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Abstract
Considerable attention has been devoted to silicon (Si) nanowire arrays for photovoltaic
energy conversion applications. Vertical arrays of Si nanowires with radial p-n/p-i-n junctions
decouple the light absorption direction and photogenerated carrier collection direction, which
enables the use of lower-quality Si materials without sacrificing device performance. Moreover,
vapor-liquid-solid (VLS) technique offers the possibility of growing Si nanowires on
inexpensive substrates such as glass or metal foil instead of crystalline Si substrates, which can
reduce the cost of Si-based solar cells. The radial junction dark current plays an important role in
the photovoltaic performance of these devices because Si nanowire arrays have significantly
larger electrically active junction area relative to illuminated area of the solar cell. Previously
reported Si nanowire solar cell devices suffer from the high dark current, low open circuit
voltage, and low energy conversion efficiency. Therefore, it is necessary to understand the
mechanisms responsible for the high dark current in radial junction Si nanowires and to develop
strategies to improve junction properties through optimization of the VLS growth and shell
coating processes.
This thesis reports on the electrical and photovoltaic properties of individual radial
junction Si nanowire devices to evaluate the effectiveness of different nanowire VLS growth and
shell coating conditions. A process was developed to fabricate radial p+-n+ and p+-i-n+ junction
Si nanowire devices that combines deterministic bottom-up assembly of individual nanowires
with conventional top-down device nanofabrication. The effect of the metal catalyst, coating
morphology and shell layer passivation were investigated in this research.
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In chapter 3, VLS growth using Al as catalyst was used to synthesize the p-type Si
nanowires. Radial junctions were formed by low pressure chemical vapor deposition (LPCVD)
of n+ or i-n+ Si layers on the p-type nanowires. In chapter 4, p-type nanowires were synthesized
by VLS growth using Au as catalyst. The n-type shells were deposited by LPCVD at different
growth temperatures to investigate the effect of coating morphology and pretreatment conditions
on the electrical properties of the junctions. In chapter 5, radial heterojunction with intrinsic thinlayer (HIT) nanowire junctions were formed by plasma enhanced chemical vapor deposition
(PECVD) of amorphous hydrogenated Si (a-Si:H) i-n layers on Au-catalyzed VLS-grown p-type
wires. The electrical properties and photovoltaic performance of devices fabricated from
individual radial junction nanowires were evaluated by current-voltage (I-V) measurement in the
dark and under Air Mass 1.5 Global (AM 1.5G) illumination. Variable-temperature I-V
measurements were used to analyze the mechanisms responsible for the dark current and to
determine the conditions that produce the highest quality radial nanowire junctions for
photovoltaic applications.
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Chapter 1 Introduction

1.1 Background and motivation

1.1.1 Wafer-based single crystal Si and thin-film Si solar cells

The resurgence of interest in renewable energy sources is evident from recent work in
wind-power, fuel cells, solar cells, geothermal energy, and biofuels. Solar energy conversion to
electricity is perhaps the most appealing of all these options because the energy source is readily
available.1 Silicon (Si) solar cells play a central role for providing solar energy due to silicon’s
natural abundance, non-toxicity, and compatibility with integrated circuit (IC) fabrication
techniques. Currently, demonstrations have shown wafer-based single crystal Si solar cell
modules with energy conversion efficiency () of nearly 25%, open-circuit voltage (Voc) of
0.706V, short-circuit current density(Jsc) of 42.7mA/cm2, and fill factor (ff) of 82.8%.2
While efforts are ongoing to improve efficiencies to approach the theoretical limit of
31%3 for a single band-gap solar cell, high module costs remain the major impediment to
widespread commercial use. Approximately 50% of the cost of producing a wafer-based single
crystal Si solar cells is associated with the production costs of Si substrates.4 In conventional
planar devices, thick high purity single-crystal Si wafers are necessary to maximize absorption of
incident solar radiation and to achieve sufficiently long minority carrier diffusion lengths for
efficient collection. Figure 1-1 shows a conventional wafer-based single crystal Si solar cell. In
this planar structure, the light absorption direction is the same as the photogenerated carrier
collection direction. In this case, the minority carrier diffusion length should be the same as the
cell thickness to collect all of the photogenerated carriers.
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Figure 1-1 Schematic of a wafer-based single crystal Si planar p-n junction solar cell.
Silicon is an indirect band gap material in which the minimum energy state of the
conduction band and the maximum energy state of the valence band have different crystal
momenta. This renders optical absorption inefficient due to the requirement of phonon emissionscattering with photons. A Si thickness of approximately 125m is needed to absorb 90% of the
incident light (all photons with energy above the bandgap).5 Achieving such long minority
carrier diffusion lengths requires extremely high purity Si material, which increases the solar cell
cost.
Thin-film Si solar cells provide a solution for reducing manufacturing costs of
photovoltaic (PV) cells by using amorphous silicon (a-Si:H) and microcrystalline silicon (cSi:H) materials to form the junctions.6 Both materials can be deposited at low temperatures on
low-cost substrate materials by plasma-enhanced chemical vapor deposition (PECVD) from a
mixture of silane (SiH4) and hydrogen (H2) gasses. Thin-film devices require far less Si than
wafer-based single-crystal Si solar cells, which results in significant reductions in manufacturing
cost.
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The electrical properties of a-Si:H and µc-Si:H are different from single-crystal Si (c-Si).
Figure 1-2 shows two-dimensional illustrations of the crystal structure of these three types of Si.7
In contrast to c-Si, which is highly ordered throughout the volume, a-Si has order only within a
few atomic or molecular dimensions, while c-Si has a high degree of order over many atomic or
molecular dimensions. In both a-Si and µc-Si, many dangling bonds exist between atoms. The
dangling bonds degrade the minority carrier lifetimes and diffusion lengths in a-Si and c-Si
materials,6,8 which reduces the efficiency of carrier collection in comparison to c-Si.

Figure 1-2 Two-dimensional schematic illustrations of (a) c-Si (b) a-Si and (c) µc-Si.
The optical absorption properties of a-Si:H and c-Si:H are also different from c-Si due
to their different crystal structures. Figure 1-3 shows the optical absorption coefficient  as a
function of photon energy h, for c-Si, a-Si:H and c-Si:H.9 The right vertical axis of Figure 1-3
plots the photon penetration depth, which is the layer thickness needed to absorb 63% of the
incident photons. As shown in the plot, c-Si:H has a higher value of  than c-Si for h >1.4eV
because of light trapping between grain boundaries10. For h >1.75eV,  of a-Si:H is higher
because the structural disorder “relaxes” quantum-mechanical selection rules. Even with the
higher , light absorption is still low in a-Si:H and c-Si:H materials.
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Figure 1-3 Optical absorption coefficient  and the penetration depth of monochromatic
light with photon energy h and wavelength , for wafer-based crystal silicon (c-Si) and
typical device-quality a-Si:H and µc-Si:H layers on glass.

Figure 1-4 shows the cross-section a typical thin-film Si solar cell. Due to the low
minority carrier diffusion lengths of a-Si:H and c-Si:H, p-i-n diodes are used in thin-film solar
cells. In these cells, relatively thick intrinsic (i) a-Si:H or c-Si:H layers are used to absorb
incident light, and the electric field created in i-layer by the p- and n-layers separates and collects
the photo-generated carriers. Cell thicknesses vary from several hundred nanometers to several
micrometers, so light absorption is not efficient during a single pass. To improve absorption,
textured transparent conducting oxide (TCO) electrodes and back reflectors are used to scatter
light, thereby increasing the optical path length for collection. Compared to wafer-based c-Si
solar cells, the energy conversion efficiency of a-Si:H/µc-Si:H thin-film solar cells remains low
due to the extremely short minority carrier diffusion lengths in these materials. The best µc-Si:H
thin-film solar cell has an energy conversion efficiency of 11.0%, Voc of 0.542V, Jsc of
27.44mA/cm2 and ff of 73.8%.11
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Figure 1-4 Cross-sectional schematic of a thin-film a-Si/c-Si p-i-n junction solar cell.

Wafer-based Si and thin-film Si solar cells require anti-reflective coatings (ARC) to
reduce the light reflection from the surfaces due to the high refractive index of Si. Quarterwavelength transparent thin films are now the industrial standard for ARC for solar cells.
However, quarter-wavelength ARCs are limited to suppressing reflection at a specific
wavelength and at specific angles of incidence.9,12-14

1.1.2 Solar cells with radial p-n junction micro/nanowire arrays

Proposals for solar cell structures with radial p-n junction micro/nanowire arrays assert
significant improvements in carrier collection and overall efficiency over planar p-n junctions
when Si materials with low minority carrier lifetimes and short diffusion lengths are used.15
Figure 1-5 shows a cross-sectional structure of a solar cell with a radial p-n junction nanowire
array. The cell absorbs light along the axial direction of the wire and it collects photogenerated
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carriers along the radial direction. This structure yields a very short distance for carrier collection.
Therefore, even for low quality materials with very low minority carrier diffusion lengths,
photogenerated carriers can reach the p-n junction with high efficiency without substantial bulk
recombination.
Many researchers have reported on arrays of vertically aligned radial p-n junction wire
array solar cells (Figure 1.6). By using deep reactive ion etch (DRIE) of single crystal Si wafers
and thermal diffusion of n-type dopants, Garnett and Yang fabricated Si nanowire radial p-n
junction arrays with enhanced light trapping of the incident solar radiation and conversion
efficiencies of over 5%.16 Using a similar method, Yoon et al. produced solar cells with radial pn junction pillar arrays having pillar diameters of 7.5 µm and lengths of 25 µm from c-Si wafers
with low minority carrier diffusion lengths of 10µm and 1 µm. In both cases, measurements
confirmed a more than a factor of two increase in the AM 1.5 conversion efficiencies from the
solar cells with radial p-n junction Si pillar arrays compared to the corresponding planar cells.
The improvement was due to higher Jsc from the increase in the effective absorption length of

Figure 1-5 Cross-sectional schematic of a radial p-n junction nanowire array solar cell.
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incident light in structures with radial junction pillar arrays.17
The use of vapor-liquid-solid (VLS) grown c-Si wires offers the possibility of eliminating
thick Si substrates,18-26 which contributes significant cost to traditional Si PV modules. Therefore,
radial junction c-Si wire solar cells have the potential to produce energy conversion efficiencies
that approach those of wafer-based c-Si cells at significantly lower cost. Figure 1-7 illustrates the
growth of nanowires by the VLS technique. In this process, the metal catalyst (Au, Cu or Al)
forms droplets of a Si-containing liquid alloy at a high temperature (>550C) by absorbing Sicontaining precursors from the gas phase. Upon chemical deposition and dissolution of the
precursor into the droplet, the solution becomes supersaturated and overcomes the nucleation
barrier for precipitation of Si. Any additional flux of the dissolved species leads to further
precipitation and nanowire growth. Under proper conditions (substrate, precursor, temperature,
catalyst and concentration), vertical nanowire growth is possible.27 Catalyst patterning

Figure 1-6 (a) Scanning electron microscope (SEM) image of a portion of the 2.72.7µm2
etched radial n+-p+ junction pillar array cell that is composed of ~105 pillars that are 7.5 µm
in diameter and 25 µm tall. Inset shows the side wall profile at the base of a pillar. (b) Light
J-V characteristics of planar and etched radial junction pillar array solar cells. Sample A is
formed by diffusing an n+ junction in a p+ Si substrate with doping density NA=51018cm-3,
minority carrier diffusion length Ln~10µm while sample B is formed using the same
diffusion conditions in a p+ Si substrate with NA=71019cm-3, Ln~1µm. Reprinted with
permission from[17]. Copy right 2010, American Institute of Physics.
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approaches have been used to realize ordered micro/nanowire arrays.28
Microwire array solar cells formed by diffusing phosphorous (P) into Cu-catalyzed wires
grown by VLS using SiCl4 as a precursor exhibited a short-circuit current density (Jsc) of
24mA/cm2, open-circuit voltage (Voc) of 0.5V and energy conversion efficiency of () of 7.9%
(Figure 1-8).29 However, forming the radial p-n junction by high temperature diffusion (>1000C)
is not compatible with fabrication on low-cost substrates such as glass. Low-pressure chemical
vapor deposition (LPCVD) or plasma-enhanced chemical vapor deposition (PECVD) coatings on
VLS grown Si wires can be used to form radial junctions at low temperatures. The reported
devices show high dark current, low Voc, and low conversion efficiencies (Figure 1-9).

19,23,30

This points out that significant work is required to identify surface preparation methods and wire
coating conditions to optimize the bulk and interfacial properties of VLS-grown radial
junctions20.

Figure 1-7 Nanowire array growth using the VLS mechanism.
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Figure 1-8 (a) Cross-sectional SEM image of a Si microwire array after radial p-n junction
formation. The white arrow denotes the height of the thermal oxide (used as a phosphorus
diffusion barrier in the radial p-n junction fabrication process). Inset: top-down SEM image
of the same Si microwire array illustrating the pattern fidelity and slight variation in wire
diameter. Cross sectional SEM image of (b) an as-grown solar cell, (c) a scatterer solar cell
and (d) a solar cell with a-SiNx:H passivation layer, a Ag back reflector and Al2O3 scatter
particles (PRS solar cell). Insets: higher magnification SEM images of the wire tips coated
with ITO. (e) Current density as a function of voltage for the best microwire solar cell of
each cell type in the dark and (f) under simulated AM 1.5G illumination. The black line in
(e) is an exponential fit to the dark J-V data of the PRS solar cell and was used to extract an
ideality factor of 1.8. Reprinted with permission from [29]. Copyright 2011, Royal Society
of Chemistry.
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Figure 1-9 (a) Schematic cross-sectional view of the Si nanowire solar cell architecture.
The nanowire array is coated with a conformal a-Si:H thin film layer. (b) SEM (plan view)
of a typical Si nanowire solar on stainless steel foil, including a-Si and ITO layers with
insets showing a cross sectional view of the device and a higher magnification of an
individual Si nanowire coated with a-Si and ITO. (c) Dark and light (under simulated
AM1.5 conditions) current-voltage characteristics of a typical Si nanowire solar cell
devices fabricated on stainless steel substrates. (d) Measured external quantum efficiency
(EQE) for a Si nanowire cell showing a broad EQE response. Reprinted with permission
from [30]. Copyright 2007, American Institute of Physics.

1.1.3 Photovoltaic performance analysis of radial p-n junction micro/nanowire arrays

The energy conversion efficiency of a solar cell can be expressed as:



J sc  Voc  FF
Pin

(1-1)

where Pin is the incident solar power density. Radial p-n junction micro/nanowire arrays have the
potential to enhance light absorption and photogenerated carrier collection in comparison to
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conventional solar cells with planar p-n junctions. Therefore, Jsc is typically larger for radial p-n
junction micro/nanowire arrays. The Voc is given by:

Voc 

J  Aillumimation
nkT
ln( L
 1)
q
J 0  AJunction

(1-2)

where JL is the density of light current, J0 is the reverse saturation current density, Aillumnination is
the illuminated area, and Ajunction is the active junction area of the solar cell. For conventional
planar p-n junction solar cells, the illuminated and junction areas are equal. In radial p-n junction
micro/nanowire arrays, the junction area is significantly larger than the illuminated area, which
increases the effective dark current density of the cell. The increased dark current results in a
decrease in VOC relative to a comparable planar cell.
Figure 1-10 plots the simulated Jsc, Voc, and  of a radial c-Si p-n junction microwire
array with a wire diameter of 2 µm and a filling fraction (ratio of illuminated area with wires to
illuminated area without wires) of 0.5. This model neglects the parasitic parameters for solar

Figure 1-10 Comparison of modeled radial p-n junction microwire array solar cell
efficiency and conventional planar structure p-n junction solar cell efficiency.
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cells (series resistance Rs, shunt resistance Rsh), and uses 5µm as the minority carrier diffusion
length. In this case, the region within 5 µm of the junction (wire surface) collects photogenerated
carriers. The simulated results show that when J0 is less than ~10-10 A/cm2, the conversion
efficiency of the array increases as the wire length increases. For microwires that are greater than
5 µm in length, the array gives higher conversion efficiencies than a planar structure due to the
higher Jsc. However, as J0 increases above ~10-10 A/cm2, the dark current from the larger junction
area lowers the conversion efficiency relative to a planar cell with the same junction design and
material properties.
For a microwire array solar cell having J0 > 110-7A/cm2, which is valid for most VLSgrown radial junctions, a trade-off between the light current IL and energy conversion efficiency
is unavoidable. As the wire length L increases, IL increases. However,  reaches its maximum
value at a wire length, Lm, because increasing length leads to larger junction area and larger
saturation current I0, which offsets the absorption advantages of microwire array cells. For J0 >
110-6A/cm2, the efficiency of wire arrays is always lower than planar p-n junction solar cells.
This simple comparison shows that reducing the dark current of the radial p-n junction
micro/nanowire arrays is critically important in obtaining high efficiency cells. Although the
dark current has an important effect on Voc and , there is limited experimental data
characterizing the mechanisms responsible for the high dark current in VLS-grown radial p-n
junction wires.
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1.1.4 Single p-n junction nanowire solar cell

To increase the energy conversion efficiency of micro/nanowire array solar cells, an
understanding of the mechanisms responsible for the increased dark current and PV performance
is necessary. Single-nanowire devices enable a careful study of the fundamental processes such
as photon absorption, minority carrier collection, resistivity, and surface and bulk
recombination.31-32 Prior research reported single coaxial p-i-n junction Si nanowires fabricated
with gold (Au) as a catalyst for VLS-growth (for p-core) and LPCVD (for i-n stack shell). The
nanowire radial junction devices had a maximum power output of up to 200 pW per nanowire
device and an apparent efficiency for energy conversion of up to 3.4% (Figure 1-11).33

Figure 1-11 (a) Illustrations of the core/shell Si nanowire structure. (b) SEM image
corresponding to schematic in (a). Scale bar is 100 nm. (c) SEM image of single coaxial p-i-n
junction nanowire solar cell device with metal contacts on p-type core and n-type shell. (d)
Dark and light I-V curves of the single coaxial p-i-n junction Si nanowire solar cell device.
Reprinted with permission from [33]. Copyright 2007, Nature Publishing Group.

For the single coaxial p-i-n junction Si nanowire structure shown in Figure 1-11, both
light absorption and photogenerated carrier separation occur in the radial direction. In this case,
the length for light absorption is identical to the nanowire diameter, which is insufficient for
complete absorption of the light. Recent theoretical studies showed that optical antenna effects in
lateral semiconductor nanowires provides significant enhancement for light absorption, with
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little dependence on illumination angle.34 As such, the nanowires capture and absorb more solar
photons than an equivalent thickness of the planar bulk material. Recent experiments also
demonstrated enhanced absorption in photocurrent measurements of lateral Ge nanowires at
specific wavelengths (Figure 1-12).35

Figure 1-12 (a) Illustration of the Ge nanowire device used for photocurrent measurements.
(b) SEM image of a 25-nm-radius Ge nanowire device. (c) Absorption efficiency, Qabs,
spectra of a 110-nm-radius Ge nanowire taken using linearly polarized transverse-electric
(TE; red) or transverse-magnetic (TM; blue) light. (d) The configuration of the electric field
intensity for typical transverse-magnetic leaky modes. The blue circle refers to the
nanowire/air interface. Reprinted with permission from [35]. Copyright 2009, Nature
Publishing Group.
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1.2 Content of thesis

This research presents a study of the electrical and PV properties of single radial p-n/p-i-n
Si nanowire junctions. VLS growth using Al as catalyst was used to synthesize the p-type
nanowires. Radial p-n/p-i-n junctions were formed by LPCVD of n or i-n Si layers on p-type
nanowires. For p-type nanowires synthesized by VLS growth using Au as catalyst, n-type layers
were deposited at different temperatures to investigate the effect of coating morphology and
surface pretreatment on the junction characteristics. To passivate the junction surfaces and
improve conversion efficiencies, a-Si:H i-n layers were deposited by PECVD on Au-catalyzed
VLS-grown p-type wires to form heterojunction with intrinsic thin-layer (HIT) nanowire
junctions. For single-nanowire devices made from all of the different types of nanowires, the
electrical properties and PV performance were evaluated by I-V measurements in the dark and
under AM 1.5G illumination. Temperature dependent I-V characteristics were used to study the
dominant dark current mechanisms for each type of junction.
Chapter 2 presents the physics and theory of planar and radial p-n junction diodes and
solar cells. The four primary dark current mechanisms are described, and the models used to
calculate each type of current are presented.
Chapter 3 describes the synthesis of radial p+-n+/p+-i-n+ junction nanowires with a selfdoped p-type core grown using Al as catalyst. Single coaxial junction nanowire structures were
contacted and characterized electrically and optically. The dark current mechanisms were
analyzed by comparing the calculated results to the reverse saturation current densities extracted
from the experimental data.
Chapter 4 and Chapter 5 describe the synthesis of radial p+-n+ junction nanowires with a
p-type core grown using Au as catalyst and trimethylboron (TMB) as an intentional p-type
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dopant. In chapter 4, the n-type shell layers were deposited by LPCVD at temperatures of either
650C or 950C. A subset of the wires were annealed at 950C prior to the 650C shell coating
to study the influence of surface preparation on the nanowire junction properties. In chapter 5,
PECVD was used to deposit thin a-Si i-n layers to form the HIT junctions. Temperaturedependent I-V properties and room temperature PV performance of single coaxial nanowire
junction devices fabricated from each type of wire were measured. The dominant current
mechanisms responsible for the I-V properties were determined by comparing experimental data
with theoretical estimates.
Chapter 6 provides a summary of the current research and presents suggestions for future
studies of Si nanowire-based PV devices.
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Chapter 2 Planar and radial p-n junctions and solar cell physics

2.1 Introduction to solar cells with p-n junctions

Photovoltaic conversion in a p-n junction device is a two-step process1. First, the n and ptype semiconductor device layers absorb photons with energy greater than the semiconductor
bandgap (Eg), resulting in generation of photocarriers. Second, minority carriers created in the
semiconductor (electrons on the p-side, holes on the n-side) diffuse toward the junction. When
the carriers reach the junction, an electric field inside the space-charge layer (depletion region)
accelerates the carriers to opposite sides of the junction. As illustrated in the energy-band
diagram in Figure 2-1(a), for an ideal p-n junction device, all of the photogenerated minority
carriers that reach the edge of the junction are collected as current.
The magnitude of the solar cell photocurrent depends on the number of photogenerated
carriers that are collected, which is determined by the illumination flux, optical absorption
properties, and minority carrier lifetimes of the semiconductor. Under short-circuit conditions,
the photocurrent is maximum, and this value represents the short circuit current Isc. Under open
circuit conditions, junctions cannot collect photocarriers, resulting in quasi-Fermi level splitting
(EFn and EFp, respectively) between the n and p regions. The difference between the quasi-Fermi
levels under open-circuit conditions is equal to the open-circuit voltage, Voc, whose value
depends on Eg, the doping density on both sides of the p-n junction, and the minority carrier
lifetimes of electrons and holes. The creation of electric current or voltage in a material upon
exposure to light is the photovoltaic effect.
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Figure 2-1 Schematics of (a) energy-band diagram for the illuminated p-n junction solar cell
and (b) wafer-based Si p-n junction solar cell.

Figure 2-1(b) shows that the photocurrent IL produces a voltage drop V across the
resistive load RL, which forward biases the p-n junction. The forward-biased voltage produces a
forward-biased current, I. This detrimental current has a direction opposite the photocurrent, and
is known as the dark current of the cell. The dark current, which depends on the intrinsic
properties of the p-n junction, plays a very important role in determining the conversion
efficiency of a solar cell.

2.2 Model of solar cell and efficiency for converting solar energy

Alan Fahrenbruch and Richard Bube described the fundamental theory of solar cells.2
Figure 2-2(a) shows an equivalent circuit model of a typical solar cell fabricated from waferbased crystalline Si p-n junction, in which ID is the dark current flowing through the diode; IL is
the photogenerated current; RS is the series resistance; RSH is the shunt resistance; ISH is the shunt
current; I is the output current; and V is the output voltage.
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Equation 2-1 expresses the output current and voltage relationship:

I  I L  I s (exp(

I D  I s (exp(
I SH 

V  IRS
q
(V  IRS ))  1) 
nkT
RSH

q
(V  IRS ))  1)
nkT

V  IRS
RSH

(2-1)

(2-2)

(2-3)

where Is and n are the reverse saturation current and ideality factor of the p-n junction,
respectively; q is the elementary charge; k is the Boltzmann constant, and T is the absolute
temperature.
The current-voltage (I-V) characteristics for a typical solar cell with a p-n junction with
(light) and without (dark) illumination appear in Figure 2-2(b). The dark current (black line) of
the solar cell is the current without illumination (IL=0), and the current depends on the intrinsic
properties of the fabricated device. When light strikes the solar cell (IL0), the photogenerated
current displaces the dark current upward into the second quadrant of the plot, as shown in
Figure 2-2(b). The total current (red line) is the sum of the photogenerated current and the dark
current.
When a solar cell is biased under open-circuit conditions, the total current is 0, and the
output voltage is the open-circuit voltage Voc. Assuming the shunt resistance is ideal (RSH=),
Equation 2-1 can be simplified to :

VOC 

I
nkT
 ln( L  1)
q
IS

(2-4)

where Voc depends on the ratio of the light current and the reverse saturation current.
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When a solar cell is operated under short-circuit conditions, the output voltage is 0.
Assuming the shunt resistance and series resistance are ideal (RS=0, RSH=), Equation 2-1 can be
simplified to:

I SC  I L

(2-5)

The short-circuit current is only the photogenerated current in an ideal solar cell.
The ideal power output from the light I-V characteristics is equal to the product of Isc and
Voc. However, in practice this power is unattainable due to losses from series resistance and shunt
resistance. For practical purposes, the maximum power point, Pm, is:

Pm  I m Vm

(2-6)

where Im and Vm are the current and voltage at the maximum power point, respectively. The solar
cell energy conversion efficiency, , is the ratio of the maximum output power to the input
power:

Figure 2-2 (a) The equivalent circuit of a solar cell. (b) Solar cell’s typical light and dark IV characteristics with a p-n junction.
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Pm
100%
Pin

(2-7)

where Pin is the input illumination power density in W/m2. The solar cell conversion efficiency is
typically given in terms of open-circuit voltage, short-circuit current, and fill-factor. The fillfactor is the ratio of the maximum output power to the product of open-circuit voltage and shortcircuit current:

Pm  Voc  I sc  ff
ff 

(2-8)

Pm
V I
 m m
Voc  I sc Voc  I sc

(2-9)

where ff is the fill-factor, which reflects the influence of the series and shunt resistances on cell
performance.

2.3 P-N junction current models

Equation 2-10 represents the total current density of a p-n junction with illumination:

J  J L  J dark

(2-10)

where JL is the light current density and Jdark is the dark current density. Jdark is given by the sum
of the diffusion, recombination, tunneling, and shunt current components as illustrated in Figure
2-3.3-6 The generalized expression that includes all of these mechanisms is given by:

 qVD
J dark  J d exp 
 A1kT



 
 qVD  
VD
  1  J r exp 
  1  J t exp( BVD ) 
RSH
 
 A2 kT  


(2-11)
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Figure 2-3 Energy-band diagram for a p-n junction showing three transport mechanisms:
diffusion current (black line), recombination current (red line) and tunneling current (green
line).
where Jd and Jr are the reverse saturation diffusion and recombination current densities,
respectively; A1 and A2 are the diode ideality factors, where A1 = 1 for ideal diffusion and A2  2
for recombination through the deep level traps located near the center of the bandgap and VD is
the diode junction voltage. Jt is the reverse-saturation current density due to defect-mediated
tunneling, which is higher for low-quality p-n junctions. The shunt current component is
inversely proportional to the shunt resistance, RSH, which is lowered by high leakage in the bulk7
or at the periphery8 of the junction. The magnitude of each of these current mechanisms is
determined by the bandgap energy, p-type and n-type doping densities, trap energy levels and
densities, and minority carrier lifetimes on each side of the junction.
The relationship between the applied voltage and the diode junction voltage VD is
calculated by:

VD  V  I dark RS

where RS is the series resistance of the p-n junction diode.

(2-12)
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Figure 2-4 Schematic of a semiconductor p-n junction and an energy-band diagram of a
forward-biased p-n junction.

2.3.1 Diffusion current

2.3.1.1 Diffusion current of planar p-n junctions

Shockley first described the diffusion current of planar p-n homojunction diodes as
shown in Figure 2-43. In this junction, the depletion region widths for the n- and p-side are given
by:

xp 

xn 

2 sVbi N a
1
( )(
)
q
Nd
Na  Nd

(2-13)

2 sVbi N d
1
( )(
)
q
Na
Na  Nd

(2-14)
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where s is the permittivity of the semiconductor; Na and Nd are doping densities in the p and n
sides, respectively; and Vbi is the built-in voltage of the p-n junction, described by:

Vbi 

N N
kT
 ln( a 2 d )
q
ni

(2-15)

where ni is the intrinsic carrier concentration.
The regions outside of the depletion region are the quasi-neutral regions (QNR). When a
positive voltage, VD, is applied to the p region with respect to the n region, electrons from the n
side are injected across the depletion region to the p side, and holes from p side are injected to
the n side, thereby inducing a current. This current is due to minority carrier diffusion in the p
and n regions, and represents diffusion current density, JD, described as:

qV


J D  J d exp( D )  1
kT



(2-16)

where Jd is the reverse saturation diffusion current density, calculated by:

 n p Dn pn Dp 
Jd  q 


Lp 
 Ln

(2-17)

This expression assumes that: (1) the Boltzmann approximation holds; (2) the junction is abrupt;
(3) thermal equilibrium exists across the depletion region; and (4) no generation or
recombination occurs within the depletion region, in which np is the minority carrier electron
2
concentration in p side and pn is the minority carrier hole concentration in the n side: n p  ni / Na ,

pn  ni 2 / N d . Dn and Dp are the diffusion coefficients of electrons and holes, respectively; and
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Ln and Lp are the diffusion lengths of electrons and holes, respectively. The intrinsic carrier
2
density is ni  Nc Nv exp( Eg / kT ) , and NcNv  T3.9 By substitution, it can be shown that:

J d  T 3 exp(

J D  T 3 exp(

Eg
kT

Eg
kT

)
(2-18)

) exp(

qVD
)
kT

(2-19)

This indicates that the dependence of Jd on temperature should be exponential with bandgap Eg,
and JD increases exponentially with VD. These dependencies can be used to determine if the dark
current is dominated by diffusion at the p-n junction.

2.3.1.2 Diffusion current of radial p-n junctions

Kayes described the model for diffusion current of radial p-n junctions.10 The geometry
of a radial p-n nanowire junction and the generalized band diagram appears in Figure 2-5, where
R is the total radius of the nanowire, xp and xn are the quasi-neutral region widths of p-type core
and n-type shell, respectively. Equation 2-20 describes the radial minority carrier profile in the

Figure 2-5 Geometry and band diagram of radial p-n junction nanowire.
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quasi-neutral region of the p-type material.

2 n ' 

n '  2n ' 1 n ' n '



0
L2n r 2 r r L2n

(2-20)

where n is the excess minority electron carrier concentration and r is the radius of the cylinder.
The boundary conditions at the center of the wire and at the edge of the depletion region are:

n' (r  0)  finite

(2-21)

n' (r  x p )  n0 (exp(

qVD
)  1)
kT

(2-22)

The solution to this differential equation is:

n( r )  c1I 0 (

r
r
)  c2 K0 ( )
Ln
Ln

(2-23)

where I0 and K0 are modified Bessel function of the first and second kinds. For the specified
boundary conditions, the constants are given by:

c1 

n0 (e qVD / kT  1) c2  0
,
xp
I0 ( )
Ln

(2-24)

From this expression, the diffusion current density in the p-type quasi-neutral region is:

n
J p  qDn

r r  x p

qDn n p (e qVD / kT  1) I1 (
Ln I 0 (

xp
Ln

xp
Ln

)

(2-25)

)

A similar method can be used to determine the diffusion current density in the n-type quasineutral region by applying the boundary conditions at the surface of the wire, given by:
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p ' (r  R  xn )  pn (exp(
S p p' ( r  R)   Dp

qVD
)  1)
kT

p '
r r  R

(2-26)

(2-27)

where Sp is the surface recombination velocity for minority carrier holes. The diffusion current
density in the n-type quasi-neutral region can be determined by:

J n   qDp

qDp
R  xn
R  xn
p

[c4 K1 (
)  c3 I1 (
)]
r r  R  xn
Lp
Lp
Lp

(2-28)

where the constants c3 and c4 are given by:
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The total diffusion current density, JD, is a sum of the components of the individual p- and n-type
current components:

qV


J D  J n  J p  J d exp( D )  1
kT



(2-29)

To provide insight into the dependence of the diffusion current density on junction
operating temperature, simulations were conducted for a radial p-n nanowire junction with the
following parameters: Na = 11019cm-3, Nd = 11020cm-3, R = 310-5cm, p-type core radius of r =
2.510-5cm, n-type layer thickness of 510-6cm, Sp=110-5cm/s. Figure 2-6 plots the simulated
diffusion current density, which has the following temperature and voltage dependence:
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Figure 2-6 Simulated diffusion current density for a radial p-n junction nanowire device at
different operating temperatures.

J D  T 3 exp(Eg / kT )exp(qVD / kT )

(2-30)

In this case, the activation energy of Jd is equal to the band gap of Si, Ea = Eg = 1.12eV.

2.3.2 Recombination current

The derivation of the ideal diffusion current relationship neglects any effects that occur
within the depletion region. A second current component that is present in many p-n junctions is
due to the recombination of electrons and holes through deep level traps in the depletion region.
Shockley and Read proposed a simple model to calculate the recombination rate

11

and

independently by Hall12. The Shockley-Read-Hall (SRH) recombination component calculates
the recombination rate of excess electrons and as:

R

CnC p Nt (np  ni 2 )
Cn (n  nt )  C p ( p  pt )

(2-31)
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where Cn and Cp are constants proportional to capture cross section for electron and hole traps,
respectively; Nt is the total trap concentraton; n and p are the electron concentrations in the
conduction band and hole concentration in the valence band, respectively. The parameters nt and
pt are equivalent to the electron concentration that would exist in the conduction band and the
hole concentration that would exist in the valence band if the trap energy, Et, coincided with the
Fermi energy, EF. These parameters are given by:

 ( E  Et ) 
nt  Nc exp   c
kT 


(2-32)

 ( E  Ev ) 
pt  Nv exp   t
kT 


(2-33)

where Nc and Nv are effective density of states for electrons in the conduction band and effective
density of states for holes in the valence band, respectively. Consequently, Equation 2-31 can be
rewritten as:

R

(np  ni 2 )
 p (n  nt )   n ( p  pt )

(2-34)

where  p  1/ C p Nt ,  n  1/ Cn Nt are minority hole and electron carrier lifetimes, respectively.
According to Equation 2-34, the maximum recombination rate occurs when Et  Ei 

Ec  Ev
.
2

Assuming that the dominant recombination trap centers lie at the center of the bandgap at Ei and
that the hole and electron minority carrier lifetimes are equal, p=n, the maximum recombination
rate can be simplified to:

Rmax 

ni
2 n

qVD


exp( 2kT )  1



(2-35)
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Under these assumptions, the dark current density component due to carrier recombination in the
depletion region, JR, can be expressed as:

qVD
qVD




exp( 2kT )  1  J r exp( 2kT )  1





qnW
i d
2 n

xn

J R  q  Rmax dx 
xp

(2-36)

where Jr is the reverse saturation recombination current density and Wd is the depletion region
width given by:
1

 2 N  N d
2
Wd   s ( a
)(Vbi  VD ) 
Na Nd
 q


(2-37)

The temperature and voltage dependence of the recombination current can be obtained by
3
2

substituting ni  T exp(

3
2

J R  T exp(

Eg
2kT

Eg
2kT

) into Equation 2-36,

) exp(

qV
)
2kT

(2-38)

The difference in the depletion region area on the p- and n-sides of the radial junction is small for
nanowires. Therefore, the recombination current component of a radial p-n nanowire junction
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Figure 2-7 (a) Simulated diffusion current, recombination current, and total current. (b)
Comparison of the temperature dependence for the recombination current (solid line) and
the diffusion current (dashed line) components.
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can be determined from Equation 2-36. Figure 2-7 compares the simulated results for the
recombination and diffusion current components of a heavily doped radial p-n nanowire junction
with Na = 11019 cm-3, Nd = 11020 cm-3, R = 310-5cm; p-type core radius of 2.510-5cm; n-type
layer thickness of 510-6cm, with a minority carrier lifetime of n=100ns. Figure 2-7(a) shows
that the recombination current component dominates the total junction current for voltages V <
0.75V at room temperature. The exponential temperature dependence with Eg for diffusion
current and Eg/2 for recombination causes the recombination current component to decrease
more slowly than the diffusion current with decreasing temperature.

2.3.3 Tunneling current

Tunneling current is usually very small in planar c-Si solar cells, and therefore is
neglected. However, in radial junction solar cells fabricated from low-quality semiconductor
materials, the tunneling current component becomes increasingly important.13-15 In direct bandto-band tunneling, electrons or holes tunnel directly from the conduction band or the valence
band into the opposite band without the assistance of traps. This occurs in heavily doped p-n
junctions under high reverse bias voltages. Assuming a parabolic barrier and uniform electric
field, the direct band-to-band tunneling current, Jt(b-b), is given by:16

J t ( b b ) 

where

3
2

4 2 m *E g
2m *q V
exp(
)
2 2
3q
4
Eg
3

 is the electric field;

(2-39)

m * and q are the effective mass and charge of electrons and

Plank’s constant. For Si, m * =9.8410-31kg, q =1.610-19C,

=1.0510-31J-s, which gives:

is
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Eg (T )  Eg (0) 

T 2
T 

(2-40)

where Eg (0) =1.166eV;  =4.73 x 10-4eV/K, and  =636K,

max  [

2q(Vbi  Vapp )

s

(

N a N d 12
)]
Na  Nd

(2-41)

where  s =1.0410-12F/cm. Band-to-band tunneling current depends slightly on temperature only
due to the temperature dependence of Eg.
The trap-assisted tunneling current component is due to electrons or holes tunneling from
the conduction band or valence band into energy states within the bandgap, which are traps from
impurities in the bulk material or at the interface, followed by either tunneling into the opposite
band or by recombination. The trap-assisted tunneling current density, Jt(TAT), determined from a
simple one-dimensional model17 is given by:

J t (TAT ) 

4 2m* ( Eg  ET )3
q3m* M 2Wd NT
exp(

)
8 3 ( Eg  ET )
3q 

(2-42)

where M is the matrix element associated with the trap potential; ET is energy level (in eV) of the
trap center measured from the top of the valence band; and NT is the density of traps occupied by
electrons.
The trap-assisted tunneling current in the low voltage region is almost linear on a semilog plot. Therefore, trap-assisted tunneling current is also considered a source of shunt current in
a p-n junction, which is given by: Jt(TAT)exp(BV), where B is a constant depending on the device
parameters.8,18 When temperature decreases, trap-assisted tunneling current also decreases due to
“freeze-out” of the trap centers. The temperature dependence of trap-assisted tunneling current is
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similar to the tunneling current dependence on the trap density. Trap-assisted tunneling and
band-to-band tunneling currents have a weak dependence on temperature, and their ideality
factors have values significantly larger than two.

2.4 Conclusion

The operating principles of p-n junction solar cells were introduced in this chapter. The
solar cell energy conversion efficiency depends not only on the photogenerated carrier collection,
but also on the dark current density Jdark, which depends on the intrinsic properties of the p-n
junction. Large Jdark will result in low open circuit voltage, low fill factor, and low energy
conversion efficiency.
Current models of p-n junction were also described in this chapter. In diodes with p-n
junctions, the dark current is composed of diffusion current, recombination current, tunneling
current and shunt current components. The diffusion current is the dominant current mechanism
for high-quality, lightly doped p-n junctions. Diffusion current has an activation energy Ea=Eg,
and ideality factor n=1. For heavily doped p-n junctions, recombination current dominates the
low voltage region. Recombination current has an activation energy Ea=Eg/2 and an ideality
factor n=2. For low quality p-n junctions with high trap densities, tunneling current becomes
important. The tunneling current has a small activation energy and weak dependence on
temperature, and it results in an ideality factor significantly larger than two.
The current mechanisms in p-n junction diodes can be identified by extracting the ideality
factors and activation energies from the dark current-voltage (I-V) relationships of the p-n
junction devices measured at different temperatures.
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Chapter 3 Al-catalyst VLS grown silicon nanowires with radial junctions

3.1 Introduction to Al-catalyst radial junction silicon nanowires

Arrays of radial junction silicon (Si) micro/nanowires enable efficient carrier collection
and enhanced absorption of light in solar cells fabricated with lower quality material. This has
the potential to allow the development of novel, low-cost fabrication strategies for Si-based
photovoltaics (PV).1-2 While metal-catalyzed, vapor-liquid-solid (VLS) growth has been a
pursuit for fabrication of Si nanowire arrays for efficient energy conversion,3-10 contamination
from metal, resulting in formation of deep level traps, remains a concern.
Aluminum (Al) may be an ideal catalyst for growing nanowires for PV applications
because it is a shallow acceptor in Si and incorporates at levels comparable to or exceeding the
solubility limit (>5x1018 cm-3), resulting in highly conductive p-type nanowires.11 Furthermore,
high growth rates (>1 µm/minute) at moderate substrate temperatures (500 to 600oC) are possible
for synthesis of single-crystal Si nanowires using low pressure chemical vapor deposition
(LPCVD). These attributes are compatible with fabrication on low cost glass substrates. Given
the high p-type doping level of the Al-catalyzed Si nanowires, the expectation is that the
minority carrier diffusion length will be short in these materials.12 Consequently, the short
junction lengths in the radial nanowire geometry can significantly improve carrier collection in
these devices compared to thin film Si solar cells fabricated by Al-induced crystallization of Si.13
This chapter demonstrates the fabrication of individual Al-catalyzed Si nanowire devices
from p+-type/n+-type (p+-n+) radial junctions and p+-type/intrinsic/n+-type (p+-i-n+) radial
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junctions. The effects of the intrinsic layer on the diode and PV characteristics of the junction
devices is studied.
The Al-catalyzed p+-n+ and p+-i-n+ Si nanowires were synthesized by Dr. Yue Ke under
the direction of Professor Redwing at Penn State University.

3.2 Synthesis of nanowires with Al-catalyst radial p+-n+ and p+-i-n+ junctions

Fabrication of p+-type Si nanowire cores that serve as pseudo-substrates for radial p+-n+
junctions used Al-catalyzed VLS growth, as illustrated in Figure 3-1(a). The nanowires were
grown on (111) p-type Si wafers with a resistivity of 1-15 Ω-cm. The substrates were dipped in
buffered hydrofluoric (HF) acid to form a hydrogen terminated surface prior to deposition of a
10 nm Al film coating by electron-beam evaporation. The Si nanowires were grown in a LPCVD
reactor at a substrate temperature of 560oC and a reactor pressure of 100 Torr using a 10%
mixture of SiH4 in H2 as the source gas. The SiH4 partial pressure was maintained at 5 mTorr
with a total gas flow rate of 100 sccm. A growth time of 40 minutes gave an average Si nanowire
length of approximately 70 µm, which enabled the formation of individual radial junction
nanowire devices. The nanowires exhibit a tapered cross section, with a diameter of 1-2 µm at
the base and 50-500 nm at the tip. The nominal diameter near the center of the wire was 420 ±
140 nm.
After growth, the Al catalyst particle remained on the wire tips, as shown in Figure 31(b). The Al catalyst tip and residual Al metal in the native oxide coating the wire surface was
removed in 10:1 buffered oxide etch (BOE) for 2 hours, as shown in Figure 3-1(c). The p+-n+
radial junctions were formed by conformal coating of the n-type Si shell on the wire surface, as
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shown in Figure 3-1(d) and 3-1(e). Immediately after the BOE, the shell was deposited by
LPCVD using 10% SiH4 in H2 as the Si source gas and 1% phosphine (PH3) in H2 as the n-type

Figure 3-1 Schematic of radial p+-n+ Si nanowire structure along with FESEM and TEM
images of typical nanowires. (a) From left to right, schematics of p-type core grown by VLS,
p+/n+ (p+-n+) radial junction nanowire synthesized by Si thin film coating of Si nanowires in
a LPCVD system, and cross sectional diagram of the device. (b) As grown Al-catalyzed Si
nanowire. (c) Si nanowire after a 2 hour 10:1 BOE etch to remove Al tip and native oxide.
(d) radial junction Si nanowire after n-layer Si thin film coating. (e) low-magnification
bright field (BF) TEM image of a p+-n+ junction Si nanowire and higher magnification
image collected near the tip. A layer with slightly different contrast (~30nm thick) is
observed on the surface (indicated by the dashed lines), which is the interface of the n-type
shell. The total diameter of the nanowire is ~250 nm and (f) Selected area diffraction (SAD)
pattern indicating that the n-shell is single crystal with planar defects that produce the weak
½(311) type reflections.
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dopant gas. The n-type shell layer was deposited in 10 min at a total reactor pressure of 10 Torr
using a constant SiH4 partial pressure of 0.5 Torr and a PH3/SiH4 ratio of 0.01. Calibration
measurements on polycrystalline Si thin films, which were deposited on sapphire substrates
under identical growth conditions, yielded resistivity values of 0.008 -cm for the n-type Si
layers.
Following VLS growth and LPCVD thin-film coating, the radial junction Si nanowires
were removed from the Si substrate and placed into an isopropanol (IPA) solution for subsequent
field emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM),
and device fabrication. The nanowires had a wide distribution of lengths, ranging from 20 to 50
µm. The FESEM images revealed that the wires had relatively smooth surfaces after LPCVD
coating of the n-type shell. The TEM images of the radial junction nanowires in Figure 3-1(e)
and 3-1(f) show the core-shell structure of the wire, which is composed of a single crystal p-type
core and a preferentially oriented epitaxial n+-Si shell. The growth conditions results in a rough
surface with a high density of planar defects, which makes it difficult to distinguish the shell
from the wire core. The growth rate of the n-type Si at 650 C is approximately 3 nm/minute
with the addition of the PH3 dopant gas. Estimates place the thickness of the n+ shell at 30 nm
based on the growth time and the contrast in the TEM image shown in Figure 3-1(d).
A study of radial junction devices using Au-catalyzed Si nanowires reported that the
introduction of an intrinsic layer to form a p+-i-n+ radial junction substantially increases the solar
energy conversion efficiency of the devices.3 To investigate the potential improvements in
device performance, p+-i-n+ radial junctions were made using the same Al catalyzed Si
nanowires, as illustrated in Figure 3-2(a). The TEM images in Figure 3-2(b) and 3-2(c) reveal the
core-shell structure of the as-deposited p+-i-n+ radial junction nanowires. The wires are
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Figure 3-2 Schematic of radial p+-i-n+ Si nanowire structure along with FESEM and TEM
images of typical nanowires. (a) From left to right, schematics of p-type core grown by
VLS, p+-i-n+ radial junction nanowire synthesized by Si thin film coating of Si nanowires in
a LPCVD system, and cross sectional diagram of the device. (b) Low-magnification bright
field (BF) TEM image of a p+-i-n+ radial junction Si nanowire and a higher magnification
image collected near the tip. The n- and i- interface cannot be discerned. (c) Selected area
diffraction (SAD) pattern obtained from the tip region of the p+-i-n+ Si nanowire. (d) Radial
junction Si nanowire after i- and n-layer Si thin film coating, and the inset (the scale bar is
200 nm) shows higher magnification image of surface of coated radial p+-i-n+ Si nanowire.
composed of a single crystal p-type nanowire core that is surrounded by an approximately 155
nm thick polycrystalline shell. The rough surface of the coaxial nanowire in Figure 3-2(d) further
indicates that the shell is polycrystalline. The interface between the core and shell is sharp,
although the i- and n-type layers cannot be distinguished from one another. The differences in
the crystallinity of the n+ shell compared to the i-n+ shell layers may arise from differences in the
rate of deposition of the i- and n+-Si films. The growth rate of the intrinsic Si is approximately
35 nm/minute compared to 3 nm/minute with the PH3 dopant due to competitive adsorption of
PH3 and SiH4 on the surface, which reduces the incorporation rate of Si into the films.14
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Therefore, the reduced deposition rate of the n+ Si could be responsible for the differences in
shell morphologies of the two structures.

3.3 Fabrication of individual Si nanowire devices with Al-catalyst radial p+-n+ and p+-i-n+ junctions

Individual radial p+-n+ and p+-i-n+ junction Si nanowires were electrically contacted by
integrating two electrodes on the p-type core and two electrodes on the n-type shell, as illustrated
in the step-by-step process flow in Figure 3-3. The as-grown nanowires were removed from the
growth substrate by ultrasonication in an isopropyl alcohol (IPA) solution. Electric-field assisted
directed assembly was used to position individual nanowires in lithographically defined
depressions in a dielectric layer for subsequent device fabrication.15-16 The structure was
fabricated on a n++ Si substrate ( < 0.004 Ω-cm) coated with a 120 nm-thick layer of silicon
nitride (Si3N4). Interdigitated assembly electrodes were defined using a standard metal-lift off
process: (1) the pattern was defined in a bilayer photoresist (PMGI SF6/Shipley 3012) by optical
lithography; (2) a 60 nm thick layer of silver (Ag) was deposited by electron-beam evaporation;
and (3) the metal deposited on top of the photoresist was removed by dissolving the resist in
Shipley 1165 photoresist remover. A second lithographic step was used to pattern 2 µm wide,
100 µm long, and 0.6 µm deep depressions aligned orthogonal to the assembly electrodes in a
0.6 µm -thick photoresist layer (PMGI SF6). After completing the fabrication of the assembly
electrodes, the solution suspended wires were dispersed onto the surface of the patterned
substrate while an AC bias voltage (5-6 Vp-p, 100 kHz) was applied across the assembly
electrodes. This results in an electric field gradient that is the highest within the depressions,
which produces a long-range dielectrophoretic (DEP) force that preferentially attracts and aligns
individual nanowires in these regions.15
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Following assembly, the PMGI photoresist was removed by deep ultraviolet (UV) light
exposure followed by soaking the substrate in PMGI 101A photoresist developer, and the Ag
assembly electrodes were removed in a Au etchant (Transene TFA). Next, a 60nm-thick SiO2
layer was deposited by plasma enhanced chemical vapor deposition (PECVD) to serve as a hard
mask for potassium hydroxide (KOH) etching of the n-type Si shell. The p-type contact windows
were patterned by optical lithography (Shipley 3012 resist), and the exposed SiO2 regions were
removed in a buffered oxide etchant (BOE). The KOH was used to etch the n+/i-n+ layers at the
both ends of nanowires, and expose the p-type core. The etching rates of n+ and i-n+ layers were
1.1 Å/sec and 26 Å/sec, respectively. Therefore, the n+ shell was removed by etching for 5 min,
while the i-n+ shell was removed by etching for 10 min.
Each of the assembled nanowires was individually contacted by four metal electrodes,
two on the p-type core and two on the n-type shell, as shown in Figure 3.3(f). The native oxide
was removed by dipping the sample in 10:1 BOE for 40 seconds, and titanium/palladium (Ti/Pd 50/600nm) contacts were deposited by electron-beam evaporation. The complete process
follower is provided in Appendix A.
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Figure 3-3 Individual radial p+-n+ and p+-i-n+ junction Si nanowire device fabrication
process. (a) Radial p+-n+ and p+-i-n+ junction Si nanowires released into IPA solution. (b)
Ag assembly electrodes on Si3N4 coated Si substrate. (c) Array of lithographically defined
microwells superimposed across gaps between assembly electrodes. (d) Bottom-up assembly
of individual nanowires in depressions patterned in a sacrificial photoresist layer. (e) SiO 2
layer was deposited and patterned as mask for KOH selective etching. The n-type shell of
nanowires were removed at both ends and the electrodes used for nanowire assembly were
also removed. (f) Metal contacts evaporated on the n-type shell and p-type core of
nanowires.

The completed radial p+-n+ and p+-i-n+ junction nanowire device structure is shown in
Figure 3-4(a). The two outer electrodes (p1, p2) are in contact with the p-core and two inner
electrodes (n1, n2) are in contact with the n-type shell. Figure 3-4(b) shows a FESEM image of a
typical device fabricated that includes the four electrical contacts. The average nanowire device
diameter, total radial junction length covered by the shell after selective etching, and the exposed
junction length excluding the segments covered by the metal electrodes were measured by
FESEM. The area defined by the average nanowire diameter and the exposed junction length is
the projected device illumination area used for later photovoltaic efficiency estimation.
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Figure 3-4 Schematic (a) and FESEM image (b) of a typical fabricated coaxial device with
four point probe of Ti/Pd electrodes on Si3N4 coated Si substrates.

3.4 Characterization of nanowires with Al-catalyst radial p+-n+ and p+-i-n+ junctions

The contact properties of the p+-n+ junction wires were characterized by measuring the
current-voltage (I-V) characteristics of the p+-core (p1-p2) and the n+-shell (n1-n2) segments,
which provided linear I-V curve as in Figure 3-5(a). The measured two-point resistances were
used to estimate the resistivity of the p-type nanowire core, assuming a negligible contribution
from contact resistance and the n-type shell layer. Estimates of resistivity from the p+-n+ devices
was 0.08 Ω-cm, which compare favorably with the 0.01 Ω-cm obtained from four-point
resistance measurements of individual Si nanowires grown with the Al catalyst.11 Hall-effect
measurements carried out at room temperature on n-type Si thin film calibration samples
deposited on sapphire substrates under identical conditions yielded a resistivity of 8.7×10−3 Ωcm, indicating the highly doped n+ layer. The linear I-V and low resistance values are consistent
with the high doping in the p+ nanowire core and the n+ shell layers. Current density-voltage (JV) measurements across the p+-n+ junction show current rectification as depicted in Figure 35(b). For V>0.5V, series resistance has a dominant effect on the junction current. For V<0.1V,
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shunt leakage is significant. For 0.1<V<0.5V, the ideality factor n and the reverse saturation
current I0 of the junction is determined from Equations 3-1 and 3-2:

eV


I  I 0 exp(
)  1
nkT



(3-1)

Taking the natural log of both sides gives:

ln( I )  ln( I 0 ) 

eV
nkT

(3-2)

From Equation 3-2, the value of I0 is found by fitting the linear region of the ln(I)~V plot. The
reverse saturation current density of the p+-n+ junction device shown in Figure 3-5 is
J0=I0/Aj=4.110-4A/cm2, where Aj is the junction area. Rearranging Equation 3-1 gives:

n

dV
e
d (ln( I )) kT

(3-3)

Figure 3-5(c) plots the ideality factor of the p+-n+ junction, revealing a value of n ~ 2.0 over this
intermediate range of applied voltages.
Light I-V of single-wire junctions were conducted using a calibrated Air Mass 1.5 Global
(AM 1.5G) illumination source, and the measured room temperature response for the junction is
shown in Figure 3-5(d). The p+-n+ junction exhibits an open-circuit voltage Voc of 0.13 V, a short
circuit current Jsc of 11.7mA/cm2, and a fill factor ff of 41%. The energy conversion efficiency
(η) of this radial p+-n+ junction Si nanowire device is 0.63%.
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Calculations of photocurrent densities assume an illuminated area equivalent to the
projected surface area of the nanowires obtained from FESEM images of the device. The
measured radial p+-n+ nanowire junctions had an average diameter of 338 nm, junction length of
8.7 µm, exposed junction length of 5.3 µm, n+-shell thickness of 30 nm, and p-core diameter of
278 nm. This gives a radial junction area of Aj=7.5×10-8 cm2 and a projected illuminated area of
AI=1.8×10-8 cm2. The estimated Jsc of the p+-n+ junction in Figure 3-5 is 11.7mA/cm2, which is
lower than the value of 23.9 mA/cm2 previously reported for single wire radial p+-i-n+ junctions

Figure 3-5 Al-catalyst radial p+-n+ junction nanowire device characterization. (a) I-V
curves obtained across electrodes p1-p2 (p-type core) and n1-n2 (n-type shell). (b) Semi-log
plot of the dark current density-voltage (J-V) curves of the p+-n+ junction. (c) Idealityvoltage (n-V) curves of the p+-n+ junction. (d) J-V curves of the radial p+-n+ junction with
and without illumination.
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fabricated using Au catalysts5, and comparable to other reported nanowire-based photovoltaic
devices.17-19 The highest reported current density for polycrystalline thin-film Si solar cells is
approximately 38.0 mA/cm2.20 The upper limit for the short circuit current of a single junction
thin film cell is 6.7 mA/cm2 for a 600 nm thick absorption layer, assuming an ideal internal
quantum efficiency and a single pass light absorption. The higher current density of 11.7
mA/cm2 measured for these radial p+-n+ nanowire junctions indicates that optical nanoantenna
effects play a significant role in enhancing light absorption in these devices.21
The radial junction p+-i-n+ nanowire devices were characterized to determine how the
intrinsic spacer impacts the dark and light I-V properties of the device. The junctions have an
average diameter of 478 nm, an active junction area of 11.6 µm, an exposed junction length of
9.7 µm, a n-shell thickness of approximately 155 nm, and a p-core diameter of approximately
168 nm. For the p+-i-n+ device shown in Figure 3-6, the calculated junction area was Aj=6.1×10-8
cm2 and the projected illuminated area was AI=4.6×10-8 cm2. Figure 3-6 (a) shows the J-V
measurements across p+-i-n+ junction, which confirms the rectifying behavior of these junctions.
The ideality factor for the intermediate bias range is n ~1.9, as shown plot of n versus V in Figure
3-6(b). The reverse saturation current density of this device is J0 ~ 2.210-4A/cm2. The light
response in Figure 3-6 (c) gives η ~ 0.5%, Voc ~ 0.14 V, ff ~ 0.43, and Jsc ~ 9 mA/cm2.
These results show that the photovoltaic properties of the p+-i-n+ devices are not
improved over the p+-n+ devices. This may arise from the polycrystalline n-shell on the p+-i-n+
devices compared to the crystalline shell on the p+-n+ junctions. It is expected that growing
thinner and higher quality intrinsic layers will improve the performance of p+-i-n+ devices.
Based on prior work on Al induced crystallization of Si, Al out-diffusion can also occur, thereby
creating a graded p-type doping profile rather than an abrupt interface between the p-type core
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and the intrinsic shell. Although further study is necessary to understand this effect, performance
improvements are anticipated for both types of devices with the addition of surface passivation,
transparent contacts, and further optimization of shell thickness and structure.

Figure 3-6 Al-catalyst coaxial p+-i-n+ junction nanowire characterization. (a) Semi-log plot
of the dark current density-voltage (J-V) curves of the p+-n+ and the p+-i-n+ junction. (c)
Ideality-voltage (n-V) curves of the p+-i-n+ junction. (d) J-V curves of the radial p+-i-n+
junction with and without illumination.
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3.5 Current analysis of Al-catalyst nanowires with radial p+-n+ junctions

The dark current density (Jdark–V) characteristics of two representative radial Alcatalyzed p+–n+ Si nanowire junctions measured between electrodes p1–n2 are plotted in Figure
3-7. The devices show current rectification, with a rectification ratio of ~103 at 0.5 V. For
comparison, the J-V plot of a radial p+-n+ junction fabricated by gas-phase diffusion of a thin n+shell (phosphorus; ND > 1020cm−3) into an array of microwires22 formed by deep reactive ion
etching (DRIE) of a crystalline p+ Si substrate (boron; Na 1019cm−3) appear together in Figure
3-7. For forward bias voltages, V < 0.5 V, the dark current densities of the Al-catalyzed Si
nanowire junctions are more than 103× higher than the diffused junctions despite the similar n+shell and p+-core doping levels of the two types of junctions.

Figure 3-7 Jdark-V curves of two Al-catalyzed p+-n+ nanowire junctions and one diffused p+n+ microwire (4 μm diameter) junction array. Jrec is the space-charge recombination current
calculated using the minority carrier lifetimes indicated in the plot.
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The ideality factors of the Al-catalyzed nanowire junctions monotonically increase from
n1.5 to 2 over a voltage range from V= 0 to 0.5V, and then increase rapidly with voltage due to
series resistance. In contrast, the diffused junctions have a constant value of n=1.6 that begins
when the low-bias shunt leakage becomes negligible at V=0.35V and ends when the series
resistance becomes significant at V=0.55 V. Over this voltage range, the diffused junction can be
modeled using a conventional double exponential diode expression that includes contributions
due to ideal diffusion current (n=1) and non-ideal space-charge recombination current (n=2)23.
The results of this comparison indicate that the high Jdark observed for the Al-catalyzed p+-n+
nanowire junctions arises from differences in the electrical properties of the material and/or the
junction interface rather than the high doping levels of the core and the shell.
It was demonstrated previously that Al-doped Si wafers grown by the Czochralski
method exhibited very low minority carrier lifetimes in comparison to B-doped Si wafers, with a
value of τn ~ 100 ps extrapolated for an Al doping concentration of Na = 2 × 1018 cm−3.24 In a
separate study, higher values of τn ~ 100 ns were reported for the p+ regions of planar p+–n+
junctions formed by diffusion of Al into p-doped Si wafers.25 Using these lifetime values,
theoretical Jdark–V curves were calculated for comparison to the experimental data (Figure 3-7)
for the case where the p+–n+ junctions are dominated by non-ideal space–charge recombination
current (n ~ 2, Jrec). The measured low bias Jdark for the Al-catalyzed p+–n+ Si nanowire
junctions is ~10× higher than the largest theoretical value obtained for τn = 100 ps. This high
value of Jdark together with n=2 indicates that recombination current dominates Jdark for the Alcatalyzed p+-n+ Si nanowire junctions, and that the minority carrier lifetime in Al-catalyzed ptype wires is smaller than 100ps.
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3.6 Conclusion

In summary, this chapter studies the dark and light I-V characteristics of radial p+–n+
junctions and p+-i–n+ junctions fabricated using Al-catalyzed Si nanowires. During VLS growth,
Al acts as an effective catalyst and p-type dopant to produce low resistivity p+ Si nanowires.
Radial junctions formed by LPCVD of either n+ or i–n+ Si-shell layers at 650 C were rectifying,
but suffered from high non-ideal recombination current. The p+-i-n+ devices showed similar
electrical and PV properties as the p+-n+ devices due to the differing crystalline structures of the
shell coatings and/or Al out diffusion. The ideality factors of radial p+–n+ junctions and p+-i–n+
junctions were n~2, and the reverse saturation current densities were J0=4.110-4A/cm2 and
J0=2.210-4A/cm2, respectively. Under 1-sun AM1.5G illumination, the p+–n+ junction device
had Jsc  11.7 mA/cm2; Voc  0.13 V; ff  0.41, and η  0.63%. The high Jsc was attributed to
optical enhancement due to the nanoantenna effect from the nanowire geometry, while the
energy conversion efficiency was limited by the low Voc and ff and high Jdark. From the current
analysis, the recombination current, which is due to low minority carrier lifetime in Al-catalyzed
p-type Si nanowires, is the dominant mechanism responsible for the high Jdark. Therefore,
substantial improvements in conversion efficiency can be attained by improving the minority
carrier lifetimes in Si nanowires and optimizing the growth of the n-shell layers.
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Chapter 4 Au-catalyst VLS grown silicon nanowires with radial junctions

4.1 Introduction to Au-catalyst radial junction nanowires

The results presented in Chapter 3 of this thesis showed that the large reverse saturation
current density from the high recombination current limits the photovoltaic performance of radial
p+-n+ and p+-i-n+ junctions fabricated by Al catalyzed vapor-liquid-solid (VLS) growth of the
p+-core and low pressure chemical vapor deposition (LPCVD) of the n+-shell layer. Gold (Au)1-6
and copper (Cu)7-8 catalysts have also been used for VLS growth of Si nanowires. The fabricated
devices had high dark current, low Voc, and low efficiency for energy conversion1-2,4,9, which was
attributed to the interfacial defects induced during the shell coating process. Therefore,
developing methods to effectively clean metallic and other impurities from the surface of the
VLS-grown wires prior to coating is critically important for high performance radial junction
devices6,10.
This research in this chapter investigates the effect of the n+-shell coating conditions and
surface preparation on the dark and light current-voltage (I-V) characteristics of radial p+-n+
junction nanowire devices. The radial p+-n+ junctions were synthesized by low pressure
chemical vapor deposition (LPCVD) of the n+-shell on p-type Si nanowires grown by Aucatalyzed VLS using silicon tetrachloride (SiCl4) and a trimethylboron (TMB) as the source and
dopant gasses, respectively. The thin n+-shell layers were deposited at either 650C or 950C to
study the effect of the LPCVD coating temperature on the junction properties. Additionally,
some wires were annealed at 950C to clean the nanowire surface prior to the n+-shell layer
coating at 650C. Temperature-dependent dark I-V and room-temperature light I-V were used to
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characterize the electrical and photovoltaic properties of three types of individual wire radial
junctions.
The radial p+-n+ junction nanowires were synthesized by Dr. Chito Kendrick and Dr. Yue
Ke under the supervision of Prof. Joan Redwing in the Materials Science and Engineering
Department at Penn State University.

4.2 Synthesis of nanowires with Au-catalyst radial p+-n+ junctions

Figure 4-1 shows the steps of Au-catalyzed VLS Si nanowire growth process, which was
used patterned Si(111) wafers as the substrate. First, 100 nm of dry thermal SiO2 was grown on
Si(111) wafers. The sample was coated with photoresist (Shipley 3012) and patterned by

Figure 4-1 Au-catalyzed Si nanowire growth. (a)100nm of SiO2 was grown on a Si(111)
substrate by thermal oxidation. (b) 1µm pores with 6µm pitch were patterned in the SiO2. (c)
SiO2 was etched and 80nm Au was deposited on sample. (d) metal lift-off. (e) VLS growth of
Si nanowire array.
.
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projection optical lithography. The pattern used had a square array of 1 µm pores with a pitch of
6 µm. A magnetically enhanced reactive ion etcher (MERIE) with a CHF3:O2 plasma was used
to transfer the lithographic pattern into the SiO2. The etched wafer was then coated with 80 nm
of Au and the excess Au was lifted off using Shipley 1165 photoresist remover. The nanowires
were grown in a hot-wall chemical vapor deposition reactor at atmospheric pressure and at a
growth temperature of 1050C. The source of Si was supplied by bubbling 80 sccm of H2
through liquid SiCl4. An additional 5 sccm of 5000 ppm trimethylboron (TMB) was introduced
as the p-type dopant. A total gas flow of 100 sccm was maintained by introducing an additional
15 sccm of H2. Figure 4-2 shows FESEM images of the sample at each step in the process.

Figure 4-2 FESEM images at each step in the process. (a) 1µm pores with 6µm pitch etched
on SiO2. (b) Au catalyst lift-off. (c) Si nanowire array after VLS growth.

Metallic contaminants such as Au create deep level traps in Si that reduce the
performance of the Si nanowire photovoltaic (PV) devices.11 Immediately following growth, the
nanowire array was immersed in hydrofluoric (HF) acid for 5 minutes to remove both the
patterning oxide and the native oxide. After rinsing the samples in deionized water (DI), the
sample was placed directly into Transene TFA Au etch that was maintained at 40°C for 20
minutes. The sample was rinsed in acetone, isopropyl alcohol (IPA), and then deionized (DI)
water, followed by the standard Si RCA cleaning process.12 A 90 nm thick layer of SiO2 was
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grown by dry thermal oxidation at 1000°C for 2 hours. The oxide was removed in HF and the
process was repeated one more time to remove residual metal contamination from the surface.
Four-point electrical resistance measurements were conducted on individual p-type Si
nanowires.13 The estimated resistivity of the as-grown nanowires was (9.7± 0.72) × 10-3 Ω-cm,
which corresponds to doping density of ~81018cm-3.
Radial p+-n+ junctions were formed by depositing a n-type Si thin film on the surfaces of
the nanowires. Deposition occurred in a horizontal isothermal hotwall low pressure chemical
vapor deposition (LPCVD) system using 10% SiH4 in H2 as Si source and 1% PH3 in H2 as the
dopant source. Before loading the samples into the LPCVD chamber, the samples were RCA
cleaned, followed by a 1 min etch in HF to remove the SiO2 layer. The Si nanowire sample was
immediately loaded into an N2 purged LPCVD system to prevent regrowth of a native oxide
layer. A 1cm2 sapphire substrate was included as a control for the n-type thin film deposition.
The effect of the n-type deposition conditions on the electrical and PV properties of the
radial junction devices was studied by changing the shell deposition temperature and surface
pretreatment process. The first type of radial junction (Device A) was synthesized by depositing
the n-shell coating at 650 C under a reactor pressure of 10 Torr, a 200 sccm total gas flow rate,
and a PH3 to SiH4 flow ratio of 2×10-4. The growth proceeded for 30 min, which produced a 250
nm thick Si layer on the sapphire control sample. The n-shell of the second type of radial
junction (Device B) was deposited at 950C under a reactor pressure of 1 Torr, a 200 sccm total
gas flow rate, and PH3 to SiH4 flow ratio of 5×10-3. In this case, a 280 nm Si layer was deposited
in 3 min. The third type of radial junction (Device C) was prepared using a two-step process.
First, the sample was annealing at 950C under a reactor pressure of 10 Torr, and 200 sccm H2
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flow. The sample was cooled to 650C and stabilized at that temperature for 1 hour. The n-shell
was deposited at 650C using the same conditions as Sample A.
Room temperature Hall measurements of the thin film control samples gave n-type
carrier concentrations of Device A = 2.1×1019, Device B = 1.3×1019 and Device C = 1.8×1019
cm-3. The average coating thickness of Device A = 160nm (from 120nm to 200nm), Device B =
100nm (from 80nm to 120nm) and Device C = 180nm (from 150nm to 200nm). It is interesting
to note that the shell layers are ~ 30 to 60 % thinner than the n-type Si layer thicknesses
deposited on the flat sapphire substrates grown under identical conditions. A similar reduction in
growth rate was recently reported by Yoo et al. for Si shell layers grown epitaxially on Si
nanowire cores compared to growth on a large area Si substrates. 14 It was suggested that the

Figure 4-3 Schematics and transmission electron microscopy (TEM) images of p+-n+
coaxial Si nanowire junctions. (a) Illustrations of the core/shell (p+/n+) Si nanowire
structure. (b) TEM image of 650C coated p+-n+ Si nanowire (top) and the corresponding
electron diffraction pattern (bottom). (c) TEM images of 950C coated p+-n+ Si nanowire
(top) and the corresponding electron diffraction pattern (bottom). (d) TEM image of 950C
annealed and 650C coated p+-n+ Si nanowire (top) and the corresponding electron
diffraction pattern (bottom).

61

reduction in epitaxial growth rate arises from enhanced surface desorption of SiH 4 near
facet edges on the nanowire sidewalls. A similar mechanism is believed to be responsible
for the reduced shell layer growth rate in this work.
The radial p+-n+ Si nanowires were removed from the growth substrate by sonication in
IPA. The wires were transferred to a lacey carbon copper grid for transmission electron
microscopy (TEM) studies. Figure 4-3 shows TEM images taken on the three types of Si
nanowire junctions. In all cases, the p-type Si nanowire core was found to be single crystal. The
location of the shell/core interface is illustrated by dashed lines in the TEM images. As shown in
Figure 4(b), the first type of wire with the n-type coating deposited at 650oC had a
polycrystalline shell with a rough surface, which is expected for this low deposition temperature.
The n-coating on the second type of wire that was synthesized at 950oC (Device B) deposited
epitaxially on the p-type Si nanowire core, as shown in Figure 4-3(c). The third type of wire that
included a 950oC anneal in H2 prior to the 650oC also had a polycrystalline shell, as shown in
Figure 4-3(d). However, the grain size of the shell layer was larger than the wire without the
thermal pretreatment. In addition, the grains are better oriented with respect to the p-type Si core,
as illustrated by the diffraction spots that are less diffuse than the spots for the wires without the
thermal anneal.

4.3 Fabrication of individual Si nanowire devices with Au-catalyst radial p+-n+ junctions

Individual Si nanowire devices with Au-catalyst radial p+-n+ junctions were fabricated
using a modified version of the fabrication process described in Chapter 3. In the earlier process,
many of the assembled Si nanowires were lost during the KOH etching step because the thin
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SiO2 layer was not able to hold the wires on the substrate, leading to a very low device yield. The
new process developed in this Chapter began by integrating the thicker titanium/palladium
(Ti/Pd) contacts on the n-type shell before SiO2 layer deposition. These contacts served as
mechanical anchors to hold the nanowires on the substrate during KOH etching. The individual
wire device yields increased from less than 5% to greater than 30% of the total available
assembly sites. The step-by-step process flow is illustrated in Figure 4-4. The processes that
were used to define the assembly electrodes, pattern the photoresist wells, and assemble the
nanowires were the same as discussed in Chapter 3. These process steps are not repeated in this
chapter, but the full process follower is provided in Appendix B.

Figure 4-4 Individual radial p+-n+ junction Si nanowire device fabrication process. (a)
Bottom-up assembly of individual nanowires in depressions patterned in a sacrificial
photoresist layer. (b) Metal clamps evaporated on n-type shells of assembled nanowires. The
photoresist was dissolved to lift-off any misaligned nanowires. (c) SiO2 layer was deposited
and patterned as mask for KOH selective etching. n-type shell of nanowires were removed at
both ends and the electrodes used for nanowire assembly were also removed. (d) Metal
contacts evaporated on p-type core of nanowires.
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After nanowire assembly, two metal contacts were patterned on the n+-shell of individual
Si nanowires using optical projection lithography. The native oxide was removed by dipping the
sample in 10:1 buffered oxide etchant (BOE) for 40 sec., and a thick layer of Ti/Pd (50/600nm)
was deposited by electron-beam evaporation. The contacts were completed by metal lift-off in
Shipley 1165 stripper, and the exposed assembly electrode metal was removed by soaking the
sample in Transene TFA etchant for 10 sec. Next, a 60nm thick SiO2 layer was deposited by
PECVD to serve as a hard mask for KOH etching (210ml 22.5% KOH and 70ml Isopropyl
alcohol, 65C) of the n+/i-n+ shell at both ends of the nanowire. The SiO2 was removed by BOE
etching, and the shell was removed by KOH to expose the p-type core. The calibrated etch rates
of the n+-shell layers was 1.5 Å/sec, 0.9 Å/sec and 2.5 Å/sec for Devices A, B and C; the shells
were removed by etching for 24min, 23min, and 15min, respectively. The final set of electrical
contacts to the exposed p-type Si nanowire core were patterned using optical projection
lithography. The native oxide was removed by dipping the sample in 10:1 BOE for 40 seconds,
and the Ti/Pd (50/600nm) contacts were deposited by electron-beam evaporation.
Figure 4-5 shows field emission scanning electron microscopy (FESEM) images of a
fabricated radial Si nanowire junction device. The two outer electrodes (p1, p2) are in contact
with the p-type core and the two inner electrodes (n1, n2) are in contact with the n-type shell.
The average nanowire diameter, total radial junction length covered by shell after selective
etching, and exposed junction length excluding the metal electrodes covered segments were
measured by FESEM. The area defined by the average device diameter and exposed junction
length is the projected device illumination area used for subsequent PV efficiency estimates.
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Figure 4-5 FESEM images of: (a) a single radial p-n junction Si nanowire device and (b)
high magnification image showing metal contacts on the p-type core and n-type shell.

4.3 Characterization and data analysis of Au-catalyst nanowires with radial p+-n+ junctions

Results of current-voltage (I-V) measurements between electrodes p1-p2 and n1-n2
appear in Figure 4-6(a) and Figure 4-6(b). The linear I-V curves measured between n1 and n2 on
three types of wires indicate that the Ti/Pd electrodes form ohmic contacts to n-type shells
deposited under different conditions, while the I-V curves measured between p1 and p2 are
nonlinear. This is likely due to the presence of a thin native oxide layer that was left on the ptype core. After rapid thermal annealing (RTA) in a forming gas (4% H2) at 300C for 40s, the IV relationship between electrodes p1 and p2 became linear, while little change was observed
between n1 and n2.
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Dark current density versus voltage (J-V) measurements of the radial junctions between
the contacts p1 and n2 are shown for the three types of wires in Figure 4-6(c). For comparison,
the J-V of a radial p+-n+ junction formed by gas phase diffusion of a n+ shell onto a p-type
microwire array fabricated by deep reactive ion etching of a crystalline p+ Si substrate is also
included in the plot.15 Device A (with 650C coating) behaves more like a resistor than a p-n
junction, while Device B (with 950C coating) and Device C (950C annealing before 650C
coating) show current rectification with a ratio greater than 100 at V = 0.5V.
The J-V characteristics of the rectifying junctions were used to determine device figures

Figure 4-6 Au-catalyst radial p+-n+ junction Si nanowire characterization. Current-voltage (IV) curves obtained across electrodes. (a) p1-p2 and (b) n1-n2 of the three different types of
wires. (c) Semi-log plot of the dark current density-voltage (J-V) curves of all the coated p+n+ junction devices and a diffused p+-n+ junction microwire (diameter of 8µm) array [14].
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of merit, including ideality factor and reverse saturation current. The ideality factor of Device B
varies from n = 1.6 to 2.0 for voltages between V = 0.2 to 0.45V, which is range over which the
shunt leakage and the series resistance can be neglected. The ideality factor of Device C varies
from n =2.0 to 2.2 over the same voltage range. In contrast, the diffused junctions have a
constant ideality factor value of n = 1.6 between V = 0.35 to 0.55 V. Junctions with an ideality
factor of n ~ 2 can be modeled using the double exponential p-n junction expression in which the
non-ideal space-charge recombination current dominates16. The reverse saturation current density,
J0, was determined by fitting the linear region of the ln(I) versus V plot as described in Section
3.4. For Device B, the extracted values of I0=1.0610-14A and junction area, A= 4.0910-14cm-2,
give J0=2.5910-7A/cm2. For Device C, I0=1.4910-12A and A=4.5610-14cm-2, giving
J0=3.2710-5A/cm2. The reverse biased currents of Device B and Device C in the low voltage
range from V = 0 to -0.3V are proportional to the square root of voltage. This indicates that
generation current dominates the total reverse biased current of Devices B and C in the low
voltage range.
Measurement of the light I-V characteristics of the three types of devices was conducted
under 1 sun conditions (100mW/cm2) using a Class A AM1.5G solar simulator, and the results
are plotted in Figure 4.7. The current density (J) of the radial nanowire junctions is determined
by dividing the total current by the illuminated nanowire area (I/AI). Device B exhibits larger Voc,
Jsc, and ff than Device C (0.33V, 8.0 mA/cm2 and 0.59 compared to 0.17V, 3.8 mA/cm2, and
0.41), leading to a ~10 times greater energy conversation efficiency (1.6% compared to 0.26%).
This agrees with the superior dark current properties of Device B.
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Figure 4-7 Linear current density-voltage (J-V) plot of single p+-n+ coaxial junction Si
nanowire devices with different n-type coating under 1-sun illumination.

4.4 Current analysis of Au-catalyst nanowires with radial p-n junctions

The reverse saturation current density values extracted for Device B and Device C are J0
= 2.5910-7A/cm2 and 3.2710-5A/cm2, respectively. The ideality factors of n ~ 2 for both
devices indicate that the junction dark current is dominated by SHR recombination over this bias
range. Metallic contaminants such as Au form deep level electronic states that reduce the
minority carrier lifetime in bulk Si. Previous work has shown that a Au concentration of 1.71016
atoms/cm3 in Si yields a minority electron carrier recombination lifetime of n ~ 3 ns 17 compared
to n ~1µs in p-type bulk Si doped at 1018 cm3. The n-type shell and p-type cores of these Si
nanowires have doping densities of Nd ~ 11019 cm-3 and Na ~ 81018cm-3, respectively. The SRH
recombination current determined from Eq. 2-36 for a n ~ 3 ns gives Jr ~ 4.510-7A/cm2 at an
operating temperature of 300K. This estimated value of Jr is almost the same as the J0
determined from the experimental measurements of Device B, which suggests that
recombination current through mid-gap states may dominate the total forward biased current for
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this junction. In contrast, the J0 for Device C is approximately two orders of magnitude larger
than the calculated Jr values, which indicates that additional traps states may be introduced
during the n-type shell coating process.

4.5 Analysis of temperature-dependent current-voltage measurements of Au-catalyst nanowires
with radial p-n junctions

Temperature (T) dependent dark I-V measurements can be used to quantify the current
mechanisms that dominate the total current of these radial Si nanowire junctions. The measured
I-V-T curves of Device B are shown in Figure 4-8(a). In the forward-bias regime, the activation
energy, Ea, for the n ~ 2 current was obtained from an Arrhenius plot of ln(I0) versus 1000/T,
where Ea =Eg/2 for SRH recombination through a mid-gap trap. As shown in Figure 4-8(b), the
measured value for Ea is 0.49eV over the temperature range of 200K~300K, which is near Eg/2 =
0.56eV. This indicates that the dark current is dominated by SRH recombination through midgap traps. For the range of T < 200K, the value of I0 saturates and is independent of temperature,
suggesting that the dark current is dominated by tunneling.
The reverse-biased current increases rapidly with bias for V < -0.5V, and shows little
temperature dependence. In this regime, the current is likely dominated by band-to-band
tunneling (BTBT) current, which only has slight temperature dependence due to temperature
dependence of Si band gap energy.18 To further confirm the assumption, band-to-band tunneling
currents different temperatures were calculated at V = -1V. The BTBT current density from
Section 2.3.3 is given by:
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Figure 4-8 Dark current-voltage (I-V) properties of a radial p+-n+ Si nanowire Device B. (a)
Semi-log plot of different temperature I-V curves of 950C coated wire junction. (b)
Arrhenius plot of ln(I0) versus 1000/T. (c) Currents at bias V = -1V as a function of
temperature. The red line with symbols is the calculated current using the BTBT model.

J t (bb )  exp(
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 is electric field;
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E g is the bandgap energy of Si; Vapp is the applied voltage on the p-n

junction; m*, and q are the effective mass and charge of electron;
m*=9.8410-31 kg; q =1.610-19 C;

Eg (T )  Eg (0) 

T 2
T 

is plank’s constant. For Si,

=1.0510-31 J-s;
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where Eg (0) =1.166eV; =4.73 x 10-4eV/K; =636K;

max  [
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s

(

N a N d 12
)]
Na  Nd

(4-3)

where  s =1.0410-12F/cm, Na and Nd are doping densities of p-type and n-type regions. The
results in Figure 4-8(c) show that the current at V = -1V under different temperatures agree well
with the BTBT current model. These results indicate that Device B is a heavily doped abrupt
junction with low interface state density.
The measured I-V-T curves of Device C are shown in Figure 4-9(a). The value of I0
extracted from the n ~ 2 bias range decreases monotonically as the junction temperature is
lowered. The activation energy extracted from the Arrhenius plot in Figure 4-9(b) is 0.14eV,
which is much smaller than Eg/2 = 0.56eV. A likely cause is that additional trap states with
energies distributed throughout the bandgap are introduced at the interface between the p-type
core and n-type shell. Figure 4-9(c) shows the Arrhenius plot of the reverse-biased current at V =
-0.2, -0.5, -0.7 and -1V. For the low voltage region |V| < 0.5V, the reverse current decreases
exponentially with temperature at high temperatures.

As the temperature is lowered, the

junctions become temperature independent. This indicates that the reverse-biased current is
composed of generation current and tunneling current components. As the temperature
decreases, the generation current component decreases, and the tunneling current begins to
dominate the reverse current. For the high voltage region |V| > 0.5V, the reverse current has less
temperature dependence. The dependence is not consistent with the pure BTBT current model,
but may be explained by the multi-tunneling capture-emission model,19 or multi-step trapassisted tunneling model.20-23 These data together with the small activation energy of reverse
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Figure 4-9 Dark current-voltage (I-V) properties of p+-n+ coaxial Si nanowire Device C. (a)
Semi-log plot of variable temperature I-V curves of 950C annealed 650C coated nanowire
devices. (b) Arrhenius plot of ln(I0) versus 1000/T. (c) Arrhenius plot of currents at bias V= 0.2, -0.5 -0.7 and -1V.
saturation current indicates that this coating process is inferior to the high temperature process
used to grow Device B wires.

4.6 Conclusion

The research presented in this chapter examined the effect of the n-type shell LPCVD
conditions on the electrical properties of radial p+-n+ junction Si nanowire devices synthesized
by Au-catalyzed VLS growth. Higher deposition temperatures of 950C resulted in epitaxial
growth of the n+-shell on the p+-core, which produced junction with low dark J0 value of
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2.5910-7A/cm2. Variable temperature I-V measurements show that the dark saturation current is
dominated by SRH recombination through mid-gap trap states, and band-to-band tunneling at
high reverse biases. Under 1-sun AM1.5G illumination, the p+-n+ junction nanowire device
measured had Jsc~7.8mA/cm2, Voc~0.34V, ff~0.59 and ~1.60%.
Reduced deposition temperatures of 650C resulted in a polycrystalline n-type shell, and
the resulting devices did not exhibit current rectification or a light response. However, when the
p+-type Si nanowire was annealed at 950C prior to the 650C coating step, the junctions were
rectifying and had J0 value of 3.2710-5A/cm2. In this case, the device had Jsc~3.8mA/cm2,
Voc~0.17V, ff~0.42 and ~0.27%.

The high-temperature annealing step resulted in larger

average grain size and improved crystallographic orientation with respect to the p+-core
compared to the device fabricated without the annealing step. Variable temperature I-V
measurements indicate that additional trap states introduced during the shell coating process
could be responsible for the higher SRH recombination current in the forward-bias regime and
the multi-step trap-assisted tunneling in the reverse-bias regime. This demonstrates that
substantial improvements in the electrical properties as well as solar conversion efficiencies can
be realized by further reducing the traps at the junction interface and in the n+-shell layer.
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Chapter 5 Heterojunction intrinsic thin layer (HIT) radial p-i-n junction nanowires

5.1 Introduction to heterojunction intrinsic thin layer radial junction nanowires

As discussed in Chapter 4, the photovoltaic (PV) performance of nanowires with hightemperature coated, vapor-liquid-solid (VLS)-grown, radial p-n junctions is limited by the high
Shockley-Read-Hall (SRH) recombination current1. In addition, the high-temperature annealed
and low-temperature coated wires suffer from additional trap states at the junction interface that
increase the non-ideal current. It has been shown that intrinsic amorphous hydrogenated silicon
(a-Si:H) thin films can effectively passivate crystalline Si (c-Si) surfaces, thereby providing lowinterface trap density, low dark current, and high open circuit voltage (Voc).2-9 The bandgap of aSi:H (1.7eV) is also larger than that of Si (1.12eV). Therefore, the heterojunction formed by
depositing an a-Si:H film on c-Si offers potential to further improve Voc. Tsunomura et al.
reported a HIT solar cell fabricated by depositing a thin intrinsic and p-type a-Si:H layer on a
random textured n-type c-Si wafer, demonstrating an energy conversion efficiency of 22%.5 By
optimizing the process to reduce recombination losses and resistive losses, Taguchi et al.
reported a 24.7% efficiency HIT solar cell on a thin Si wafer. 9
A number of research groups have created HIT structures on Si nanowires to form radial
junction solar cells.10-15 Figure 5-1 shows the structure of the radial HIT p-i-n junction along with
the corresponding band diagram. As discussed in Chapter 1, because nanowires have
considerably larger junction area than planar wafer-based p-n junctions, the passivation of
surface states is essential for high performance nanowire-based solar devices. Due to low carrier
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mobility, a-Si:H thin films have high resistivity.16 Thus, it is necessary to integrate a transparent
conducting oxide (TCO) layer to contact the entire shell of radial HIT nanowire junctions.

Figure 5-1 Radial HIT p-i-n junction nanowire structure and its band diagram.

This chapter discusses the deposition of thin intrinsic and n-type a-Si:H layers on Aucatalyzed VLS-grown nanowires to form radial p-i-n HIT nanowire junction devices. Fabrication
and testing of individual radial p-i-n HIT nanowire junctions allowed characterization of the
electrical properties and PV performance of wires with different junction areas. Variable
temperature I-V measurements were used to identify the mechanisms responsible for the dark
current in the nanowire junctions.
The Si nanowires were grown by Dr. Sarah Eichfeld and Dr. Haoting Shen under the
direction of Prof. John Redwing at Penn State University.

5.2 HIT radial p-i-n junction Si nanowire synthesis

The starting array of vertically oriented Si nanowires was grown using the Au-catalyzed
VLS process described in Chapter 4 of this thesis. Before shell deposition, the Si nanowire array
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Figure 5-2 (a) TEM images of the HIT radial p-i-n junction nanowire at the top (b) middle
(c) and bottom (d) of the wire. (e) High-resolution TEM image of the HIT radial p-i-n
junction Si nanowire. (f) Electron diffraction pattern of the HIT radial p-i-n junction Si
nanowire.
was dipped in dilute HF acid for 10 sec to remove the native oxide from the wire surface. The
samples were placed in a plasma enhanced chemical vapor deposition (PECVD) chamber
(Applied Materials P-5000) for growth of the a-Si:H thin films. Sequential deposition of intrinsic
and n-type a-Si:H layers occurred at a pressure of 5 Torr and a substrate temperature of 200oC.
The intrinsic a-Si:H layer was deposited using: 30 sccm silane (SiH4) and 300 sccm H2 at a
plasma power density 0.2 watt/cm2. The n-type a-Si:H layer was deposited using: 50 sccm
phosphine (2% PH3 in H2), 75 sccm SiH4, and 700 sccm H2 at a plasma power density 0.8
watt/cm2.
The radial junction Si nanowires were removed from the Si substrate by mechanical
sonication in an isopropanol (IPA) solution. Figure 5-2 shows transmission electron microscope
(TEM) images and a selected area electron diffraction (SAED) pattern of a Si nanowire with a
radial HIT p-i-n junction. The TEM images in Figure 5-2 (a) – (c) show that the intrinsic and ntype a-Si:H layer near the top of the wire is rough and has a maximum thickness of 20 nm, while
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the a-Si:H layer near the bottom of the wire is smoother and has a maximum thickness of 10 nm.
The high-resolution TEM image in Figure 5-2 (d) highlights the clear interface between the c-Si
nanowire core and the a-Si:H shell layer. The specular diffraction pattern in Figure 5-2 (f) is
produced by the crystalline Si nanowire core, while the rings are from the a-Si:H.

5.3 Characterization and data analysis of Au-catalyst nanowires with radial p-i-n junctions

Fabrication of the HIT radial p-i-n junction nanowire devices followed the methods
discussed in Section 4.3 of Chapter 4. Briefly, a KOH solution (210ml 22.5% KOH and 70ml
Isopropyl alcohol, 65C) was used to remove the amorphous i-n shell layer. The KOH etch
calibration gave a rate of 4 Å/sec; a 1min KOH etch removed the a-Si i-n layer completely. A
design layout showing the three different device geometries studied and the corresponding field
emission scanning electron microscope images (FESEM) appear in Figure 5-3. Devices labeled
Structure 1, Structure 2, and Structure 3 have active radial junction lengths between the two
contacts to the p-type core of 11µm, 15µm and 19µm, respectively.
The current-voltage (I-V) characteristics recorded between the electrodes p1-p2 and n1n2 are plotted in Figure 5-4(a) and Figure 5-4(b). The I-V curves measured between p1 and p2
show linear characteristics with large current densities, indicating that ohmic contacts are formed
to the p-type c-Si nanowire core. In contrast, the I-V between electrodes n1 and n2 were
nonlinear and had significantly higher resistance due to the low carrier mobility, and hence
higher resistivity, of the heavily doped a-Si:H shell.
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Figure 5-3 (a) Structure of HIT radial p-i-n junction Si nanowire device. (b) Device design
layout. (c) More detailed image showing the active area of the device. (d) Design layout and
(g) FESEM image of Structure 1 with a 11µm active area. (e) Layout design and (h) FESEM
image of Structure 2 with a 15µm active area. (f) Design layout and (i) FESEM image of
Structure 3 with a 19µm active area.
Dark I-V measurements of the radial HIT junction between contacts p1 and n2 are plotted
in Figure 5-5(a). In contrast to the junctions formed by low-temperature coating using low
pressure chemical vapor deposition (LPCVD), all of the HIT junctions showed clear rectification
with high on-off current ratios of ~100. The extracted ideality factors for the structures with the
three different active junction area lengths over the voltage range from V = 0.4 to 0.5 V vary
between n = 2.55 and 2.75. The reverse saturation current, I0, for these nanowire HIT junctions
was determined by linear fitting of the ln(I)-V curves in Figure 5-5(b). The current density,
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Figure 5-4 Current-voltage (I-V) curves obtained across electrodes (a) p1-p2 and (b) n1-n2
of nanowires with different contact separations.
J0, was determined by dividing I0 by the active junction area, Aj, found from FESEM
measurements of each wire. The values of J0 range from 1.610-7A/cm2 to 7.810-7A/cm2 for
these devices. These low-temperature coated HIT nanowire junction devices have J0 values that
are comparable to best radial junction Si nanowire devices formed by high-temperature LPCVD
coating (Device B) in Chapter 4.
The light I-V measurements of the radial HIT Si nanowire junctions were conducted
under 1 sun conditions (100mW/cm2) using a Class A AM1.5G solar simulator. The light current
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Figure 5-5 (a) Current density-voltage (J-V) curves obtained between contacts p1-n2 for
three different devices. (b) Ln(I)-V curves for the voltage range 0.4V<V<0.5V.
density (J) was determined by dividing the light current by the illuminated nanowire area (I/AI)
that is not obscured by the optically opaque metal contacts. Figure 5-6 shows the measured light
I-V characteristics of the three Si nanowire HIT junctions in Figure 5-5. The PV properties the
HIT radial p-i-n junctions and the LPCVD-coated Device B from Chapter 4 are summarized in
Table 5-1. For comparison, the PV performance of Si nanowires solar cells with single radial pi-n junctions reported by Tian et al.17 also appear in Table 5-1.

Figure 5-6 Current density-voltage (J-V) plot of radial p-i-n HIT Si nanowire junctions
under 1-sun illumination.
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Table 5-1 Photovoltaic properties of different radial Si nanowire junctions.

p+-n+ junction

p-i-n junction

Device B

Device in12

Structure 1

Structure 2

Structure 3

Jsc (mA/cm2)

8

24

26.5

20.3

9.7

Voc (V)

0.33

0.26

0.46

0.47

0.53

ff

0.59

0.55

0.52

0.44

0.46



1.6%

3.4%

6.3%

4.2%

2.4%

HIT p-i-n junction nanowires

In contrast to the dark I-V properties of the junctions with different junction lengths of 11
to 19 µm, the light I-V show clear differences in the short circuit current (Jsc), open circuit
voltage (Voc), fill factor (ff), and conversion efficiency (). The radial HIT Si nanowire junction
with the smallest active area length (contact separation) has the highest Jsc = 26.5 mA/cm2 of the
devices studied in this research. This value is also comparable to Jsc reported in the literature for
individual planar Si nanowire PV devices.12 As the illuminated area increases by increasing the
separation between the contacts from 11 to 19 µm, the Jsc monotonically decreases with a
minimum value of 9.7 mA/cm2 for the 19 µm separation. This decrease in Jsc with increasing
junction length can be attributed to the low photogenerated carrier collection efficiency due to
the high resistivity of the n-type a-Si:H layer. Specifically, as the separation between contacts
increases, the collection of photogenerated carriers from the center of the active area far away
from the n-type contacts is not effective, and hence the Jsc is lowered.
As expected for the a-Si:H/c-Si heterostructure, the Voc is approximately 0.2 V higher in
these HIT junctions compared to previous individual Si homojunction wire devices. The
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improved Jsc and Voc of the HIT nanowire results in higher conversion efficiencies of up to  =
6.3%, which is significantly higher than the =1.6% for the radial p+-n+ homojunctions in
Chapter 4 and the  = 3.4% for the radial p-i-n homojunctions in the literature.17 The factor
limiting the conversion efficiency of the longer HIT nanowire junctions is the high resistivity of
the n-type a-Si:H shell. This can be addressed by integrating contacts formed out of an optically
transparent oxide (TCO) thin film. Preliminary work on TCO contacts will be presented in
Section 5.5 of this chapter.

5.4 Current analysis of Si nanowires with radial p-i-n HIT junctions

Temperature (T)-dependent dark I-V measurements recorded for the same radial Si
nanowire junctions presented in Sections 5.2 and 5.3 appear in Figure 5-7. The temperature
dependence of the reverse saturation current is shown in the Arrhenius plots of ln(I0) versus
1000/T in Figure 5-8. The activation energies Ea values fall between 0.50 eV and 0.55 eV for the
three structures that were characterized. This activation energy is consistent with Shockley-ReadHall (SHR) recombination through mid-gap states in crystalline Si (Ea = EgSi /2 =0.56eV)

18

.

However, the junction ideality factors in the range of n = 2.55 to 2.70 suggest that tunneling may
contribute to the total dark current of these junctions.
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Figure 5-7 Dark current-voltage (I-V) properties of single HIT radial p-i-n junction Si
nanowire devices measured at different temperatures.

Figure 5-8 Arrhenius plot of ln(I0) versus 1000/T of radial p-i-n HIT Si nanowire devices.

A multi-tunneling-capture-emission (MTCE) model has been used to explain the
forward-bias current of planar n-p a-Si:H/c-Si heterojunction solar cells.19-20 In this model, the
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activation energy of I0 in the forward-bias range coincides with the energetic distance of the
Fermi level from the a-Si:H conduction band as determined from photoelectron spectroscopy and
surface photovoltage measurements on n-type a-Si:H layers. The measured results that gave Ea =
EC,Si-EF of 0.30 to 0.35eV are consistent with tunneling of holes from the c-Si into a-Si:H gap
states where successive tunnel hopping and electron capture occurs. Although this activation
energy value is different from the measured value of Ea = 0.5 eV , the MTCE model offers a
possible explanation for the current components in these Si nanowires with HIT radial p-i-n
junctions .
The temperature-dependent dark I-V in the reverse bias regime are shown in Figure 5-9.
A general model for reverse bias generation current is given by:21

I R  I 0,rev (T )(VD  V )b

(5-1)

where IR is the reverse bias current; I0,rev(T) is the temperature dependent reverse saturation
current; VD is the diffusion voltage; and b is a temperature-independent exponent. For ideal
generation current, Ea for I0,rev(T) is equal to Eg/2, and b is 0.5. In the reverse voltage range of 0.5<V<0, the activation energies for I0,rev(T) extracted from the measurement data are in the
same 0.50 to 0.55 eV range as those for I0(T) in the forward bias regime. However, the exponent
b is approximately 1.0 rather than 0.5. The deviation of b from the value of 0.5 could be due to
the “inverse MTCE” mechanism: generation of electron-hole pairs at a-Si:H gap states with
electron emission into the a-Si:H conduction band, while the holes undergo tunneling-hopping
into the c-Si valence band.22
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Figure 5-9 Semi-log I-V plots of radial p-i-n HIT Si nanowire junctions under reverse bias.

5.5 ITO contacts on devices with Si nanowires and HIT radial p-i-n junctions

As discussed in Section 5.3, the PV performance of the radial p-i-n HIT Si nanowire
devices is limited poor collection efficiency of photogenerated carrier due to the high resistivity
of the n-type a-Si:H shell. This section investigates the use of a continuous ITO TCO thin film
deposited on the n-type a-Si:H shell to reduce the resistance and improve carrier collection
efficiency. This was accomplished by integrating a patterned ITO layer between the n1 and n2
metal contacts, as shown in Figure 5-10(a). Beginning from the procedure described in Section
4.3, the SiO2 hard mask that covers the n-type shell was removed in 10:1 BOE for 40 sec. The
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Figure 5-10 (a) Illustration of a radial p-i-n HIT Si nanowire junction device with ITO
contacts. (b) I-V between n1 and n2 contacts after ITO coating.

ITO contact window was defined in a double layer resist stack by optical projection lithography.
The ITO was deposited by room temperature sputtering from an ITO target at Power of 200W,
DC bias of 450V, Ar flow rate 54 sccm, and total pressure of 15 mTorr. The total deposition time
to deposit an 100nm thick ITO layer was 1600 seconds. After deposition, the ITO lift-off was
completed by soaking the sample in Shipley 1165 photoresist remover.

88

Figure 5-10(b) shows the I-V measured between contacts n1 and n2, showing an increase
from 10-12 to 10-3 A at ±1V. This confirmed that the ITO thin film was effective at reducing the
series resistance from the n-type a-Si:H shell. The dark I-V characteristics of the junctions
before and after ITO coating are shown in Figure 5-11. The shunt leakage current of all of the
devices in the low forward bias and reverse bias regimes increased following ITO deposition.
The reverse saturation current density, J0, extracted from the ln(I)-V plot for the voltage range of
0.4V<V<0.5V increased from 1.610-7A/cm2 to 4.610-5A/cm2 for Structure 1, from 7.8107

A/cm2 to 8.510-6A/cm2 for Structure 2, and from 2.910-7A/cm2 to 2.510-6A/cm2 for Structure

Figure 5-11 I-V measurements of radial p-i-n HIT nanowire junctions for: (a) Structure 1 (b)
Structure 2, and (c) Structure 3 before and after ITO coating. (d) ln(I)-V curves for the
voltage range 0.4V<V<0.5V after ITO coating.
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Figure 5-12 TEM image of Si nanowire with a radial p-i-n HIT junction showing Au
nanoparticles on the surface of the wire.
3. The TEM image of the HIT junction Si nanowires in Figure 5-12 shows the presence of Au
nanoparticles along the surface of the wires from the VLS growth process. In Chapter 3, the
aggressive chemical cleaning and sequential thermal oxidation of the as-grown wires removed
these Au particles prior to high-temperature LPCVD coating. This cleaning process was not
employed in these wires. The continuous ITO thin film makes contact to these particles, thereby
creating shunt leakage paths in the junction that were not present for the bare wires. This result
demonstrates that low-temperature processes must be developed to remove residual metal
contamination from the VLS-grown wires prior to low-temperature PECVD coating of the ITO
layer.
The light J-V characteristics of the radial HIT Si nanowire devices before and after ITO
coating are shown in Figure 5-13. The PV properties of these devices are summarized in Table 52. As expected, after depositing the transparent ITO contact between n1 and n2, the Jsc for all of
the devices studied increased. The largest increase was observed for the device with the largest
separation between contacts (from 9.7mA/cm2 to 13.1mA/cm2). This confirms that the ITO
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Figure 5-13 Current density-voltage (J-V) plot of radial p-i-n HIT junction Si nanowire
devices before and after integration of ITO contacts under 1-sun illumination at room
temperature.
coating improves the photogenerated carrier collection efficiency in the HIT junction Si
nanowire devices. In contrast, the higher J0 leads to a decrease in the Voc after ITO coating.
Moreover, the ff also decreased because of the higher leakage current. The reductions in VOC and
ff resulted in an overall lowering of the energy conversion efficiency of the structures following
the integration of the transparent ITO contact.
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Table 5-2 Photovoltaic properties of radial HIT junction Si nanowire devices before and after
integration of transparent ITO contacts.
Structure 1

Structure 2

Structure 3

Before

After

Before

After

Before

After

Jsc (mA/cm2)

26.5

27.4

20.3

23.2

9.7

13.1

Voc (V)

0.46

0.41

0.47

0.46

0.53

0.43

ff

0.52

0.49

0.44

0.35

0.46

0.37



6.3%

5.5%

4.2%

3.8%

2.4%

2.1%

5.6 Conclusion

This thesis research presented in this chapter investigated the formation of radial HIT Si
nanowire junctions by low-temperature deposition of a thin i-n a-Si:H shell onto p+-Si nanowires
grown by the Au-catalyzed VLS approach. The fabricated radial p-i-n HIT junction devices had
low reverse saturation current density, which demonstrated that the a-Si:H coating was effective
at passivating the Si nanowire surface. The highest PV performance was obtained from structures
with the shortest junction length, giving a Jsc of 26.5mA/cm2, Voc of 0.46V, ff of 0.52, and  of
6.3%. These properties are significantly better than devices fabricated from radial p+-n+
homojunction Si nanowires coated using high-temperature LPCVD process presented in Chapter
4. The performance of these devices is limited high resistance of the n-type a-Si:H shell, which
degrades the collection efficiency of photogenerated carriers with increasing active area.
A transparent ITO contact was integrated onto the n-type a-Si:H shell to improve the
photogenerated carrier collection efficiency. This resulted in a 35% increase in the Jsc of the best
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radial p-i-n HIT junction Si nanowire device. However, the VOC and ff of the devices decreased
because of an increase in the shunt leakage current. The higher shunt leakage was attributed to
the presence of Au nanoparticles on the Si nanowire surface from the VLS growth process.
Despite an increase in JSC, the reduction in both the VOC and ff resulted in a reduction in the 
over the uncoated Si nanowire HIT junction devices. Further work is needed to remove VLSinduced metallic contamination prior to depositing the a-Si:H shell.
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Chapter 6 Summary and Future work

6.1 Summary

This thesis presented the development of individual Si nanowire devices with radial pn/p-i-n junctions and their application in the field of photovoltaic energy conversion.
In Chapter 3, individual Si nanowire solar cells with radial p+-n+ and p+-i-n+ junctions
fabricated by coating an n-type shell on p-type Si nanowires grown by the Al-catalyzed vaporliquid-solid (VLS) method were demonstrated. During VLS growth, the Al acts as an effective
catalyst and p-type dopant to produce low-resistivity p+-Si nanowire cores. The radial junctions
formed by low pressure chemical vapor deposition (LPCVD) of n+ and i–n+ Si-shell layers at
650C were rectifying, but with high dark current Jdark from Shockley-Read-Hall (SRH)
recombination through mid-gap states. The p+-i-n+ device showed similar electrical and
photovoltaic properties as the p+-n+ devices due to different crystallinity of the shell coating
and/or Al out diffusion. Under 1-sun AM1.5G illumination, the p+-n+ nanowire junction devices
had short-circuit current Jsc  11.7 mA/cm2, open-circuit voltage Voc  0.13 V, fill factor ff  0.41,
and energy conversion efficiency η  0.63%. The high Jsc was attributed to optical enhancement
from the nanowire geometry, while the device efficiency was limited by the low Voc and ff from
the high dark current of these junctions.
In Chapter 4, radial p+-n+ junction Si nanowire devices synthesized by LPCVD of the ntype shell on p-type Si nanowires grown by Au-catalyzed VLS were studied. Three different
LPCVD coating conditions were used: (1) high-temperature 950C growth, (2) low-temperature
650C growth, and (3) high-temperature 950C anneal followed by low-temperature 650C
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growth.

The high temperature (950C) coating formed a crystalline n+-shell on the p+-Si

nanowire core, and the resulting device showed low dark reverse saturation current density J0 ~
310-7A/cm2. Under 1-sun AM1.5G illumination, the best p+-n+ junction nanowire device for
this growth condition had Jsc~8.2mA/cm2, Voc~0.34V, ff~0.59 and ~1.64%. Analysis of
temperature-dependent current-voltage (I-V) measurements indicated that the dark current of
these devices was dominated by the recombination current due to the short minority carrier
recombination lifetime of the Au-catalyzed VLS grown Si nanowires. In contrast, the lowtemperature 650C coating formed a polycrystalline n-type shell, and the devices showed no
current rectification or light response. Incorporating a 950C anneal prior to the 650C coating
increased the grain size of the polycrystalline n-shell and improved the p+-n+ junction quality.
The resulting device had dark reverse saturation current density of J0 ~ 310-5A/cm2, which is
two orders of magnitude higher than the high-temperature coating. In this case, the best device
of those studied had Jsc~2.4mA/cm2, Voc~0.33V, ff~0.49 and ~0.39%.
In Chapter 5, radial heterojunction with thin intrinsic layer (HIT) Si nanowires were
fabricated by low-temperature plasma enhanced chemical vapor deposition (PECVD) of a thin in amorphous hydrogenated Si (a-Si:H) shell on p-type nanowires grown by the Au-catalyzed
VLS technique. The fabricated individual radial HIT Si nanowire devices show low reverse
saturation current densities of J0 ~10-7A/cm2, indicating the effective passivation of VLS-grown
nanowire surface by the thin intrinsic a-Si:H layer. The photovoltaic properties of the junctions
with the smallest active area had Jsc ~26.5mA/cm2, Voc ~0.46V, ff ~0.52, and ~6.3%. These
properties are superior to the wires coated by high-temperature LPCVD of the n-type shell and
previously reported Si nanowires with a radial p-i-n junction1. However, due to high resistivity of
n-type a-Si:H shell, the photogenerated carrier collection efficiency decreases as the active area

97

increases. This reduces the Jsc, which lowers the conversion efficiency. A thin transparent
conducting oxide (indium tin oxide – ITO) was integrated onto the n-type a-Si:H layer to reduce
the series resistance and improve the carrier collection efficiency. After ITO coating, the Jsc of
the radial HIT Si nanowire devices increased by up to 35%. However, the coating increased the
shunt leakage of the devices due to the presence of Au nanoparticles at the junction interface.
This increased the J0 of the devices, which in turn reduced the Voc, ff, and  of these devices.

6.2 Suggestions for future work

Metal catalyzed VLS growth offers the possibility to synthesize Si nanowires on
inexpensive substrate such as glass or metal foil. However, metallic impurities such as Au form
deep level electronic states that reduce the minority carrier lifetime in Si2-3, and thereby increase
the dark current density of the junctions. Moreover, metallic contamination at the wire surface
also degrades the electrical properties of the junction interface. Future work should aim to
develop effective methods to remove the residual catalyst metal as well as metallic impurities
from the wires prior to depositing the shell layer. The process temperatures during the cleaning
must be maintained below 400C for compatibility with growth on inexpensive substrates.
This thesis work demonstrated that low-temperature PECVD of a-Si:H films effectively
passivates the VLS-grown Si nanowires. The photovoltaic properties of the radial p-i-n junction
Si nanowire solar cells were limited by the high resistivity of the n-type a-Si:H shell layer and
large separation between metal contacts. The presence of Au nanoparticles from the catalytic Si
nanowire growth resulted in a high shunt leakage when ITO was integrated to lower the
resistance and improve the photogenerated carrier collection efficiency.

It is necessary to
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develop low-temperature methods to clean the Si wire surface of metallic nanoparticles to reduce
the junction leakage and further improve the conversion efficiency of the radial HIT Si nanowire
junction solar cells.
It has been shown that resonant field enhancements inside semiconductor nanowires
result in greater than unity external quantum efficiency. In this case, the absorption cross-section
of the nanowires exceeds the physical cross-section for incident light of specific wavelengths.4-5
Therefore, additional work is required to accurately model the light absorption properties of
planar nanowire arrays as well as vertically aligned nanowire pillar arrays.
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Appendix A Fabrication Processes for Individual Si Nanowire Devices with Alcatalyst Radial p+-n+ and p+-i-n+ Junctions

A.1 . Nanowire Assembly Electrode Fabrication

1.

Begin with a <100> n++ Si wafer (Addison Engineering, Inc., prime grade, thickness =
38150 µm, double-side-polished, arsenic (As)-doped, <0.004 -cm).

2.

Deposit 120 nm of Si3N4 by LPCVD.

3.

Rinse a Si3N4-coated n++ Si wafer with acetone and IPA.

4.

Bake on a hotplate at 110C for 5 minutes.

5.

Spin-coat with 100% hexamethyldisilazane (HMDS) adhesion promoter at 4000 rpm for 40
seconds.

6.

Bake on a hotplate at 110C for 60 seconds.

7.

Spin-coat with Olin BPRS100 photoresist at 4000 rpm for 45 seconds.

8.

Bake on a hotplate at 105C for 90 seconds.

9.

Transfer assembly electrode pattern from photomask using GCA8000 i-line Stepper for
0.13s of exposure with focus of 0.

10.

Develop in PLSI 3:1 developer for 50-60 seconds. Agitate slightly during the development.
Monitor by optical microscope inspection and stopped when features are cleared of resist.
Rinse with deionized H2O and blow dry with N2.

11.

Deposit Ag (60 nm) by thermal evaporation.
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12.

Metal lift-off by soaking in acetone for overnight. Rinse with IPA and blow dry with N2.

14.

Rinse wafer with acetone and IPA and blow dry with N2.

A.2 . Nanowire Assembly Well Fabrication

1.

Spin-coat wafer with PMGI (polymethylglutarimide) SF6 photoresist at 4000 rpm for 45
seconds.

2.

Bake on a hotplate at 190C for 5 minutes.

3.

Spin-coat wafer with Shipley 3012 photoresist at 4000 rpm for 45 seconds.

4.

Bake on a hotplate at 95C for 60 seconds.

5.

Transfer assembly well pattern from photomask using GCA8000 i-line Stepper for 0.53s of
exposure with focus of -6.

6.

Develop in MICROPOSIT™ MF™ -CD-26 Developer (Tetramethylammonium hydroxide)
for 1minute, and 20 seconds to remove the exposed Shipley 3012 photoresist.

7.

Expose the entire wafer with an OAI Model 30 LS stand-alone DUV light source system
(output light near 245nm) for 900 seconds to expose the PMGI layer through the SPR3012
window (exposing only the patterned area without SPR3012, while protecting the other
area with the SPR3012).

8.

Develop in 101A developer (Tetraethylammonium Hydroxide Solution) for 1 minute to
remove the exposed PMGI. Slight over etching of PMGI occurs in this step to form the
double layer photoresist structure with undercut structure.
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9.

Remove Shipley 3012 photoresist by soaking in acetone, this can be done in ultrasonic
water bath for 2 minutes.

A.3 . Nanowire Assembly

1.

Place a piece of the nanowire growth substrate into a 1.5 ml Eppendorf vial and fill it with
enough IPA to cover the substrate.

2.

Release nanowires from the growth substrate into suspension in IPA by dipping vial for ~ 1
second, four times, into an ultrasonic water bath. Remove substrate from the vial.

3.

Apply an AC voltage of between 5-6VRMS with a frequency of 100 KHz between the
assembly electrodes using a probe station.

4.

Dispense 2 µl of the nanowire suspension on top of the assembly electrodes.

5.

After the nanowire suspension dries, remove voltage probes and examine nanowire
assembly by optical microscope. If nanowire suspension is too dense (more than one wire
in the photoresist well), dilute suspension with IPA as necessary.

A.4 . SiO2 Layer Patterning and KOH Etching

1.

Expose the entire wafer with an OAI Model 30 LS stand-alone DUV light source system
for 900 seconds to expose the PMGI layer.

2.

Develop in in 101A developer for 1 minute and 10 seconds to remove the exposed PMGI.
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3.

Rinse wafer using DI H2O and blow dry with N2 gently. Check wafer under microscope, all
the nanowires in the photoresist wells should be in the position, while other wires should be
removed.

4.

Load wafer into AMAT P-5000 PECVD Cluster Tool to deposit 60nm SiO2 layer using
recipe WRDII SiO2 (SiH4: 840 sccm N2O: 20 sccm, Temperature: 200C, Power: 300W,
Deposition rate: 2nm/second).

5.

Spin-coat wafer with 100% hexamethyldisilazane (HMDS) adhesion promoter at 4000 rpm
for 40 seconds.

6.

Bake on a hotplate at 110C for 60 seconds.

7.

Spin-coat wafer with Shipley 3012 photoresist at 4000 rpm for 45 seconds.

8.

Bake on a hotplate at 95C for 60 seconds.

9.

Transfer pattern from photomask using GCA8000 i-line Stepper for 0.53s of exposure with
focus of -6.

10.

Develop in MICROPOSIT™ MF™ -CD-26 Developer for 1minute to remove the exposed
Shipley 3012 photoresist.

11.

Remove uncovered SiO2 by etching in 10:1 BOE solution for 4 minutes.

12.

Remove Shipley 3012 photoresist by rinsing wafer with acetone and IPA.

13.

Remove Ag assembly electrode by dipping for 10 seconds in diluted Transene Au Etch
TFA (TFA:H2O=1:1) and rinsing with H2O (blow dry). If Ag is not fully cleared from
contact areas, repeat the dip etch.
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14.

Remove n/i-n Si layers of nanowires by etching in a mixture of 105 ml KOH, 105 ml H2O
and 70 ml IPA. Put the mixed solution on the hotplate to keep the temperature at 65C.
After 30 seconds, take wafer out of solution and rinse it with H2O (blow dry). Take
FESEM images on the nanowires to measure the diameters of the etched region. Repeat the
etching and taking FESEM images steps, calculate the etching rate according to the
measured diameters of the etched region. Once the n/i-n Si layers are completely removed
and the heavily doped p-type regions are exposed, the etching rate will reduced
dramatically.

15.

Rinse wafer with with H2O (blow dry). Put wafer into 10:1 BOE solution for 2 minutes to
reduce SiO2 layer thickness to ~20nm.

A.5 . Nanowire Contact Formation

1.

Spin-coat wafer with PMGI (polymethylglutarimide) SF11 photoresist at 4000 rpm for 45
seconds.

2.

Bake on a hotplate at 190C for 5 minutes.

3.

Spin-coat wafer with Shipley 3012 photoresist at 4000 rpm for 45 seconds.

4.

Bake on a hotplate at 95C for 60 seconds.

5.

Transfer metal contacts pattern from photomask using GCA8000 i-line Stepper for 0.53s of
exposure with focus of -6.
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6.

Develop in MICROPOSIT™ MF™ -CD-26 Developer (Tetramethylammonium hydroxide)
for 1minute to remove the exposed Shipley 3012 photoresist.

7.

Expose the entire wafer with an OAI Model 30 LS stand-alone DUV light source system
(output light near 245nm) for 900 seconds to expose the PMGI layer through the SPR3012
window.

8.

Develop in 101A developer for 1 minute to remove the exposed PMGI. Slight over etching
of PMGI occurs in this step to form the double layer photoresist structure with undercut
structure.

9.

O2 plasma descum on M4L (O2: 150 sccm, He: 50 sccm, 600 mtorr, 200W) for 1 minute.

10.

Remove native SiO2 from contact areas by etching in 10:1 BOE for 40 seconds.

11.

Rinse sample with H2O for 30 seconds, blow dry by N2, immediately load into the thermal
evaporator, and pump the chamber. This minimizes regrowth of any SiO2 shell.

12.

Deposit Ti/Pd (50/600 nm) contacts by thermal evaporation.

13.

Lift-off metal by soaking overnight in Micro 1165 remover (1-methyl-2-pyrrolidinone).
Rinse with DI H2O and dry with N2.
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Appendix B Fabrication Processes for Individual Si Nanowire Devices with Aucatalyst Radial p-n Junctions

B.1 . Metal Contact Formation On N-type Shell of Nanowires

1.

Follow the process steps of A.1, A.2 and A.3 in Appendix A. Expose the entire wafer with
an OAI Model 30 LS stand-alone DUV light source system for 900 seconds to expose the
PMGI layer.

2.

Develop in in 101A developer for 1 minute and 10 seconds to remove the exposed PMGI.

3.

Rinse wafer using DI H2O and blow dry with N2 gently. Check wafer under microscope, all
the nanowires in the photoresist wells should be in the position, while other wires should be
removed.

4.

Spin-coat wafer with PMGI (polymethylglutarimide) SF11 photoresist at 4000 rpm for 45
seconds.

5.

Bake on a hotplate at 190C for 5 minutes.

6.

Spin-coat wafer with Shipley 3012 photoresist at 4000 rpm for 45 seconds.

7.

Bake on a hotplate at 95C for 60 seconds.

8.

Transfer metal contacts pattern from photomask using GCA8000 i-line Stepper for 0.6
seconds of exposure with focus of -18.

9.

Develop in MICROPOSIT™ MF™ -CD-26 Developer (Tetramethylammonium hydroxide)
for 1minute to remove the exposed Shipley 3012 photoresist.
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10.

Expose the entire wafer with an OAI Model 30 LS stand-alone DUV light source system
(output light near 245nm) for 900 seconds to expose the PMGI layer through the SPR3012
window.

11.

Develop in 101A developer for 1 minute to remove the exposed PMGI. Slight over etching
of PMGI occurs in this step to form the double layer photoresist structure with undercut
structure.

12.

O2 plasma descum on M4L (O2: 150 sccm, He: 50 sccm, 600 mtorr, 200W) for 1 minute.
Inspect sample under microscope, exposed Ag under contact window should be oxidized
and become black. If not, repeat the descum step.

13.

Remove Ag assembly electrode from contact area by dipping for 10 seconds in diluted
Transene Au Etch TFA (TFA:H2O=1:1) and rinsing with H2O (blow dry). If Ag is not fully
cleared from the contact area, repeat step 12 and step 13. Do not dip sample in Transene Au
Etch TFA solution for too long, photoresist can be peeled off.

13.

Remove native SiO2 from contact areas by etching in 10:1 BOE for 40 seconds.

11.

Rinse sample with H2O for 30 seconds, blow dry by N2, immediately load into the thermal
evaporator, and pump the chamber.

12.

Deposit Ti/Pd (50/600 nm) contacts by thermal evaporation.

13.

Lift-off metal by soaking overnight in 1165 solution. Rinse with DI H2O and dry with N2.
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B.2 . SiO2 Layer Patterning and KOH Etching

1.

Load wafer into AMAT P-5000 PECVD Cluster Tool to deposit 60nm SiO2 layer using
recipe WRDII SiO2 (SiH4: 840 sccm N2O: 20 sccm, Temperature: 200C, Power: 300W,
Deposition rate: 2nm/second).

2.

Spin-coat wafer with 100% hexamethyldisilazane (HMDS) adhesion promoter at 4000 rpm
for 40 seconds.

3.

Bake on a hotplate at 110C for 60 seconds.

4.

Spin-coat wafer with Shipley 3012 photoresist at 4000 rpm for 45 seconds.

5.

Bake on a hotplate at 95C for 60 seconds.

6.

Transfer pattern from photomask using GCA8000 i-line Stepper for 0.53s of exposure with
focus of -6.

7.

Develop in MICROPOSIT™ MF™ -CD-26 Developer for 1minute to remove the exposed
Shipley 3012 photoresist.

8.

Remove uncovered SiO2 by etching in 10:1 BOE solution for 4 minutes.

9.

Remove Shipley 3012 photoresist by rinsing wafer with acetone and IPA.

10.

Remove the rest Ag assembly electrode by dipping for 10 seconds in diluted Transene Au
Etch TFA (TFA:H2O=1:1) and rinsing with H2O (blow dry). If Ag is not fully cleared from
contact areas, repeat the dip etch.

109

11.

Remove n-type Si layers of nanowires by etching in a mixture of 105 ml KOH, 105 ml H2O
and 70 ml IPA. Put the mixed solution on the hotplate to keep the temperature at 65C.
After 30 seconds, take wafer out of solution and rinse it with H2O (blow dry). Take
FESEM images on the nanowires to measure the diameters of the etched region. Repeat the
etching and taking FESEM images steps, calculate the etching rate according to the
measured diameters of the etched region. Once the n/i-n Si layers are completely removed
and the heavily doped p-type regions are exposed, the etching rate will reduced
dramatically.

B.3 . Metal Contact Formation On P-type Core of Nanowires

1.

Spin-coat wafer with PMGI (polymethylglutarimide) SF11 photoresist at 4000 rpm for 45
seconds.

2.

Bake on a hotplate at 190C for 5 minutes.

3.

Spin-coat wafer with Shipley 3012 photoresist at 4000 rpm for 45 seconds.

4.

Bake on a hotplate at 95C for 60 seconds.

5.

Transfer metal contacts pattern from photomask using GCA8000 i-line Stepper for 0.53s of
exposure with focus of -6.

6.

Develop in MICROPOSIT™ MF™ -CD-26 Developer (Tetramethylammonium hydroxide)
for 1minute to remove the exposed Shipley 3012 photoresist.
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7.

Expose the entire wafer with an OAI Model 30 LS stand-alone DUV light source system
(output light near 245nm) for 900 seconds to expose the PMGI layer through the SPR3012
window.

8.

Develop in 101A developer for 1 minute to remove the exposed PMGI. Slight over etching
of PMGI occurs in this step to form the double layer photoresist structure with undercut
structure.

9.

O2 plasma descum on M4L (O2: 150 sccm, He: 50 sccm, 600 mtorr, 200W) for 1 minute.

10.

Remove native SiO2 from contact areas by etching in 10:1 BOE for 40 seconds.

11.

Rinse sample with H2O for 30 seconds, blow dry by N2, immediately load into the thermal
evaporator, and pump the chamber. This minimizes regrowth of any SiO2 shell.

12.

Deposit Ti/Pd (50/600 nm) contacts by thermal evaporation.

13.

Lift-off metal by soaking overnight in 1165 solution. Rinse with DI H2O and dry with N2.
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