overall band structure

investigations, PL emission is suitable for detecting low lying states such
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as the ones for surfaces and interfaces with discrete states [27].

To obtain a PL spectrum with sharper peaks and smaller bandwidth,
the sample should be cooled below room temperature. Lower
temperature reduces thermal broadening of the excited energy levels and
prevents thermal ionization of impurities [68]. Usually, liquid helium is
used for cooling processes.

Both S and surface band bending result in non-radiative
recombination and therefore tend to decrease the PL intensity. To
separately determine the effect of each on the PL intensity, further
investigations such as surface potential measurements are required. S is
shown to be proportional to the surface density of states [26]. Although
changes in the density of states can affect the band bending, the change in
the band bending doesn’t necessarily mean that the surface state density is
changed [27]. Sometimes the distribution of the electrons at the surface
can be perturbed by surface treatments or by absorption of gas molecules.
This perturbation can change the band bending by modifying the electric
field at the surface without affecting the density of states.

Different surface treatments such as etching, dielectric deposition,
oxygen and hydrogen termination, heteroepitaxy, and gas adsorption are
evaluated using PL intensity measurements [27]. Any change observed in
the measurements is mostly explained on the basis of changes in the

density of surface states and/or surface potential.
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In addition to continuous wave (CW) excitation for PL measurements,
short laser pulses can also be used forelectron excitation which is called
time-resolved PL (TRPL). After pulsed excitation, the excited carriers
start to recombine with a rate which depends on the recombination
mechanism. The lifetime of photogenerated carriers can be determined by
a TRPL signal. Surface recombination in NWs strongly affects the life
time of photogenerated carriers due to the high surface to volume ratio.
Since the surface passivation can change the density of surface states
and as a result the quality of the NWs surface, TRPL measurement can
be used to provide strong evidence for the effectiveness of passivation
by measuring the lifetime of photogenerated carriers. This method has
been vastly employed on the passivated surfaces and showed
enhancement of the carrier lifetime after surface passivation [27].

It was mentioned that steady-state excitation PL cannot resolve the
contribution of surface density of states and band bending in the PL
intensity variations. But transient PL measurements have been shown to
be able to separate these contributions [70]. At sufficiently high injection
levels, the effect of band bending diminishes by band flattening effects
and all the measured changes in the carriers’ lifetime can be attributed
to the changes in the surface density of states.

Hence, the PL intensity has been used as a measure of the surface
quality [71, 72] and the effectiveness of surface treatments can be

evaluated by comparing the PL intensity before and after the treatment.
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1.4 1-V Characterization for Nanowires

Surface states can strongly affect the contact quality between the metal
and semiconductor [73, 74] and the series resistance [75]. Changes in the
density of states by surface treatments can be observed by measuring I-V
characteristics. Metals deposited on semiconductors form a barrier at the
interface which controls the current conduction. The band diagram of
both a metal and n-type semiconductor which are separate is shown in
Fig.1.4a, where e®,, is a metal work function, eys is the electron affinity
of the semiconductor, and E¢ , Ey, Ex are the conduction band, valence
band and Fermi level, respectively. When both materials are brought
together, a so called metal-semiconductor (MS) structure is formed (Fig.
1.4b). To establish thermal equilibrium in the new system, the charges,
here the electrons, start to transfer from the semiconductor to the metal
until the Fermi levels become equal on both sides (Fig. 1.4c). The Fermi
level lowering is equal to the difference between the work functions of the
metal (e®,,) and the electron affinity of the semiconductor (exs) and is
called the barrier height (e®,) (Eg.1.5). There is also a depletion layer
(Wp) and diffusion potential (Vp) formed at the interface of the metal and
semiconductor:

edp, =ed,, — ey (2.5)
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The energy-band diagram of the MS structure under different applied
bias for both p- and n-type semiconductors is shown in Fig. 1.5. The
barrier height for carriers decreases (increases) after applying forward bias
(reverse bias) according to the applied voltage.

There are various transport mechanisms for electrons under forward
bias across the MS junction [77]. The processes are: 1) thermionic
emission, 2) tunneling, 3) recombination in the depletion region, and 3)

recombination in the neutral region.
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Figure 1.4. Band diagram of a metal-semiconductor structure (a) before
contact, (b) after contact, and (c) after contact under equilibrium. Adapted
from [76].
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Figure 1.5: Band diagram of metal-semiconductor structure under (a)
zero bias, (b) forward bias, and (c) reverse bias. Adapted from [76].
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The current transport through the MS structure for high mobility
semiconductors like GaAs is normally discussed using thermionic-
emission theory. According to this theory, the current density equation of

a Schottky barrier is given by [77]:

Jrg = A*T?exp (— %) {exp (%) — 1} (1.6)

Amqm*k?

where A* = 3

is the effective Richardson constant and « is the
barrier height.

Thermionic emission (TE) theory neglects the tunneling effect through
the MS junction. Thetunneling current is specifically importantin reverse-
biased Schottky barriers. According to the thermionic field emission (TFE)
theory which includes the tunneling effect, the current density due to TFE

from the Schottky barrier under forward bias is given by [77]:

A**T\/T[Eooq((pb -{-V) q( Q((pb ()l (1 7)

Jrre = kcosh(Eyy/kT) exp kT

where ( is the energy difference between the Fermi level and the bottom
of the conduction band and A™ is the reduced effective Richardson

constant. For n-type GaAs, A** is shown to be 4.4 A/lcm?—K?2. Also,
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Ey
E,=E th|— 1.
0 00CO0 h(kT) (1.8)
1
_qh ND] 2
Eyo = 2 e, (1.9

Ng is the dopant concentration and eis the permittivity of the semiconductor.

The current due to TFE under reverse bias is also given by [77]:

_ AT o q<pb> (qV>

JrrE = 2 \/TtEooCI [V + cosh?(Eqg/KT) exp( Eq exp pr (1.10)
_— Ego

° T <(Eoo/kT) - tanh(EOO/kT)) (1.11)

In order to measure the I-V characteristic of NWs, both sides of the
NWs should be in contact with the metal electrodes. The contacts can be
either Ohmic and/or Schottky barrier depending on the Fermi level
position. A semiconducting NW with two contacts formed on both sides
can be modeled as a metal-semiconductor-metal (MSM) structure (Fig.
1.6). Depending on the type of MSM contacts which can be either Ohmic
or/and Schottky, thermionic emission theory predicts different I-V
characteristics for a MSM structure. If both contacts are Ohmic, the I-V
characteristic would be linear. If one contact is ohmic and the other is
Schottky, a rectifying I-V is predicted.

As shown in Fig. 1.6, the equivalent circuit of the MSM structure is
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two back to back diodeswhich are in series with the NW resistance. For
n-type NW, if a positive voltage is applied on the left contact and a
negative on the right contact, the Schottky barrier 1 is forward-biased and

Schottky barrier 2 is reverse-biased [78].

S = nanowire , D
o = 0
i Vds

2 Viw | Vv,

Figure 1.6: Schematic diagram of MSM structure and its equivalent
circuit. Adapted from [78].

As shown in Fig. 1.6, if the voltages across contact 1, the NW and
contact 2 are Vi, Vnw and Vo, respectively, the total voltage across the

MSM structure would be:

V=V, +Vyw+V, (1.12)

The MSM structures are mostly modeled using thermionic emission
theory. However, as shown in [78], this approach underestimates the current
under reverse bias in NWs. Thus, for Schottky barrier 1 which is forward-

biased, the TE current from Eq. 1.6 is used. To include the tunneling effect
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in the reverse-biased Schottky barrier 2, the TFE current Eq. 1.10 is used.
If we assume that the undepleted part of the NW is uniform and has a

constant resistance Rnyw, the current density through the NW is simply:

VN w

=— 1.13
]NW ANWRNW ( )

where Anw IS the cross-sectional area and Ry, (Eg. 1.14) is the resistance

of the NW.

Ryw = p 7— (1.14)

The 1-V curve of the structure shown in Fig. 1.6 can be obtained by

solving equations (1.6), (1.10) and (1.13).

1.5 Motivation

In recent decades, electronic and optoelectronic devices which are
mostly made of Si have been developed. [11-V semiconductors, due to
their direct bandgaps, are very interesting for optoelectronic applications.
However, the native oxide of these materials creates defects in the
bandgap and strongly limits their performance.

In contrast, SiO, protects the surface of Si and acts as an ideal passivation
layer. The surface effects are less obvious in the performance of devices in

the dimensions of microns or higher. The active region of these devices is

30



Ph.D. Thesis — N. Tajik McMaster University — Department of Engineering Physics

large enough compared to their surface, so the overall functionality is less
affected by the surface imperfections. In parallel to the downscaling of
optoelectronic devices, the surface to volume ratio increases, the active
regions get smaller, and the destructive effect of surface defects become
more important. Surface passivation was developed to resolve these surface-
related drawbacks.

In recent years, there have been numerous efforts for growth and
characterization of NWs. Extensive reports have been released to show
the potential of NWs for many future applications. But the performance of
devices still has a large gap with their bulk counterparts due to the
surface effects. The surface study of NWs has been limited to the few
papers mentioned previously.

For the current study, the optical and electrical properties of single and
ensemble NWs were investigated in more detail. It was found that the
surface passivation may assist the performance of NWSs. Sulfur
passivation has been widely reported to be very effective in improvement
of optical and electrical properties of 111-V semiconductors, but very few
studies have been discussed on the effect of sulfur passivation on NWs
and NW-based devices. There are many challenges for sulfur passivation
of NWs due to their small size. The sulfur solution was optimized for Il1-
V semiconductors and its effect on the optical and electrical properties on

NWs was investigated.
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1.6 Thesis Framework

In Chapter 1, the VLS mechanism for the growth of NWs has been
introduced. The role of metal catalyst and growth parameters on the
growth and morphology of NWs were discussed. The effect of surface
defects such as band bending and surface recombination on the optical and
electrical properties of semiconductors especially InP and GaAs thin films
and NWs to lessen the destructive impacts were presented. Sulfur
passivation, as a main goal of the current study, was discussed in more
detail.

In Chapter 2, the working principle of the experimental tools and
techniques employed for the NW growth and characterization is briefly
explained. In the growth section, the definition and necessity of epitaxial
growth as well as the different epitaxial growth techniques are introduced.
The advantages of GS-MBE are compared to other growth techniques.
The general idea of NW growth by GS-MBE is explained. The
characterization part contains two sections: optical characterization and
electron microscopy. The constituent elements of a u-PL setup used for
optical characterization are introduced and their operation is clarified.
The significance of electron microscopy in characterization of materials is
represented and a general overview of its function is schematized.

In C hapter 3, the optimization process of sulfur passivation for p-InP
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NWs is demonstrated primarily by optical characterization. A theoretical
model is developed toexplain the observed modifications. The information
reported in this C hapter is published in [79].

In Chapter 4, I-V characteristics of GaAs NWs is compared in three
steps of sulfur passivation: before passivation, after just contact area
passivation and after the whole NW passivation. Modeling is performed
to determine the potential reasons for the measured |-V characteristics.
The information reported in this C hapter was published in [67].

In Chapter 5, the effect of sulfur passivation on the efficiency of core-
shell GaAs NW solar cells is shown. A comparison between Au and ITO
contacts as well as the contribution of thin film growth between the NWs
is discussed. The information reported in this C hapter was published in
[80].

In Chapter 6, the results obtained during our studies is summarized

and future potential work is mentioned.
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Chapter 2
Experimental Methods

In this Chapter, the working principles of the experimental tools
and techniques employed for NW growth and characterization is briefly
explained.  Gas-source molecular beam epitaxy (GS-MBE), micro-
photoluminescence (u-PL) and scanning electron microscopy (SEM) are

discussed.

2.1 Gas Source Molecular Beam Epitaxy

For most technological applications, a growth technique for high crystal
quality is desirable with precise control on thickness, composition and
morphology. When the deposited atoms are arranged upon the substrate
surface with the same orientation as the underlying crystalline substrate,
the resulting layer is called an epitaxial (epi) layer and the process of
growth is known as epitaxy. Epitaxy stems from the Greek words ‘epi’
and ‘taxis’ which mean ‘upon’ and ‘arranged’, respectively. This growth
method was first developed in 1951 by G. Teal and H. Christensen at
Bell Labs. Epitaxy is capable of growing highly crystalline layers with low
defect density, controlled dopant concentration, interface abruptness and
high surface flatness and repeatability. There are two main types of

epitaxy: homoepitaxy and heteroepitaxy. If the overlayer has the same
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composition and structure as the substrate, the process is called
homoepitaxy; otherwise it is described as heteroepitaxy.

Depending on the physical state of the material (ie. liquid or vapor)
used for epitaxial layer formation, different techniques for epitaxial
growth have been developed such as liquid phase epitaxy (LPE),
physical vapor deposition (PVD), metal organic chemical vapor deposition
(MOCVD) and molecular beam epitaxy (MBE) [81]. The growth
techniques are chosen to satisfy the desired requirements. For example,
LPE and MOCVD are desirable if high yield and low cost is needed. The
low growth temperature and growth rate make MBE convenient for high
quality epitaxial surfaces and interfaces and superior control on the
abruptness of the junctions and doping profile. MBE has been widely
used for growing Il11-V semiconductor structures since the 1970s. In
solid-source MBE, IlI-V semiconductor structures are all formed by
species evaporated from the heating of solid sources in effusion cells.
The evaporated atoms pass through an ultra-high vacuum (UHV)
environment of the growth chamber after emerging from the cells, and
get condensed on the heated substrate. The UHV conditions increases
the mean free path of the molecular or atomic beams in such a way
that there is no collision between atoms or molecules before they impinge
on the wafer surface. After arriving at the surface, the atoms diffuse on
the substrate and react to form a single crystal structure. In GS-MBE,
group V species are supplied from gas crackers as dimers, while the group
I11 elements are generated from solid source effusion cells as monomers.

A schematic diagram of a typical MBE system is shown in Fig. 2.1.
Before loading the wafer inside the growth chamber, it is passed through a
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load-lock chamber and then degassed in a preparation chamber.
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Figure 2.1: A schematic diagram of a MBE growth chamber. Adapted
from [81].

The main surface chamber wall and crucibles are surrounded by
liquid N, cryopanels to prevent re-evaporation of impurities and thermally
isolate the different effusion cells. The effusion cells are located at the
bottom part of the growth chamber in front of the sample holder and at
an angle of 35 relative to the surface normal. The effusion cells are made
of temperature resistant materials, usually pyrolytic boron nitride, to
endure temperatures up to 1300 °C. The flux of the species from the
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effusion cells is controlled by the temperature of the material sources
inside the cells, measured by a thermocouple and mechanically
controlled shutters located on top of the cells.

The substrate is located on the manipulator which is able to rotate
continuously. There is a thermocouple which measures the substrate
temperature and also an infrared pyrometer which measures the surface
temperature.

All the NW growths reported in this study has been performed by
GS-MBE. The growths are conducted on a pie piece obtained from
cleaving a 3 inch wafer and placed in a pie-shaped holder. After degassing
in the preparation chamber, it was transferred to the growth chamber,
located on the manipulator and was rotated during the growth. An
inductively-coupled H, plasma (ICP) was applied on the substrate after it
reached the growth temperature. The ICP removes the native oxide on top
of the wafer and helps the formation of the Au nano-particles from the
previously deposited thin gold layer. To begin the growth and depending
on the desired structure, group Il and dopant effusion cell shutters are
opened. After the growth is completed, the flux from the group Il
sources are blocked by the shutters and the sample is cooled under the
flow of group V dimers. The group V source is also turned off when the
substrate temperature reaches less than 350 °C.

After growth is completed, the sample is unloaded from the MBE and

is held in plastic sample holders for later analyses.
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2.2 Optical Characterization

Since PL is mostly generated near the surface of semiconductors, PL
spectroscopy has been widely used for surface analysis. The surface
quality of the NWSs, which is the goal of this study, has been investigated
by measuring the PL intensity before and after sulfur passivation.
Investigation of the optical properties of single nanostructures such as
single NWs cannot be performed by using a normal PL method due to
the lack of spatial resolution. Applying some changes on an ordinary PL
set-up made it possible to find the position of single NWs lying on a
substrate. The new system is called a micro-photoluminescence (p-
PL) setup. The details of the setup and its constitutive components are

explained in the following sections.

2.2.1 The u-PL system

The experimental set-up of u-PL spectroscopy which was used for
obtaining PL from single NWs is schematized in Fig. 2.2. The excitation
beam was provided by a CW He-Ne laser or Ar-ion laser. The incident
beam polarization was controlled by a Glan-Thomson linear polarizer and
half-wave plate. The beam was focused on the sample with x10 or x60
objective lenses. The sample consists of NWs dispersed on a SiO,/Si
substrate. For low temperature measurements, the sample was mounted
on the cold finger of a cryostat. The emitted light from single NWs was
collected by the same objective lens and focused on the entrance slit of the

spectrometer. The collected PL is dispersed by the spectrometer and
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detected by a Si photodetector.
The working principals of the optical elements in the p-PL setup will

be discussed in more detail below.
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Figure 2.2: p-photoluminescence setup.

The Lasers

A He-Ne laser with fixed wavelength (632.8 nm) and photon energy
(1.96 eV), larger than the band gap of the InP (E; = 1.37 eV), was used for
excitation. The laser power measured at the sample and the beam diameter
were 10 pW and 2 pm, respectively. An Ar-ion laser with photon energy
of 2.54 eV was used for PL intensity dependent measurements. The laser
power was tunable by applying different powers from 2 to 9 mW. The
intensity of the laser was also controlled by different neutral density

filters.
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A neutral density (ND) filter wheel located in front of the laser beam
can also be used to reduce the beam intensity. It contains glass disks
which depending on the coating show different transparency from

0.015% up to 100%.

Glan-Thompson Linear Polarizer

A Glan-Thompson polarizer consists of two right-angled calcite prisms
cemented as shown in Fig. 2.3. The light entering the calcite experiences
different refractive indices depending on its polarization. This effect,
which is called birefringence, causes the p-polarized light to be totally
internally reflected from the cemented interface and the s-polarized light
to be transmitted (Fig. 2.3). Thus, the Glan-Thompson prism ensures that

the emerging laser lightis linearly polarized.

Half-Wave Plate

The half-wave plate rotates the linearly polarized light incident on it at
an angle o, relative to a vertical axis, by an angle of 2a (Fig. 2.4). The
rotation of polarization is especially necessary for exciting single NWs
since the light absorption is maximum for light polarized parallel to the NW

length.
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Figure 2.3: Glan-Thompson linear polarizer.
Adapted from [82].
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Figure 2.4: Half-wave plate. Adapted from [82].
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Beam Splitter

The beam splitter is a cube consisting of two right-angled prisms
attached together by their diagonal faces (Fig. 2.5). The interface surface
between two prisms is coated with a dielectric layer which reflects 50%
of the beam. Antireflection coatings on the entrance and exit faces

diminish the back reflections.

>
Beamsplitter
Coatingp N Non-Polarizing
b Beam Splitter Cube

Figure 2.5: Beam Splitter.

Beam Sampler

The beam sampler is fabricated from UV fused silica. It is used to
partially reflect the beam, depending on the polarization and incident
angle. For 45° angle of incidence, 1% of the p-polarized light will be
reflected, while 10% of the s-polarized light will be reflected (Fig. 2.6).

Optical Cryostat

Low temperature measurements were conducted in an optical cryostat
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shown schematically in Fig. 2.7. The temperature is controlled by a

temperature controller and can be varied from 5K to 300K. The cryostat

is kept under a vacuum of 10 mTorr [83].
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Figure 2.7: Schematic illustration of optical cryostat (Janis).
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Spectrometer

The IHR550 spectrometer [84], equipped with a cooled charge coupled
device (CCD) detector for the range of 400-1000 nm, has been employed to
collect and analyze the PL data from the single InP NWs. Fig. 2.8
illustrates the configuration of slits, mirrors and grating of the iHR550
spectrometer [84].

The desired wavelength range for InP PL measurement is 700-950
nm. The size of entrance slits is adjustable and is chosen to be 18 pm
with opening time of 10 s for optimum light capturing and noise level.
The toroidal mirrors [85], used in the optical design, minimize the
astigmatism associated with conventional spherical mirrors when focusing
light from a point source. The curvature is different for horizontal and
vertical axes of the mirror. Three gratings are mounted on an automated
turret. The diffraction turret rotates the grating for different wavelength
selection during the measurements. One grating contains 1200
grooves/mm which makes it convenient for PL measurement over a

wide range of wavelength.

CCD Detector

A highly sensitive detector is necessary to detect the low level PL
signal emitted from nanostructures such as single NWs. CCD cameras
show excellent performance in optical spectroscopy due to their high
qguantum efficiency for conversion of absorbed photons into electrical
signal. A Symphony cryogenic back illuminated CCD camera is used to

detect PL intensity versus wavelength of single NWs that have emission in
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the range of 800-900 nm. The quantum efficiency of this detector for
different wavelengths is shown in Fig. 2.9. The working principle of a
CCD camera is briefly described below. A CCD consists of a closely
spaced array of metal-oxide-semiconductor (MOS) capacitors which are
called pixels [87, 88]. The active region of the CCD is an epitaxial layer
of p-silicon (usually boron doped) which is covered by a layer of an
insulator (silicon dioxide). The voltage applied on the electrode gates,
deposited on topof the silicon dioxide, controls the behavior of the carriers
in the Si substrate. A CCD in which photons are incident on the front
surface of the device is called a front-illuminated CCD.

If photons with energies higher than the band gap energy of Si (1.1
eV) are incident on a CCD, electron-hole pairs are generated in Si. Since
the gates are positively biased compared to the rest of the device, the
photoelectrons get trapped in the potential well below the insulator layer
in each pixel (Fig. 2.10). The charges stored in each pixel will be
transferred from one pixel to another pixel by changing the voltage
applied to the gates. Front-illuminated CCDs have low quantum efficiency
(QE) due to the attenuation of the incoming light while passing through
the gate structures. High performance CCDs with QE near 100% are
back-illuminated CCDs. In the latter design, the light attenuation from
the gate structures is minimized by placing the gates at the back (Fig.
2.10). The excess Si on the bottom of the device is etched away for
better photoelectron generation.

All CCDs operate at low temperature to reduce the dark current
which is caused by thermally generated electrons. They are mostly cooled

by liquid nitrogen (LN,) or thermoelectric coolers.
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Figure 2.8: Schematic illustration of iIHR550 spectrometer using Czeny-
Turner configuration.
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Figure 2.9: Typical spectral response of the Symphony back
illuminated CCD detector. Adapted from [86].
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Figure 2.10: A schematic illustration of back illuminated CCD.
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2.3 Characterization by Scanning Electron
Microscopy

Scanning electron microscopy (SEM) is a powerful instrument for
material analysis. High spatial resolution, diversity in imaging modes,
straightforward sample preparation and image interpretation as well as
high levels of automation bring SEM into the list of popular
characterization techniques [89, 90]. SEM has been extensively used in
the research of NWs for determination of morphology, orientation, and
chemical composition. The reported images and information about the
morphology of the NWs in this thesis was yielded using a JEOL JSM-
7000F equipped with field-emission gun filament for electron beam

generation.

The resolution of optical microscopes is limited by the wavelength of
light and reaches a limit of 200 nm which is not appropriate for
nanoscale imaging. Electrons have much shorter wavelength than photons
and can be deflected by magnetic fields. The de Broglie wavelength of an

electron with momentum p is:
L =hlp (2.2)

According to this equation, the wavelength of an electron with energy of
1 keV would be around 1 nm. SEM systems produce electron beams
using different electron guns such as tungsten hairpin, lanthanum
hexaboride (LaBg) cathode or field emission depending on the needed
reliability, cost, magnification, and brightness. The primary electron (PE)

beam should be stable, with small spot size, adjustable energy and small
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energy dispersion. High resolution imaging can be achieved by focusing
the PE beam using magnetic lenses. The sample surface is scanned by a
focused beam in a raster pattern and a large number of signals are
produced due to the interaction of the beam and specimen. The
interaction volume is controlled by the energy of the PE beam. The PEs
can be scattered during the elastic interaction with specimen atoms. The
scattered electrons are called backscattered electrons (BSEs) which have
energies close to the PEs. Both PEs and BSEs can excite atoms in the
sample and generate signals at various depths of the sample as shown in
Fig. 2.11. The PE beam energy can be varied in the range of 1-30 keV
and is kept low for surface analysis. Inelastic scattering of PEs and/or
BSEs can generate secondary electrons (SEs). Signals generated by SEs
possess energies less than 50 eV and are very useful for surface
topographical analysis. The standard collector for SEs is called Everhart-
Thornley (ET) detector. The penetration depth of the PEs increases using
high accelerating voltage and causes the loss of detailed surface
information. BSEs have energy greater than 50 eV and their generation in
a sample depends strongly on the atomic number. The BSE vyield is
higher for high atomic number elements. Both SEs and BSEs can be used
for imaging, but the lateral resolution of SEs (10 nm) is much better than
BSEs (1 um). Increasing the accelerating voltage results in smaller probe
diameter, lower lens aberration, and thus higher image resolution. The
charging of non-conductive and beam sensitive samples such as NWs
increases at higher accelerating voltage. The voltage applied for NW
imaging was in the range of 2 to 3 kV. The probe current and aberration
decrease by using smaller objective aperture diameter resulting in better
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resolution. The convergence angle of the beam also reduces which
increases the depth of focus. All the NW images were obtained using an

aperture with 50 pm diameter.
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Figure 2.11: Schematic illustration of the signals generated inside a SEM
when an electron beam interacts with a sample. Adapted from [89].

The distance between the tip of the objective lens and the surface
of the sample is called the working distance (WD). Using short WD
causes a reduction in the probe size and lens aberration, while it increases
the imaging resolution and decreases the depth of focus. An optimum
WD for NW imaging was experimentally found to be between 4 to 6
mm.

Contamination of the sample can stem from the interaction of the PE
beam with residual gases and hydrocarbons on the sample surface. In the

current study, the contamination is reduced by using the cold finger in
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the column of the SEM, decreasing the probe current, and performing
the alignment on the areas of the sample away from the imaging area.
The specimen preparation is also performed in a manner to minimize the
hydrocarbon contamination. The substrate is cleaned with acetone,
methanol and running DI water. A fresh solution is always made when
sonicating a piece of as-grown sample in methanol. After dispersing the
NWs by micro-pipet on the substrate, usually the sample is placed under
running DI-water and dried by N,. To load the specimen into the SEM, the
specimen is adhered to an Al-based stub using double sided carbon tape. Flat
stubs for planar imaging and angled stubs (45 degree) for cross-sectional
imaging were used. To prevent charging effects, there should be a ground
path to conduct the charges captured on the sample surface to the Al-
stub; otherwise the accumulating charges on the surface cause distortion
in the image. A conductive silver paste was used to connect the top

surface of the sample to the stub underneath.
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Chapter 3

p-InP Nanowire Passivation

3.1 Introduction

The continuous scaling of electronic and optoelectronic devices has been
accompanied by an increasing influence of surfaces and interfaces on the device
performance. The surfaces of most I11-V semiconductors contain a high density of
surface states within the band gap causing Fermi level pinning. Fermi level
pinning detrimentally affects the performance of semiconductor devices by
creating Schottky metal contacts, carrier depletion, and electron-hole
recombination at the surface states. In nanostructures such as nanoparticles or
NWs, the effect of Fermi level pinning can be more significant due to the
inherently large surface area to volume ratio. To reduce the detrimental effects of
surface states on the optical and electrical properties of semiconductors, surface

passivation can be applied to reduce the density of surface states.

[11-V semiconductor NWs are one of the most promising nanostructures for next
generation sensors, photovoltaics, photodetectors, and light sources [91].

However, the realization of these devices will require effective surface
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passivation. Chemical passivation or the encapsulation of NWs in passivating
shells has been successful in reducing the surface trap density [59, 60, 61, 63, 80,
92, 93]. For example, AlGaAs shells have been recently shown to reduce the
surface trap density in GaAs NWs [59, 60]. Sulfur passivation is one of the most
investigated methods for passivation of 111-V semiconductor surfaces, although
only a few reports can be found on sulfur passivation of NWs [60, 62, 80, 92, 93].
A review of sulfur passivation of planar surfaces is available in [28]. In the case
of planar InP surfaces, sulfur passivation results in removal of the native oxide
layer and the formation primarily of In-S bonds which reduces the density of
midgap surface states [28]. Sulfur passivation of an InP (100) surface resulted in
a two order of magnitude reduction in trap density to 7x10° cm™ [94]. Due to the
removal of non-radiative recombination at the surface, the photoluminescence
(PL) intensity of an InP (100) surface at 77 K was quadrupled after passivation in

an aqueous solution of ammonium sulfide [95].

In the present study, sulfur passivation of individual InP NWs was studied
using micro-PL. Similar to the prior studies on planar surfaces, changes in the
peak PL intensity were used as a method of investigating and optimizing the
sulfur passivation procedure. A simple model is presented to explain the PL

improvements in terms of a reduction in surface trap density.
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3.2 Experimental Details

InP NWs were grown by the Au-assisted VLS process in a GS-MBE system. S-
doped InP (111)B (1-4 x 10'® cm™) wafers were treated by UV-ozone oxidation
for 20 minutes to remove any hydrocarbon contamination and to grow a sacrificial
oxide. The wafers were then dipped in buffered HF for 30 s and rinsed under
flowing deionised water for 10 min. The wafers were dried with N, and
transferred to an e-beam evaporator where a 1 nm thick Au film was deposited at
a rate of 0.1 nm/s as measured by a quartz crystal thickness monitor. The wafers
were then transferred to a GS-MBE system (SVT Associates). In the GS-MBE
system, In was supplied as monomers from an effusion cell, and phosphorus was
supplied as P, dimers that are cracked from PHj3 in a gas cracker operating at 950
°C. Prior to growth, the wafers were placed in a pre-deposition chamber where
they were degassed for 15 min at 250 °C. After transferring the wafers to the
growth chamber, an oxide desorption step was performed where they were heated
to 485 °C under inductively coupled hydrogen plasma and P, overpressure for 10
min, leading to the formation of Au nanoparticles. The sample was cooled to the
growth temperature of 400 °C and NW growth was initiated by opening the In
shutter. The V/III flux ratio was 2.8, 2-D equivalent impingement rate of In was 1
pm/hr, and growth duration was 30 min. The NWs were doped p-type with Be
from an effusion cell at a nominal level of 5x10® cm™, as determined by doping

calibrations performed on 2-D InP epilayers on (100) InP substrates.
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After growth, the NW morphology and density were determined by a JEOL
7000F field emission SEM. The InP NWs were 1.3 — 1.8 pum in length. The NW
diameter varied from 60 to 100 nm with a typical value of 70 nm as measured by

SEM in Fig. 3.1. The NWs were uniform in diameter with no visible tapering.

The NWs were removed from the growth substrate for room temperature p-PL
investigations by sonication in acetone for 30 s followed by random dispersion
onto a silicon substrate covered by thermally grown 300 nm thick silicon dioxide.
PL was measured from individual NWs using a x60 objective with NA 0.70. A
He-Ne laser (A=632.8 nm) was used as the excitation source with irradiance of
320 W/cm? and spot size of 2 pm. Spectra were collected by a 0.55m Horiba

Jobin Yvon spectrometer and dispersed on to a LN, cooled Si CCD detector.
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Figure 3.1: SEM image of as-grown InP nanowires.

Single NWs were located using a microscope such that PL could be obtained from
identical NWs before and after the passivation procedure described below. The
PL intensity was greatest when the incident polarization was aligned parallel to
the NW axis as described previously [96]. Therefore, all PL spectra were acquired

using the latter polarization arrangement.

Passivation was performed by soaking the NWs dispersed on the Si/SiO,

substrate in 5 ml of ammonium polysulfide solution, (NH,4),Sx, on a hotplate at 62
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°C. The duration of the passivation was varied from 5 to 60 min. The base
chemical used for passivation was 20 wt.% (NH,).S in H,O obtained from Sigma-
Aldrich. This base chemical was modified for the passivation procedure by the
addition of elemental sulfur followed by dilution in various solvents as described
in the section 3.3. Passivation was performed in an inert N, glovebox environment
with less than 1 ppm of O, and H,O. The passivation procedure requires
illumination [28], which was provided by white light from a 30 W fiber optic
illuminator. The PL measurements were performed immediately after passivation,
and no change in PL intensity was observed during the measurement period of

less than one hour.

3.3 Results and Discussion

The passivation procedure was optimized by measuring changes in peak PL
intensity upon passivation as shown, for example, in Fig. 3.2. Due to removal of
non-radiative surface recombination, the PL intensity of NWs improved after
passivation similar to planar surfaces [95]. In all cases, the peak PL intensity
occurred near 1.46 eV (850 nm), which is greater than the bulk bandgap energy
expected for zincblende (Zb) InP (1.35 eV). While bulk InP has the Zb crystal
structure, investigations of the InP NWs by transmission electron microscopy (not
shown) revealed a wurtzite (Wz) crystal structure. The Wz structure is commonly

observed in NWs due to their large surface area to volume ratio [97].
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Figure 3.2: Representative room temperature (-PL spectra (arbitrary units, a.u.)
of an InP NW before passivation (solid line) and after passivation (dashed line).
NW passivation was performed using 0.25M IPA-diluted solution.

Previous studies have established that the Wz structure of InP NWs results in a
bandgap of ~1.45 — 1.5 eV [98-106]. Hence, the relatively large peak PL energy
in our InP NWs as compared to bulk InP can be explained as a band-related
recombination in Wz. Note that the large diameter of the NWs (60-80 nm) means
that quantum confinement effects are not expected to contribute any blue-shift of

the NW PL.
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Besides the increase in peak PL intensity that occurred upon passivation, a
small blue-shift of 32 meV in the room temperature peak PL energy was also
observed upon passivation as seen in Fig.3.2. We assume this blue-shift is due to
the Franz-Keldysh effect [107, 108] due to a reduction of the built-in surface

electric field upon passivation as observed previously in p-InP nanowires [109].

The as-received (NH,4).Sx solution was modified by the addition of elemental
sulfur to produce 4, 5 and 10M stock solutions. First, the effect of solvent type on
the passivation was investigated by dilution of the 5M solution to 0.25M by the
addition of a solvent. Three different solvents were investigated: deionized water
(DI), methanol, and isopropyl alcohol (IPA). Passivation of the NWs was
performed in the 0.25M (NH,4),Syx solution for 5 min. Figure 3.3 plots the ratio of
the peak PL intensity after passivation compared to that before passivation for
each type of solvent. In each case, the average peak PL intensity ratio in Fig. 3.3
was obtained over at least 10 NWs with the error bars representing the standard
deviation. For the purposes of the investigations in Fig. 3.3, we used NWs of
similar length (~1 pm) and diameter (70 nm) in all cases. The diameter

dependence of the PL is presented later.

After treating the NWs in DI solution, the peak PL intensity (Fig. 3.3a) was
typically unchanged or slightly reduced compared to that before passivation.
Hence, there was no effective surface passivation of the NWs when using DI
water as a solvent. Similarly, in methanol-diluted solution, the PL intensity (Fig.

3.3b) improved only slightly and in most cases exhibited no change after
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passivation. Finally, passivation with IPA-diluted solution showed an increase in
PL intensity (Fig. 3.3c) after passivation for nearly all NWs. Previous studies on
planar (100) GaAs surfaces have shown that solvents with a lower dielectric
constant can improve the sulfur passivation, and hence the PL intensity, due to
charge screening effects [34]. DI water, methanol and IPA have a dielectric
constant of 80, 33 and 18, respectively. Thus, the results on InP NWs are
consistent with the prior studies on GaAs substrates, and IPA was chosen as the

solvent for all further studies.

Next, the effect of elemental sulfur concentration on the NW passivation was
examined by dilution of the previously prepared stock solutions to 0.4, 0.5 and
1M using IPA as solvent. An improvement in peak PL intensity can be observed
in Fig. 3.3 upon increasing the sulfur concentration from 0.25M to 0.4M and
0.5M (Fig. 3.3c, d and e, respectively), followed by a decline at 1M (Fig. 3.3f).
The decline in PL intensity for concentrations above 0.5M is attributed to etching

of the NW surface as discussed below.
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Figure 3.3: Ratio of peak PL intensity after passivation to that before passivation
for different passivation methods: 0.25M sulfur concentration diluted in (a) DI
water, (b) methanol, or (c) IPA; IPA solvent with different S concentrations of (c)
0.25M, (d) 0.4M, (e) 0.5M, or (f) 1M; (g) passivation of vertically oriented, as-
grown, ensemble NWs in 0.5M IPA-diluted solution. NWs in (a-f) were
passivated in a horizontal orientation after transferal to a host substrate. Error
bars indicate the standard deviation. The NW diameter was 70 nm in all cases.

The (NH,4),Sy solution etches the InP native oxide and allows covalent bonding
of sulfur to P and (predominantly) In surface atoms for passivation of surface
states. However, the (NH4),Sx solution also etches the InP material for long
passivation durations. This etching was verified by observing individual NWs
before and after passivation using SEM. In this experiment, passivation was

performed using the IPA-diluted 0.5M (NH,4),Sk solution.
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As shown in Fig. 3.4, the surface of NWSs became visibly rougher with
increasing duration in the passivation solution. The etching of the NW surface
was just visible for etch durations as small as 5 min (Fig. 3.4a) in the 0.5M IPA
solution. Nanowires etched between 15 and 60 minutes were completely etched,
leaving only some InP “residue” on the host substrate. Naturally, the decreased
volume of the etched NW will result in a decline of the PL intensity. In addition,
the increased roughness of the NW surface due to etching may increase the
surface state density and/or reduce the ability of sulfur to passivate the surface,

thus reducing the PL intensity ratio.

(a) (b) (©) (d) (€) (f)

Figure 3.4: SEM image of p-InP NWs on host substrate before passivation (a, c,
e) and after passivation (b, d, f) using IPA-diluted 0.5M solution. Duration of the
passivation was (b) 5 min, (d) 15 min, or (f) 60 min. The identical NW was
imaged in the pairs (a, b), (c, d) and (e, f). In (f), only an InP “residue” remained
on the host substrate.

As a final investigation, we examined an alternative passivation procedure in
which the vertically oriented NWs of the as-grown sample were first passivated

using the IPA-diluted 0.5M solution before transferal to a host substrate. After
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passivation, the NWs were transferred to the host SiO,/Si substrate for PL
measurements, and compared to similar measurements of unpassivated NWs.
Using this method, the PL intensity of the passivated NWs increased by up to a
factor of 40 (average of 24; see Fig. 3.3g) as compared to unpassivated NWs. The
latter improvement was nearly twice that achieved previously in Fig. 3.3d when
the passivation procedure was implemented on the post-transferred, horizontally
oriented NWSs. The passivation procedure may have been less effective for the
horizontal NWs due to hindrance of the sulfur bonding to the region of the NW in
direct contact with the SiO,/Si substrate, as well as a lack of direct light

illumination on the rear side of the NW which is needed for effective passivation.

The stability of the sulfur passivation was investigated by measuring the PL
intensity from an individual NW (of 93 nm diameter) immediately after
passivation and after a specified duration of exposure to ambient air. No changes
in PL intensity were observed during the PL acquisition. As shown in Fig. 3.5,
the PL intensity decayed to its initial pre-passivation value after 7 days in
ambient, indicating that the sulfur passivation is not stable against oxidation in air.
Similar stability was previously measured for GaAs nanowires [80]. However, the
stability of the sulfur passivation can be improved by encapsulation in polymer or

dielectrics [67, 110, 111].
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Figure 3.5: PL intensity from an individual nanowire after specified time in
ambient air. The PL intensity at each time was normalized to the PL intensity
obtained immediately after passivation (at t=0).
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3.4 Photoluminescence Dependence on Excitation
Polarization, Excitation Intensity and Nanowire
Diameter

3.4.1 Polarization Dependence

Optical absorption and emission in semiconductor NWs strongly depend on the
polarization of the exciting light. This anisotropy is attributed to the crystal
structure, dielectric contrast between NWs and surrounding environment and
quantum confinement effects. In the case of the NWs in this study, the exciton
Bohr radius of InP NW (9 nm) is much smaller than the diameter of the NWs (70
nm), so the quantization plays no role in the observed polarization effects. If the
NW is considered as an isotropic cylinder with diameter (70 nm) much shorter
than the wavelength of the incident light (632.8 nm), the polarization effects can
be explained by the classical electrodynamic theory. If the incident electric field is
parallel to the axis of the NW, the transmitted field remains the same (E, = E),
while for the electric field perpendicular to the axis, the transmitted light is
reduced by a factor of 2/{e + 1}, where € is the dielectric constant of the NW
cylinder relative to surrounding environment (eyy /€o) [112, 113]. Since most of
the semiconductors have dielectric constant higher than 10, optical measurements
performed in air cause a large dielectric contrast. Fig. 3.6 shows the PL intensity
dependence on the polarization of the incident light for two perpendicular InP

NWs. The electric field of the incident light is parallel to the axis of the NW1 and
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perpendicular to the axis of the NW2. The PL intensity is maximum when the

polarization of the excitation light is parallel to the NWs axis.
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Figure 3.6: Polarization dependence of the PL from two orthogonal NWs.

3.4.2 Excitation Intensity Dependence

The excitation intensity controls the density of photogenerated carries in the
NWs. Recombination regimes in the NWs can be affected by the photoexcited
carrier density. Non-radiative Shockley-Read-Hall (SRH) recombination is a

linear function of carrier density n. At low density of electron-hole concentration,
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the non-radiative recombination is dominant. By increasing the excitation
intensity, the radiative recombination becomes more important. The PL
dependence on the excitation intensity can be used to investigate the effect of
surface passivation on the reduction of surface states [114].

Power dependent CW spectra for a single p-InP NW, before and after
passivation, are shown in Fig. 3.7a and Fig. 3.7b. Before passivation, there is a
blue-shift in the PL peak for higher excitation power. After sulfur passivation,
there is no blue-shift in the PL spectra upon changing the excitation power (Fig.

3.7b).

There is also a deviation from linearity in the relationship between PL and
excitation intensity before passivation which is shown in Fig. 3.8a and Fig. 3.8b.
The low temperature measurements at T=10K is shown to cover a wider range of
power intensity. The nonlinearity, which mostly happens at intermediate
excitation, is due to the existence of two different recombination regimes in NWs.
At low excitation intensity, the density of photogenerated carriers are low and the
recombination is mostly non-radiative and dominated by surface states and bulk
impurity levels. In NWs, the surface-to-volume ratio is high so the effect of
surface states plays an important role. At intermediate excitation intensity, most of
the surface states are filled and bulk radiative recombination dominates, so the PL
intensity increases rapidly. The linearity observed after passivation can be
attributed to the reduction of the surface states after passivation and results in the

reduction of non-radiative recombination.
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Figure 3.7: PL intensity and peak position dependence on excitation power
(a) before passivation, and (b) after passivation in 0.5M (NH,).Sx solution
diluted in IPA for 5 min at T = 300 K.
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Figure 3.8: Comparison of the linearity between PL intensity and
excitation power before and after passivation at a) T=300K, b) T=10K.
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The observed blue-shift can be explained by band bending variations under
different excitation intensities [109]. The band bending is a result of charge
collection on the surface of the NW and causes electrons and holes to be spatially
separated. Upon excitation the photogenerated electrons accumulate at the surface
and holes at the center of the NW. Therefore the radiative recombination
probability is small and the emitted photons have lower energy than the bandgap.
By increasing the excitation power, more carriers are generated and thereby
flatten the band and the PL energy increases (Fig. 3.9). So before passivation, we

observe a blue-shift in the PL spectrum due to the band bending.

Figure 3.9: Band bending before passivation (solid line) and after
passivation (dashed line) in p-InP NW.
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3.4.3 Diameter Dependence

The PL intensity dependence of the NWs ranging from 60 to 100 nm before and
after passivation has been investigated. The passivation procedure was performed
using 0.5M of IPA-diluted solution for 5 min. The diameters and positions of the
NWs on the SiO,/Si substrate were measured by SEM. The measured PL was
normalized to the length of the NWs. Fig. 3.10 shows that increasing the diameter
of the NWs, improves the PL intensity as expected. For nearly the same density of
surface states, the larger diameter NW has larger active region after the reduction
of depletion region. The PL increases after passivation could be the result of the

reduction in surface state density and/or depletion width of the NWs.
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Figure 3.10: PL intensity before (squares) and after (circles)
passivation vs. NW diameter.
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3.5 Theoretical Calculation of Photoluminescence from
Single Nanowire

The relative PL intensity from a single p-doped NW is given by [114]:

R=w An(r)
I, =K f dr 3.1)
0 Tn

K is a constant factor which contains quantum efficiency and geometrical factors,
R is the NW radius, w is the depletion width, An is the minority carrier

concentration and t,,is the lifetime of the minority carriers.

By assuming a NW as a cylinder with radius R and length L, An can be derived
by numerically solving the three-dimensional, steady-state, small signal continuity

Eqg. 3.2 in cylindrical coordinates:

An R, —1)N«a
VZ(An) — — = Qe—aer (3.2)
ln Dn

N is the photon intensity, Re is the reflectivity of the surface, [,, is the diffusion
length of minority carriers, D, is the diffusion coefficient of minority carriers and
a, is the absorption coefficient.

We assume that PL is only created in the bulk region 0 < r < R — w (dashed area in

Fig. 3.11), where r is the radial distance from the centre of the NW and the recombination

in the depleted area is neglected due to the low carrier concentration.
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Figure 3.11: Cross section view of the NW. R is
the radius of the NW and w is the depletion width.

A boundary condition is needed for solving Eq. 3.2 to get the minority carrier
concentration (An). We assume that at the interface between the bulk and field region,
i.e.at r = R — w, the excess electron flux to the surface changes from diffusion to a field
driven flux. The current continuity requirement is [115]:

d(An)

qA(r=R—-w)D, I

r=R—w

R
—AR=1](r=R)—q f AMIEE) — Rroe(M]dr

R—w

(3.3)

where A(r) is the surface area at the radial distance r from the center of the NW,
J, is surface recombination current density and R,.. and G are the recombination

and generation rates, respectively, in the depleted area. According to the current
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continuity requirement, the current passing through all the boundaries should be
the same. At low injection conditions it can be assumed that G and R, are zero
in the depleted region. If there is no generation and recombination of carriers in
the depletion region, the current leaving the interface at r = R — w should be equal

to the current arriving at the surface at r = R, so Eq. 3.3 becomes:

qA(r=R—w)Dn% =AR=1)Js(r=R) (3.4)
r=R-w
or
A(r=R- W)]interface(r =R-w) =AR=r)];(r=R) (3.5)

(Js ) at the surface of the NW can be defined as:

Js(r =R) = qSAn(r = R) (3.6)
where S is the surface recombination velocity and An(r = R) is the minority
carrier concentration at the surface.

The same equation as Eq. 3.6 can be written for the interfaceat r = R —w :
Jinterface(r = R —w) = qS,An(r =R —w) 3.7)
The quantity S,, is considered as a virtual surface recombination velocity at the
interface between the bulk of the NW and depleted area [114]. The electrons, as
minority carriers, flow at the boundary of bulk and depleted region at the speed of
S, and get recombined on the surface of the NW by true surface recombination
velocity S. The carrier generation and recombination in the space charge region

were neglected, so we can assume that the speed at which minority carriers
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passing the boundary (S,,) is equal to S. What is usually measured in experiment is
not S, but S, that's why S, is called virtual surface recombination velocity. Since
the generation and recombination of minority carriers are assumed to be
negligible in the depleted region, the current leaving the interface would be equal
to current at the outer surface. So using Eq. 3.5, 3.6 and 3.7, the minority carrier
concentration on the surface can be obtained from the minority carrier

concentration at the interface:

An(r=R) = An(r =R —w) (R_TW) (3.8)

By replacing equations 3.8 and 3.6 in Eq. 3.4, the final boundary condition

equation becomes:

d(An)

n
dr r=R—w

R—w

=qSAn(r =R —w) (T) (3.9

Eq. 3.9 should be solved simultaneously with Poisson's equation given by:

V2 =Eﬁ (3.10)

where ¢ is the surface potential, q is the elemental charge, €, is the permittivity of

the semiconductor, and p is the charge density in the depletion region. The surface
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potential and the electric field should be zero at the interface (¢ (R—W) =0
and §¢(R — w)/ér = 0).

Eq. 3.2 and 3.10 are solved numerically by assuming a constant reflection of
the impinging light on the surface of the NW and neglecting light refraction in the
NW. The typical value for InP used for calculations is shown in Table 3.1. The
contour map of the PL intensity changes versus surface recombination velocity

(S) and surface potential (¢) is plotted in Fig. 3.12.

Table. 3.1 Parameters used for simulation of PL intensity from p-InP NW

Physical quantity Unit Typical value
Photon flux density (N) #/s-cm? 10%
Minority carrier diffusion constant (D,,) cm?/s 320
Minority carrier diffusion length (1,,) cm 8x10°
Minority carrier life time (z,,) S 2x107
Surface recombination velocity cm/s 10°
Reflectivity (R,) 0.03
Absorption coefficient at 632.8 nm () cm® 5.56x10*
NW radius cm 35x107
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According to Fig. 3.12, increasing the surface recombination velocity and surface

potential results in the PL intensity reduction and the PL goes to zero when they

reach up to 10" cm/s and 2.22 eV at room temperature, respectively.

If we take the typical values for S to be around 10° cm/s and surface potential
around 0.5 eV for InP before passivation, a point will be found in the contour map
called BP (before passivation). Fig. 3.13 shows that the change in the blue shift
for the PL intensity peak after 40 times PL intensity increase, is around 32 meV.
This value can be taken as a change in the surface potential on the contour map
which happens after passivation. If we start from point BP and move to the left by
32 meV we'll cross a point AP which shows the new PL intensity and surface
recombination velocity. By dividing the PL intensity from point AP over point
BP, we get 40 which is consistent with the 40 times increase in the PL after
passivation. The contour map shows that S reduces from 10° cm/s before
passivation to 5x10* cm/s after passivation. A reduction in depletion width of
around 4 nm also occurs.

If we use the assumption that S = v,, N, where N, is the density of surface
states, v, = 107 cm/s is the carrier thermal velocity, and o = 10713 cm? is the
capture cross section, then 40 times increase of the PL intensity in Fig. 3.13
implies a reduction of N, from 10* cm™ to 5x10™° cm™, which corresponds to the

surface velocity of 10° cm/s and 5x10* cm/s, respectively.
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Figure 3.12: Contour map showing the PL intensity change versus log of surface
recombination velocity (log(S)) and surface potential (¢). Each curve represents
the constant PL intensity with the value labeled on the curve.
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Figure 3.13: PL intensity of p-InP NWs after whole NW
surface passivation in 0.5M (NH,),Sx solution diluted in IPA.
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3.6 Conclusions

Ammonium polysulfide solution (NH.),Sx was used to passivate the surface of
p-InP NWs thereby improving their PL intensity. The optimization of the solution
included adjusting the solvent type, the dilution level, and the passivation time to
get the maximum PL intensity from the NWs. It was found that 0.5M solution
diluted in IPA is optimum for passivation time around 5 min. The passivation was
performed on both horizontal NWs dispersed from a sonicated sample onto the
SiO,/Si substrate and vertical NWs on an as-grown sample. The maximum PL
increase was around 20 and 40 times obtained for horizontal and vertical NWs,
respectively. The intensity dependence of the PL peak position was also
investigated. The blue shift in the PL peak position before passivation was
attributed to the high density of surface states decreasing after passivation. It can
be concluded that the sulfur passivation reduces the surface state concentration. A
PL model demonstrated the increase in PL intensity upon passivation as due to a
reduction in surface trap density by two orders of magnitude from 10*? to 10™° cm®
2 corresponding to a change in surface recombination velocity from 10° to 10*
cm/s. The passivation procedure and model described here can be used in further

investigations to improve the performance of NW-based optoelectronic devices.
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Chapter 4

Electrical Properties of GaAs NWs
after Sulfur Passivation

4.1 Introduction

Contact quality is very influential in electron transport measurements through
NWs and is mostly affected by surface states [116]. Sulfur passivation is shown to
effectively reduce the surface barrier height of InP and GaAs [64, 117]. The effect
of sulfur passivation on the electrical properties of individual InAs NWs was
reported in Ref. [61] where the formation of ohmic contacts and increase of
conductance was observed. PL increase upon passivation can be attributed to a
decrease in depletion width around NWSs and a reduction in surface recombination
velocity and/or surface density of states. The improvement in electrical
characteristics is attributed to the reduction in Schottky barrier height at the
contacts and a decrease in NW resistance due to the decrease in depletion area

[118].
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4.2 Experimental Details

n-GaAs NWs were synthesized in a GS-MBE system. The NW growth was
initiated by opening the Ga effusion cell shutter. Arsenic (As) was supplied as As;
dimers from a gas cracker operating at 950 C. The growth temperature, V/111 flux
ratio, 2-D growth rate and growth duration were set to 600 C, 2.3, 0.5 pm/h, and
30 min, respectively. Te from a GaTe effusion cell was used for n-type doping
with concentrations of about 10™® cm™. The morphology of NWs was inspected
using a JEOL JSM-7000F field emission SEM. According to SEM analysis, the
length and diameter of the NWs were 1.2-2 um and 50-60 nm, respectively. The
effect of passivation was investigated by measuring the I-V curves on ensemble
NWs using a Keithley 2400 source meter. The measurements were performed on
the sample before passivation (process 1), after contact area passivation (process
2), and after whole NW passivation (process 3). SU8 was used for contact
planarization and as a spacer layer between the top contact and the substrate.
Process 1 (Fig. 4.1a) involved dispensing SU8 on a piece of as-grown sample
using a syringe, where it was allowed to rest for 2 min to permeate the space
between the NWSs. Spin-coating was then initiated with a low speed of 500 rpm
for 5 s and with acceleration of 300 rpm/s. Spinning continued at 3000 rpm for 60
s. Soft baking was performed on the sample at 90 C for 4 min on a hotplate. After
that, the sample was hard baked at 200 C for 5 min. SU8 was removed from the
tip of the NWs by reactive ion etching (RIE) for 3 min with an O, flow rate of 28

sccm, a power of 100 W, and chamber pressure of 350 mTorr (Fig. 4.2). The top
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contact was formed by depositing 500 nm Ni, 1000 nm Ge, and 2000 nm Au,
through a shadow mask containing dots with diameter of 800 um, on top of the
NWs by electron beam evaporation at room temperature. Each dot contained
~5.7x10° NWs. The back contact was formed in the same way as the top contact

but with half of the thicknesses and without using the mask.

Process 2 (Fig. 4.1b) was the same as process 1, except before top contact
formation the sample was soaked in 0.5M ammonium polysulfide ((NH4),Sx)
solution diluted in IPA for 3 min to passivate the contact area. Details of the
passivation solution optimization is discussed in Chapter 3. The only difference
between process 3 (Fig.4.1c) and process 2 is that the passivation was performed
on the whole surface of the NWs rather than just the contact area, by soaking the

as-grown sample in passivation solution before spin coating of the SU8.
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Figure 4.1: Schematic diagram of the processing applied on ensemble
n-GaAs NWs to measure the effect of sulfur passivation: (a) process 1,
(b) process 2, (c) process 3.
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Figure 4.2: Tilted SEM view of sample after removing
SU8 by RIE and before contact deposition.

4.3 Results and Discussion

In this section, first the I-V characteristic of single NWs is modeled and shown
that the current flow through a single NW can be affected by the change in the
barrier height of the Schottky contacts and also the effective radius of the NW.
Later it is discussed that for ensemble NW samples which are experimentally
measured, the back contact is not Schottky barrier and is treated as an n-n+
junction, while the top contact is Schottky and can be modeled using a TFE

model.
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A single GaAs NW with two Schottky contacts is treated as an M-S-M
structure (Fig. 1.6) as discussed in Chapter 1, and the simulated I-V curve was
obtained by solving Eqg. (1.6), (1.10), and (1.13):

Jrg = A*T?exp (— %) {exp (%) - 1} (1.6)

AT Pp q¢b> (qV)
=—— |nE i — 1.1
JrrE k jﬂ 0oq |V + cosh?(Eyy/kT) exp( E, exp €' (1.10)

where E,, Eqpand €' are given in equations (1.8), (1.9) and (1.11), respectively.

The current density for the NW is given by Eqg. (1.13):

Vaw
= e (1.13)
Bulk GaAs parameters were used in the equations as shown in Table 4.1.
The current passing through each component (Schottky barrier 1, NW, and

Schottky barrier 2) is the same and is given by:

I=A1]; Vi, 0p1) + Vi/Riy = Vew/Ryw = AoJ; Vo, 0p2) + Vo /RE (4.1)

where A; and A, are contact areas of Schottky barriers 1 and 2, respectively. The
cross-sectional area of the NW is taken as the contact area in the modeling. R2,
and R, are the shunt resistance of Schottky barriers 1 and 2 which are on the
order of GQ for this model. J; and J, are the current density passing through
Schottky barrier 1 and 2, respectively. Ry, is the resistance of the NW which is

given by Eq. (1.14). V;, V,, and Vyy,are the voltages across Schottky barrier 1, 2,
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and NW, respectively, and their dependence with applied voltage (V) is given by
Eq. (1.12):

Table 4.1 Parameters for bulk GaAs

Parameter Value Unit
Resistivity (p) 2x107° Q-cm
(for 10*® cm™ dopant concentration )

Effective mass of electron (m,* /my ) 0063 e
Relative permittivity ( €, ) 22 e
Richardson constant ( 4*) 8.2x10" Am2K™?
Effective Richardson constant ( A**) 4.4x10* Am 2K
Holes diffusion constant 10 cm?s™1
Intrinsic carrier concentration 1.79x10° cm™3
Minority carrier lifetime 10 s

First, consider a single GaAs NW where a positive voltage is applied on the
right contact 2 (forward-biased) and negative to the left contact 1 (reverse-biased)
as depicted in Fig. 1.5. The result for a single NW with a diameter of 50 nm,
length of 1.2 pm and dopant concentration of 10* cm™ is shown in Fig. 4.3. The
plot is obtained using ¢,; = @, = 0.5 eV. According to Fig. 4.3, the current

flowing through a single NW at 1 V is ~ 1 nA.
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Figure 4.3: Simulated I-V characteristic of a single
GaAs NW using M-S-M structure modeling.
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Figure 4.4: Simulated I-V characteristic of a single
GaAs NW for different Schottky barrier heights.
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Figure 4.5: Simulated 1-V characteristic of a
single GaAs NW for different NW resistance.

The 1-V characteristic of a single NW can be significantly affected by the
Schottky barrier height. The Schottky barrier of the contact 1 is kept constant at
@p1 = 0.5eV and ¢, is varied from 0.2 eV to 0.8 eV. Fig. 4.4 shows that the
current increases by decreasing the Schottky barrier height. The effective diameter
of the NW is less than the nominal one due to the depletion effect, which can
increase the resistance of the NW and result in a reduction in the current as shown
in Fig. 4.5. The barrier heights for this plot are the same as Fig. 4.4 and equal to
0.5 eV for both contacts. According to Eq. (1.13), the current density through the
NW depends on NW resistance which also depends on the resistivity and effective

diameter of the NW as shown in Eq. (1.14). Passivation can lessen the surface
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recombination velocity and depletion width of NWs as discussed in Chapter 3.
Thus, the resistance of the NW can be reduced by increasing the effective radius
of the NW.

The I-V characteristic of ensemble NWs is difficult to model due to the
diversity of NWs with different diameter, dopant concentration, stacking fault
density, and 2-D growth between the NWs. For an ensemble NW model, the
current through a single NW for an applied voltage was modeled and multiplied
by the number of NWSs. The nominal value for the number of NWs was estimated
using Fig. 4.2 to be 5.7x10° NWs/contact dot. The positive voltage was applied on
the top contact (contact 2) and the negative voltage on the back contact (contact
1).

Unlike single NW modeling, the ensemble NWs modeling cannot be treated as
an M-S-M structure. The NWs (doped 10 cm™) are grown on the substrate with
higher dopant concentration ( >2.5x10*® cm™). So the back contact (contact 1)
consists of a metal deposited on the substrate which is measured and shown to be
ohmic, and n-n+ junction. The detail of characteristics of n-n+ junctions which are
called low-high junctions can be found in [119-123].

The current density through the n-n+ junction is given by [119]:

D
Jans = 2qb L—:pn(exp(qV/ZkT) —-1) (4.2)

where D,, and L,, are the hole diffusion constant and diffusion length in the n

region (NW).
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Since the diffusion length is higher than the length of the NW (L), L,, is

replaced by L. p,, is the hole concentration in n region which can be obtained by:

2
n;

- L 4.3
Pn . (4.3)

where n; is the intrinsic carrier concentration of GaAs and n,, = N; = 108cm ™3,
and b is a constant given by:

D
b=‘u_”=_”
Hp Dy

(4.4)

Eqg. 4.2 is very similar to the diode equation [77], but the minority carrier
concentration in n+ region is neglected. Most of the applied voltage appears
across the n region due to higher resistivity, while almost no voltage drop is
measured across the n+ region [121].

Fig. 4.6 shows the measured current through the NW before passivation (BP),
after contact passivation (ACP) and after whole NW passivation (AWP).
Experimental data are the black solid lines and the simulated curves are the
colored lines. The gray lines are the 1-V measured for ACP and AWP after 7
months and show the aging of the passivation.

Before passivation, the effective diameter of NWs was taken to be 1 nm with
shunt resistance around 0.9 GQ. The fitting showed that for the sample before
passivation more than 95% of NWs did not contribute to the I-V characteristic,

while after contact area passivation this number reduced to 70%. This change can

be attributed to the reduction of Schottky barrier height from 0.5 eV before
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passivation to 0.2 eV after passivation. The effective radius of NW and shunt
resistance after contact area passivation was kept the same as before passivation.

In the last step, the whole NW was passivated, which included the top contact
area as well. The barrier height was kept the same as step 2 and the effective NW
diameter was changed from 2 nm to 20 nm. The increase of the diameter
decreases the resisitivity of the NW or n region. The enhancement of the effective
radius of NWs can be caused by the reduction of surface states density and band
bending after passivation. The shunt resistance was also reduced to 0.1 GQ.
According to the model, after passivating the whole surface, nearly all NWs
contributed to the I-V characteristic.

Although sulfur passivation improves the optical and electrical properties of
I11-V semiconductor devices, the short time stability is problematic. As shown in
Fig. 4.6 (gray dot-dashed lines), the current measured through a passivated device
decreased after seven months.

The change predicted in the reduction of Schottky barrier height and resistivity
of the NWs by the model can be attributed to the change in the density of surface

states, which will be modeled in more detail in future work.
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Figure 4.6: 1-V characteristic measured (solid black lines) and simulated (dashed
lines) for ensemble n-GaAs NWs for different states before passivation (BP), after
contact passivation (ACP), and after whole NW passivation (AWP). The I-V
measured for AP after seven months is also shown to investigate the stability of

the passivation (dot-dashed gray lines).
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4.4 Conclusions

The effect of sulfur passivation on the 1-V characteristic of ensemble n-GaAs
NWs was investigated by measuring the current before passivation (BP), after
contact area passivation (ACP) and after whole NW passivation (AWP). It was
observed that sulfur passivation increases the current through the NW ensemble
for both ACP and AWP. The ensemble NW with top and back contacts was
treated as a Schottky top contact and n-n+ structure and modeled through
thermionic field emission (TFE) theory. Fitting the simulated results with the
measured ones, displayed a reduction of around 0.2 eV in Schottky barrier height

and two order of magnitude decrease in resistance of a single NW.
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Chapter 5

Sulfur Passivation of GaAs Nanowire
Solar Cells

5.1 Introduction

NWs have several potential advantages in comparison to planar structures
for photovoltaic (PV) or solar cell devices. NWSs have reduced reflectivity over a
broader wavelength range as well as a weaker dependence on illumination angle
and polarization compared to conventional anti-reflection coatings [124-126].
Coaxial p-n structures enable efficient carrier collection across the NW radius for
high photoconversion efficiency [127]. Freedom from lattice-matching
requirements due to strain relaxation at the NW sidewall surfaces provides an
opportunity to fabricate 111-VV NWSs on inexpensive substrates such as Si [128].
Although the theoretical calculations predict the overall efficiency up to 30%
[129] for NW-based solar cells, the reported efficiency of solar cells using NWs
as a light harvesting medium is still less than 5% which are mentioned briefly in
the following. All the NW solar cells discussed here are grown through VLS
growth. Energy conversion efficiency up to 3.4% was measured from 1 sun
illuminated single p-i-n coaxial Si NW solar cell [130], while the efficiency of

axial p-n Si NW under the same conditions was shown to be 0.5%. The difference
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was attributed to the more efficient photogenerated carrier collection in a coaxial
structure compared to an axial structure. Radial p-n junction Si NW solar cells on
single crystal Si substrate exhibited the efficiency of 1% [131] which after
passivation with Al,O3 increased to 1.8%.

A solar cell fabricated with n-doped Si NWs grown on p-doped Si wafer by
CVD showed 0.1% efficiency [132]. Silicon nanowire-based solar cells on metal
foil with efficiency 0.1% was also demonstrated [133]. Photovoltaic behavior was
obtained from a single-junction n-Si NW device after electrically heating a small
area of the nanowire below the single contact. The observed rectifying behavior
was attributed to the formation of a Schottky barrier, a p-n alloy junction, or a
combination of these effects. The overall solar energy conversion efficiency of
0.46% was measured [134]. The efficiency 1.65% was achieved from the solar
cell structure grown by p-doped GaAs NWs array on n-GaAs(111)B [6]. A radial
p-i-n junction GaAs NW solar cell showed the total efficiency of 4.5% [135].

The performance of NW PV devices thus far is limited by factors such as the
NW morphology, surface depletion and recombination effects, doping and
electrical contact properties [5, 6, 136-139]. Various studies have been reported to
optimize the optical and electrical properties of individual NWs by applying
surface passivation [61, 63, 140]. In this thesis, we report the use of ammonium
polysulfide (NH,4),Sx solution to passivate the sidewall surface of GaAs NWs by
sulfur bond formation thereby improving solar cell performance. Sulfur

passivation is well known to reduce GaAs surface states [141]. As a result,
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passivation of NW sidewall surfaces is expected to reduce surface depletion and
carrier recombination in NW solar cells, which should increase the open circuit
voltage and short circuit current of a NW PV device and increase PV efficiency
[118, 142].

Another key issue in NW solar cells is the method of forming contacts to the
NWs. In polycrystalline thin film solar cells (e.g., CdTe or CIGS) lateral
transport of carriers to finger electrodes occurs via a transparent conducting oxide
film (e.g., indium tin oxide (ITO)) as illustrated in Fig 5.1a. Alternatively, in
single crystal solar cells (e.g., single crystal Si or 111-V cells), lateral transport of
carriers to contact fingers can occur directly through a highly doped
semiconductor layer as shown in Fig. 5.1b. Both of these contacting schemes
have been used analogously in NW solar cells, as shown in Fig. 5.1c and d,
although the former method of using ITO is more common. In the specific
example of GaAs NW solar cells illustrated in Fig. 5.1e, photogenerated carriers
are separated along the NW radius by the core-shell p-n junction with holes
conducted to the surrounding ITO top electrode and electrons conducted to the
bottom (substrate) electrode. We recently reported the performance of a GaAs
NW solar cell with ITO contacts similar to Fig. 5.1c and e [5]. Alternatively,
carriers may be conducted by a thin film grown between the NWs, as shown in
Fig. 5.1d and f. growth of a thin film between NWs is commonly observed in

MBE where material is supplied as adatoms (e.g., Ga, As, or As;) whose
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incorporation is not kinetically limited. Hence, a thin film grows concurrently

with the NWs due to vapor-solid deposition on the substrate between the NWs.

In the present paper, we compare the performance of a solar cell fabricated by
the alternative contacting methods illustrated in Fig. 5.1e and f. The latter
contacting method using contact fingers has certain advantages compared to the
scheme using ITO. First, the NWs between contact fingers are exposed directly to
illumination without any transmission losses (~10-20%) that are associated with
an encapsulating material such as ITO. Furthermore, light trapping effects due to
a large refractive index difference at the NW/air interface are not compromised by
any encapsulating material. Second, the contact finger method leaves the
sidewalls of the NWs between the contact fingers completely exposed to study the
effects of surface passivation by sulfur. Third, the avoidance of contact material
on the NWSs, coupled with surface passivation, avoids deleterious
semiconductor/metal interface trap states and associated NW depletion. Finally,
the absence of an encapsulating material allows the NWs between contact fingers
to be removed by a sonication procedure, such that the contribution to the PV

effect of the thin film between NWs can be studied.
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Figure 5.1: llustration of cross-sectional view of various solar cell contacting
methods. Solid and dashed lines indicate transport of opposite carrier types (i.e.,
holes or electrons). Shading indicates regions of opposite doping type compared
to the unshaded regions (i.e., p-type and n-type). lllustrations are not to scale. (a)
Au contact fingers on transparent conducting oxide (e.g., ITO) as used, for
example, in polycrystalline thin film solar cells. Vertical lines indicate
polycrystalline grain boundaries. (b) Contact fingers applied directly to
semiconductor as used, for example, in single crystal Si or I11-V solar cells. (c)
Au fingers on ITO covering the NWs, emulating (a). (d) Contact fingers covering
some NWs, emulating (b). (e, f) Enlarged view of circled regions in (c) and (d),
respectively, showing carrier transport for the specific case of GaAs p-n core-shell
NW solar cells.
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5.2 Experimental Details

GaAs core-shell NWs were grown on an n-GaAs (111)B substrate (n~5x10'®
cm®) via the VLS method in a GS-MBE system using Au as a seed particle. The
GaAs (111)B substrate was first cleaned by a 20 min UV ozone treatment to
remove hydrocarbons and other contamination, followed by a 30 s buffered HF
treatment to remove native oxide, and finally rinsed in deionized water for 10
min. After cleaning, 1 nm of Au was deposited at room temperature by electron
beam evaporation. Prior to NW growth, the substrate surface was degassed at 300
°C for 15 min under ultrahigh vacuum in a MBE preparation chamber. After in
situ inductively coupled hydrogen plasma treatment under As; flux at 550 °C for
10 min, the Au film dispersed into uniformly distributed nanoparticles on the
substrate surface. In the GS-MBE system, Ga was supplied from a solid elemental
effusion cell and As; was supplied from a hydride gas cracker operating at 950 °C.
The growth temperature, V/III flux ratio and 2D growth rate were set to 565 °C,
2.3, and 1pm-h™, respectively. The NW growth was initiated by opening the Ga
effusion cell shutter. Core-shell p-n structured NWs were formed by appropriate
switching of the p- and n-type dopants during growth. Te from a GaTe effusion
cell was used for n-type doping and a Be effusion cell was used for p-type doping
with concentrations of about 4x10*® cm™ and 5x10™ cm™, respectively. After
growing the Te-doped core for 7.5 min, the GaTe effusion cell shutter was closed

and the Be effusion cell shutter was opened for 17.5 min of p-doped shell growth.
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Previous studies have established that radial core-shell p-n structures will form
under the present growth conditions [5]. The morphology of NWs was surveyed

using a JEOL JSM-7000F field emission SEM.

For device fabrication, the top electrode was isolated to the tip of the NWs to
prevent Schottky barrier depletion of the thin NWs due to the
metal/semiconductor interface. To isolate the contact to the tip of the NW, a 10
nm layer of SiOy as illustrated in Fig. 5.1e,f was deposited on the NWs by plasma
enhanced chemical vapor deposition. Before contact deposition, a two-step
photolithography process was performed. First, Shipley S1808 photoresist was
deposited on the sample and rested for 10 min to ensure penetration into the space
between NWs. Next, the photoresist was spin-cast at 4000 rpm for 30 s. The
photoresist from the tip of the NWs was removed by 2 min of oxygen reactive ion
etching. The exposed oxide at the tip of the NWs was subsequently removed by
etching in buffered HF for 20 s, followed by soaking in acetone for 10 min to
remove the remaining photoresist which worked as an etch mask.

In the second step, the area for contact formation was defined by a lift-off
procedure. The sample was covered with Shipley S1827 photoresist and allowed
to rest for 10 min. Spin-casting was done at 4000 rpm for 20 s. After mask
exposure, the photoresist was developed by MF319 developer and dried with No.
The opaque contacts defined by the mask was comprised of 79 interdigitated
finger electrodes, shown in Fig. 5.2, each with length of 1928 um, width of 8 um,

and spacing between fingers of 8 um. The contact fingers were formed by
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depositing a 2-D equivalent thickness of 250 nm Ti, 500 nm Pt, and 400 nm Au
on top of the NWs by electron beam evaporation at room temperature. Note that
these thicknesses corresponded to less than 100 nm of deposited thickness on the
NWs due to the large surface area of the NWs relative to a planar surface. The
back contact was formed by depositing 25 nm Ni, 50 nm Ge and 120 nm of Au by
e- beam evaporation. After contact deposition, HF etching removed the SiO, from
the surface of the NWs located between the contact fingers to permit later
passivation of the NW sidewalls by sulfur. Before passivation, the sample was
annealed at 400 °C for 30 s for ohmic contact formation. The sample was bonded
from the back contact to a piece of copper using Ag epoxy for current-voltage (I-
V) measurements.

Cell 1-V characteristics were obtained by contacting the interdigitated finger
electrodes on top of the NWs and the substrate electrode. 1-V characteristics were
measured by a Keithley 2400 source meter. The energy conversion efficiency was
measured by illuminating the device using a Newport 96000 solar simulator under
1 Sun or under slight concentration of 2.6 Suns (=260 mW/cm?, which was the
maximum intensity available from the solar simulator). Current density was
obtained by dividing the measured current by the finger electrode contact area of
0.0122 cm?. Solar cell performance was assessed by the standard metrics of open
circuit voltage (Voc), short circuit current (lsc) or current density (Js), fill factor

(FF) and efficiency (n).
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Photocurrent measurements were also obtained by illuminating the device using
a He-Ne laser (632.8 nm) focused by a x10 objective lens resulting in a laser spot
diameter of ~5 pm and power of ~70 pW at the sample position. The position of
the laser spot on the sample surface was measured directly with a CCD camera.
The laser spot was scanned across the contact fingers to obtain spatially-resolved
photocurrent measurements. Photocurrent measurements were performed before
and after sulfur passivation of the NW sidewalls to assess changes in device

performance.

The NWs exposed between the contact fingers were sulfur passivated using a
solution of 5 M ammonium polysulfide (NH,4),Sx diluted by a factor of 10 in
isopropanol alcohol. The passivation was performed by soaking the sample in the
passivation solution for 5 min under light from a 30 Watt optical fiber lamp at 62
°C. After passivation, the device was rinsed in methanol and dried with N,. The
device was heated for 2 s on a hotplate at 200 °C to remove the elemental sulfur
left on the sample. All passivation procedures were performed in a glove box
under N, ambient to prevent the re-oxidation of the GaAs surface during the

passivation procedure.

Sulfur passivation was assessed on single NWs using room temperature u-PL.
Single NWs were dispersed on oxidized silicon substrates with surface oxide
layers of approximately 350 nm thickness. Single NWs were located by CCD
imaging, while p-PL excitation and collection were performed through a

microscope objective with numerical aperture of 0.7, providing a spot diameter of
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about 1 um. The excitation was provided by a HeNe laser at wavelength of 632.8
nm with incident light polarized parallel to the NW. PL was resolved by a 75 cm
grating spectrometer, and detected by a liquid nitrogen cooled Si CCD camera.
The performance of the finger electrode device was compared to a similar
device comprised of 800 um diameter ITO contact dots. Device fabrication
procedures for the ITO dot were similar to that above and as described in detail

elsewhere [5].

5.3 Results and Discussion

SEM of the NWs in Fig. 5.2 revealed a maximum NW length of about 3 pum
and average diameter of about 50 nm. The NWs exhibited a tapered morphology
due to vapour-solid radial growth which occurs simultaneously with the Au-
assisted axial growth resulting in core-shell p-n junction NWSs as described

previously [5].

Fig. 5.3 shows the illuminated I-V characteristics of the NW solar cell with
finger electrodes. The solar cell before passivation exhibited Vo=0.14 V, 15.:=0.36
mA, FF=0.265 and n=1.09% under 1 Sun illumination (see cell type (1) in Table
1). Under a slight concentration of 2.6 Suns, the solar cell exhibited V,=0.21 V,
l5c=0.94 mA, FF=0.289 and n=1.80% (type (2) in Table 1). When normalized to
the illuminated area of 0.0122 cm? between finger electrodes, the current
measurements at 1 Sun and 2.6 Suns correspond to a current density of 29.5 mA

cm? and 77.0 mAcm?, respectively. The current (or current density) was
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proportional to the illumination as expected. The large change in Vo with
concentration can be attributed to the poor fill factor and efficiency in these

devices as discussed below.

Figure 5.2: Tilted view SEM image of finger contacts on NWs. Dark regions are
the contacts. Lower inset shows an enlarged view of contact fingers. Upper inset
shows NWs buried under two contact fingers (indicated by arrows) and NWs
between the contact fingers.
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Table 5.1: Summary of cell measurements

Type of Cell IHHlumination | Vq (V) | I (MA) | FF n (%)
(Suns)

(1) Finger electrode 1 0.14 0.36 0.265 1.09
before passivation

(2) Finger electrode 2.6 0.21 0.94 0.289 1.80
before passivation

(3) Finger electrode 2.6 0.22 1.03 0.30 2.14
after passivation

(4) Passivated finger 2.6 0.22 0.31 0.26 0.56
electrode after
sonication

(5) Masked finger 1 0.04 0.16 0.268 0.14
electrode
(unpassivated)

(6) ITO (unpassivated) | 1 0.11 0.18 0.272 1.07

(7) Masked ITO 1 0.03 0.053 0.276 0.087

(unpassivated)

The latter results can be compared to a solar cell device fabricated using the
same NWs but with 800 pum diameter ITO contact dots that were fabricated in a
manner identical to that described previously [5]. In this case, the I-V
characteristics (not shown) yielded V,=0.11 V, 1=0.18 mA, FF=0.272 and
N=1.07% under 1 Sun illumination (type (6) in Table 5.1). Hence, the ITO device
efficiency was comparable to that of the finger electrode device. The ITO contact
dot with area of 5.02x10" cm? yielded J;.=35.8 mAcm™. However, the maximum
possible current density is 32 mAcm? at 1 Sun, obtained when all incident
photons above the GaAs bandgap are converted to electron-hole pairs; that is, Js
= (g/hc) | AM(A)dA. This indicates that carriers in the present device are being
collected over a region larger than that defined by the contact area as will be
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discussed further below. In both the ITO and finger electrode devices, a thin film
p-n junction exists between the NWs. This thin film can conduct carriers laterally
to the finger electrodes or ITO dot, such that the collection area is greater than the
contact area. As a result, the actual current density is less than that defined by the

electrode contact area.
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Figure 5.3: Illuminated (2.6 Suns) I-V characteristics of the finger electrode
device before and after sulfur passivation.

To illustrate that carrier generation and collection occurs from a substantial
region surrounding the finger electrodes or ITO dot, the region surrounding each

contact area was masked with opaque polypropylene material. For example, when
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the region surrounding the finger electrode area was masked, the unpassivated cell
yielded Vo.=0.04 V, 15:=0.16 mA (13.1 mAcm™), FF=0.268 and n=0.14% under 1
Sun illumination (type (5) in Table 1). Similarly, when the region surrounding the
ITO dot was masked, the device (unpassivated) yielded V(=0.03 V, 15,=0.053 mA
(10.6 mAcm?), FF=0.276 and 1=0.087% under 1 Sun illumination (type (7) in
Table 5.1). As a result, both devices exhibited worse performance when masked
as compared to their unmasked counterparts. The latter results confirmed that
significant carrier generation and collection occurred in the regions surrounding

the contact area.

In addition, when the correct contact area is defined, the results show improved
performance for the finger electrode device as compared to the ITO device. As
will be shown below, this can be explained by the absorption losses associated

with the ITO.

The sheet resistance of the thin film between NWs, which is responsible for
lateral conduction, was estimated by measuring the I-V characteristic across the
interdigitated contact fingers approximated (ignoring current spreading) by p.=
RL/nW where R is the resistance (67Q) extracted from the linear |-V
characteristic measured between interdigitated contact fingers, L is the contact
finger length (1928 um), W is the spacing between contact fingers (8 pum), and n
(=79) is the number of contact fingers. The linearity of the I-V measurement (not

shown) confirmed that ohmic contacts were formed to the NWs. The value of 204
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Q/[] obtained in this manner can be compared to the nominal sheet resistance
estimated by the nominal thickness and doping of the film. The nominal 2-D
growth rate of 1 pm-h™ and the growth duration of 17.5 min used for the p-doped
shell correspond to a maximum possible film thickness of 291 nm. The nominal
sheet resistance of a p-doped GaAs layer with thickness of 291 nm and nominal
doping concentration of 5x10*® cm™ is 344 Q/(1 [77], which is the same order of
magnitude as that measured. This comparison indicates that the thin film between
NWs is of reasonable sheet resistance to conduct carriers laterally to the contact
region. Further demonstration of lateral carrier transport was provided by laser

scanning measurements discussed below.

Room temperature p-PL was measured on identical NWs before and after
sulfur passivation. No detectable p-PL was obtained prior to sulfur passivation,
while measurable pu-PL intensity was obtained after sulfur passivation as shown in
Fig. 5.4 for a representative NW. The sulfur passivation improved pu-PL intensity
substantially probably by reducing surface states and surface recombination. The
peak intensity occurred at 1.421 eV, close to the expected bulk GaAs bandgap

energy of 1.424 eV.
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Figure 5.4: Room temperature p-PL from a single
NW before and after sulfur passivation.

Fig. 5.5 compares the performance of the finger electrode device before and
after sulfur passivation. After passivation, the device gave V,=0.22 V, 15:=1.03
mA, FF=0.30 and n=2.14% under 2.6 Suns illumination (type (3) in Table 5.1).
Compared to the unpassivated cell, V., Js,, FF and i improved with passivation.
The relative improvement in cell efficiency was 19%.

The efficiency of sulfur passivation was also assessed by laser scanning
photocurrent measurements before and after passivation and after removal of the
NWs by a sonication procedure in acetone for 30 s. The resulting photocurrent

measured at zero applied bias (similar to lg) at various laser beam positions is
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shown in Fig. 5.5. The shaded regions in Fig. 5.5 indicate the location of the NWs
covered by the contact fingers. The minimum photocurrent before passivation
coincided with the position of the contact fingers due to shadow loss from the
contacts, while photocurrent was maximum between the contact fingers due to
unshadowed NWs. Photocurrent was non-zero at the position of the contact
fingers indicating that the contacts were sufficiently thin to allow transmission of
the HeNe laser to the underlying NWs. Photocurrent measured between the
contacts improved with passivation from 5 to 6 pA, while photocurrent measured
under the contact area did not change after passivation since the NWs covered by
the contact metal were not exposed to the sulfur passivation.

Next, laser scanning measurements were performed after removal of NWs
between the contact fingers by the sonication procedure. After sonication, NWs
protected under the contact fingers were left intact while surrounding NWs were
removed as verified by SEM measurements (not shown). As observed in Fig. 5.5,
photocurrent between the contact fingers decreased appreciably after sonication
with a relatively small photocurrent remaining that can be attributed to the
remaining thin film p-n junction that grew between the NWs. On the other hand,
photocurrent did not change at the contacts since NWs were not removed by
sonication in this area due to the protective covering of the contact. Overall, the
laser measurements indicated a dominant effect from the NWs between the
contact fingers as compared to the thin film or those NWs buried under the

contact.
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Figure 5.5: Photocurrent measured by HeNe laser scanning on finger electrode
device. Shaded regions indicate the location of contact fingers. Data points
indicate positions of photocurrent measurement. Dashed lines are guides to the
eye.

Laser scanning measurements were also performed for the ITO device. Fig. 5.6
shows the photocurrent measured as the laser was scanned across two contact dots
with the probe contacting one ITO dot near the 1100 pum position. Photocurrent
increased when the laser was immediately moved off the edge of the ITO contact

dot indicating significant absorption losses from the ITO. A measurable current
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was obtained in the region between contact dots due to collection of
photogenerated carriers along the thin film between NWs. The slope of
photocurrent versus position between the two contacts indicate a hole drift-
diffusion length of ~300 to 350 um which is probably limited by the large leakage

current in these devices.
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Figure 5.6: Photocurrent measured by HeNe laser scanning on ITO device.
Data points indicate positions of photocurrent measurement. The shaded
regions indicate the positions of the ITO contact dots. The contact probe was
placed near the 1100 pm position.

Although sulfur passivation has been shown as an effective method for
improving the optical and electrical performance of 111-V semiconductor devices,
its long-term stability is known to be problematic. The stability of the sulfur
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passivation was determined by measuring the finger electrode cell efficiency over
time. The cell was left in ambient air and dark conditions between solar cell
measurements. The 2.6 Sun efficiency decreased steadily from 2.14% measured
immediately after passivation to a value of 1.80% after 7 days, which was equal to
the efficiency prior to passivation. When the passivation was repeated a second
time, the improved efficiency was recovered indicating reproducibility in the

passivation process.
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5.4 Conclusions

Sulfur passivation was shown to improve the PV characteristics of core-shell p-
n junction GaAs NW solar cells. Although sulfur passivation is unlikely to be
adopted for solar cells due to stability issues, the results demonstrated the
potential for cell improvement with sidewall surface passivation. Longer term
passivation strategies consist, for example, of AlGaAs shells on the GaAs NWs
[59]. Further improvement in the NW solar cell can be expected by implementing
an intrinsic layer between the n-doped core and p-doped shell of the NWs to
reduce the deleterious effects of tunneling and to provide field-assisted carrier
collection. The sheet resistance of the hole conducting p-doped film between
NWs was estimated at several hundred ohms/square. This sheet resistance could
be reduced by reversing the n- and p-doping; i.e., by employing a p-doped core
with an n-doped shell layer. An n-doped surface layer at a doping concentration
of 5x10™ cm™ should exhibit a sheet resistance of 21 Q/(1, comparable to the best
planar ITO results [77]. With this sheet resistance, the finger contact spacing
could be increased to several millimeters with negligible resistive power loss,
thereby reducing the contact shadow loss [143]. Overall, the results suggest an
alternative strategy to ITO for carrier collection, analogous to that employed in

high efficiency I11-V or Si cells.
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Chapter 6

Conclusions and Future Work

6.1 Thesis Summary

Sulfur passivation of NWs was investigated in this study by measuring changes
in optical properties of InP NWs, electrical properties of GaAs NWs, and
efficiency of NW solar cells. Sulfur passivation, as an effective passivation
method for 1lI-V semiconductors, was optimized for NWs. Ammonium
polysulfide (NH;).Sx was used for passivation. The high etching rate of stock
solution, which is not appropriate for NWs, was reduced by diluting the solution
in different solvents: DI water, methanol, and IPA. IPA was chosen as a proper
solvent on the basis of PL measurements on individual InP NWs. Since the
concentration of elemental sulfur in the solution helps the formation of the
passivation layer, the optimum concentration was found to be 0.5 M again
through the PL measurements. After making a 0.5 M solution diluted with IPA,
the NWs were soaked in the solution for different times and the appropriate time
was obtained by investigating the diameter of NWs before and after passivation
using SEM. It was found that 5 min is suitable for both optimum passivation layer
formation and the minimum loss of the material due to the solution etch. The
optimized solution was applied both on dispersed single p-InP NWs and on a

piece of as-grown sample with vertical NWs. While in the first case just the top
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surface of the NWs was passivated, in the second case the whole surface was
passivated. The PL increase after passivation was in a wide range of 1-20 times
for the first group and 1-40 times for the second group. The maximum increase in
PL for vertical NWs was twice that for individual NWs. The whole passivation
procedure was performed in the glove box at 62'C and under light illumination.
The PL from single NWs was also modeled by solving Poisson’s equation and the
continuity equation numerically and found that 40 times increase in the PL from
single NW was caused by a reduction of surface recombination velocity from 10°
cm/s before passivation to 10* cm/s after passivation.

The 1-V characteristic of ensemble n-GaAs NWs was measured before
sulfur passivation, after contact area passivation, and after the whole NW surface
passivation. It was observed that the current flowing through the NWs increased
significantly after passivation. The I-V characteristic of ensemble NWs was
modeled on the basis of a metal-semiconductor structure, using thermionic theory.
It was found that after passivation the Schottky barrier height of top contact was
reduced by 0.2 eV and the resistance of NWSs decreased by two orders of
magnitude.

The effect of sulfur passivation was investigated on core-shell GaAs NW
solar cells. Non-contacted NWs were sulfur passivated but the contacted NWSs
under the opaque metal contact were left unpassivated. The relative efficiency of
the solar cell increased around 19% after passivation. Higher photocurrent was

also measured from the passivated NWs, while the photocurrent from the
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unpassivated NWs didn’t change. The effect of 2D growth between the NWs was
investigated by covering the areas around the solar cell device using opaque
polypropylene material and also by removing the NWs from non-contacted areas
by sonication. In both cases, a reduction was observed in the efficiency of the cell
which showed the contribution of the thin film between NWs to the solar cell.

The stability of sulfur passivation was also investigated by leaving the
passivated NWs in ambient. It was observed that the PL from passivated NWs and
also the efficiency of solar cells returned to the unpassivated values after 7 days.
Covering the passivated surface by SU8 was presented to increase the stability for

more than 7 months.

6.1 Future work

For optimization of NWs for future application in nano-devices, along with
extension of surface passivation, further characterization techniques are required.
In the current study, it was shown that sulfur passivation can enhance the PL from
single p-InP NWs, the current through ensemble n-GaAs NWs, and the efficiency
of core-shell n-GaAs NW solar cells. In the following, some of the areas which

need to be further investigated are discussed.

»  The effect of passivation from solution was shown to be effective, while the
passivation from gas phase can also be inspected. It needs to be performed in

an ultrahigh vacuum environment. Unlike the liquid phase passivation, which
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removes the native oxide before sulfur bond formation, in the gas phase
passivation, additional surface preparation should be performed before
passivation layer formation such as high temperature annealing ( T>600 °C)
[144] or UV radiation in an ultrahigh vacuum [145].

»  The stability of sulfur passivation is an important subject which needs more
research. When the sulfur passivated NW is left in ambient for some days,
degradation happens due to the reaction with oxygen. We showed that the
stability can increase from a few days to several months by covering the
passivated layer with a polymer. The effect of other coatings such as SiO, or
Si3zN,4 can be examined.

» Surface potential is one of the key parameters which need to be measured
before and after passivation. By measuring the surface potential the amount by
which the band bending is changed after passivation can be determined. The
surface potential can be measured using Raman spectroscopy [117], or
scanning Auger electron microscopy [146].

» X-ray photoelectron spectroscopy (XPS) can help to detect various bonding
formations on the surface before and after passivation. This becomes more
interesting with sulfur passivation, which highly depends on surface
orientation, is applied on NWs with multiple facets and different orientations.

» |-V characteristic of single NWs can reveal more information about the

electrical properties of NWs compared to the ensemble NWSs. The contacts
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area can be passivated separate from the bulk of the NW and the effect of both
parts on the total current can be determined with higher precision.

» Normally the NW-based devices are made by using ensemble NWs on as
grown samples. One of the critical parts which greatly affect the device
functionality is the back contact. As discussed in Chapter 4, the formation of
an n-n+ junction disturbs the ohmicity of the back contact. The carrier
transport through these junctions can be analysed by examining samples with
different dopant concentrations in substrates and NWSs. Optimization of the
back contact can improve the functionality of NW-based devices such as solar
cells.

» A model was developed in Chapter 4, to justify the measured I-V curves. It
was shown that the passivation reduces the barrier height of the top Schottky
barrier and resistivity of the NWs. This change can be attributed to the
reduction of surface states and/or depletion width of the NWs. Using the
continuity equation and Poisson’s equation, a model can be developed to
numerically quantify the predicted change in density of surface states and
depletion width after passivation.

> In the polarization setup used for the current study, the polarization of the
excitation beam was manipulated. To analyze the polarization of the emitted
PL, the setup should be upgraded by using an extra Glen-Thompson polarizer

and a wave plate. Analyzing the polarization of emitted PL before and after
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passivation shows the difference in the effectiveness of passivation for the
states emitting parallel or perpendicular to the NW’s axis.

» Since sulfur passivation is a photo-electrochemical reaction, the passivation
reported in this research was performed under unpolarized light emission. The
effect of using polarized light can be inspected on the quality of the passivant
layer formation. The etching rate can also be changed using light polarized
parallel or perpendicular to the NW’s axis.

» Time-resolved PL determines the carrier lifetimes and can be used to
distinguish different recombination mechanisms in the NWs. It can also be
used to determine the contribution of surface states and depletion layer in PL
intensity reduction [70,147].

» Using spatially-resolved photoluminescence imaging, the whole length of the
NW can be scanned and the PL emitted from different parts can be
investigated. The PL emission can vary along the NW due to localized states,
nonuniformity in dopant distribution, and compositional variations. If a part of
a NW is depleted, the position can be determined by 2D PL imaging. After
passivation the 2D PL map can be compared before and after passivation and
the effect of passivation can be further explored. Using PL mapping, it is
shown that the passivated GaAs NW has lower defect states than the

unpassivated NW [148].
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