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Abstract

One-dimensional vertical nanostructures, nanowire arrays, are investigated
for applications in photovoltaics. Specifically, I1I-V core-shell p-i-n nanowire arrays
are grown by molecular beam epitaxy on silicon substrates, using the self-assisted
vapour-liquid-solid growth method. GaAsi1xPx nanowires are grown with an
optimized composition to maximize the potential efficiency of a GaAsP nanowire-
on-silicon tandem solar cell under AM1.5G illumination. Photovoltaic devices are
fabricated and assessed by optical and electrical characterization techniques, to

identify areas for refinement of device design and processing.

Combining the unique properties of nanowire arrays, the quality and
tunability of 1lI-V materials, and the economics and infrastructure of silicon-based
device fabrication, this work examines a novel approach to affordable renewable

energy.

Methods of substrate removal via etching are investigated for optical
characterization of nanowire arrays, and an improved technique for electrical
characterization of ITO contacts is explored. The first nanowire-on-silicon tandem
device utilizing a radial p-n junction nanowire structure is reported, achieving an
open circuit voltage of 1.2 V, a short circuit current density of 7.6 mA/cm?, a fill
factor of 40%, and an efficiency of 3.5%. Finally, projects for future improvements

to the work described herein are suggested.
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1 Introduction

This thesis deals primarily with research into the growth and
characterization of nanowires (nws). In particular, arrays of nws with spacing on
the order of 500 nm, vertical length on the order of 2 um, and diameter on the order
of 200 nm, are grown perpendicularly on crystalline substrates. An example of a

nw array is shown in Figure 1-1.
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Figure 1-1: Scanning electron microscope image of a nanowire array following
sample growth, prior to any device processing; image is taken at x20k

magnification and 30° tilt (sample #1874, pad MP0440D3).
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These nw arrays are then processed into devices to be characterized

optically and electrically, and the results are presented.

1.1  Background on IlI-V nanowires

The nws studied in this work are 111-V semiconductor (GaAs and GaAs1-xPx)

nws grown via molecular bean epitaxy (described in detail in Section 2.3) on silicon.

llI-V materials have favourable characteristics over silicon for various
semiconductor device applications [1,2]; however, IlI-Vs are generally much more
expensive than silicon. Many semiconductor devices have only a thin active region
on the surface; ideally, a silicon substrate would be used to support the IlI-V layer,
providing mechanical stability to the device, while taking advantage of the cost
effectiveness of silicon and the superior optical and electrical properties of IlI-Vs.
Unfortunately, the relative lattice constants of silicon (5.431 A [3]) and many
desirable I11-V semiconductors (e.g. 5.653 A for GaAs [4]) do not allow traditional
thin films to be grown without drastically degrading the film quality with defects [5].
Each successive IlI-V atomic layer added to the thin film introduces more stress
into the system until, at some critical thickness, it becomes energetically favourable
to introduce a defect to relax the stress. This is a function of both film thickness

and also cross-sectional film area.

The nw structure employed in this work overcomes this problem. By

reducing the cross-sectional area, it is possible to grow high-quality lattice-



MASc Thesis — BA Wood McMaster University — Engineering Physics

mismatched 1lI-Vs on a silicon substrate without strain-induced defects.
Furthermore, during growth, dopants can be incorporated into the nws to create

p-n junctions and, in the case of this work, photovoltaic (PV) devices.

1.2 1lI-V nanowire arrays as photovoltaic devices

As alluded to above, llI-V materials are preferable over silicon for PV
devices. Many llI-Vs have a direct bandgap, resulting in more efficient absorption
of photons for conversion into electron-hole pairs (EHPs). Further, while the actual
bandgap of silicon falls at a desirable level for single junction PV devices (1.12 eV),
[1I-V semiconductors can be tuned to finely control the magnitude of the bandgap
or the lattice constant, allowing for more flexibility in specialized devices [5]. For
example, in the ternary IlI-V semiconductor GaAs1-xPx, the bandgap can be tuned
from 1.42 eV to 1.98 eV (direct bandgap) and further to 2.26 eV (indirect bandgap),
and the lattice constant can be tuned from 5.6532 A to 5.4505 A by adjusting x,
the relative composition of As and P [4]. This property is utilised in this work, as

described in Section 6.2.1.

Aside from the superior material properties of IlI-Vs, the nw structure also
has favourable characteristics for PV and other optical devices. Firstly, since nw
dimensions are on the order of the wavelength of light, wave optics must be applied

when considering photon interactions. It is found that individual nws have a strong
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‘waveguide’ effect — essentially funnelling light from an area around the nw into the

wire itself, where that light can be absorbed [1].

Secondly, the doping structure of individual nws used in this work provides
a unique benefit to maximize photon absorption and EHP collection. The nw
devices in this work are grown with a core-shell doping structure, resulting in a p-n
junction that runs the full length of the nw (a detailed schematic can be found in
Section 2.3.2). This allows a relatively thick active region (the height of the nws)
for photons to be absorbed and generate EHPs, but only requires a very short
distance for the minority carriers to diffuse to the junction [6]. As seen in Figure
1-2, this contrasts with a standard thin film structure in which a thicker active region
for increased absorption results in a greater distance for minority carriers to travel,
before being swept across the junction, risking recombination and thereby limiting

device efficiency.
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ﬂ\ﬁi\:ident light

n
- | absorption

Figure 1-2: Schematic of a thin film versus core-shell nw solar cell structure,

comparing absorption of photons and separation of EHPs across the p-n junction.

A third interesting feature of nw arrays is their adjustable absorption
spectrum. This is due to the same behaviour of the nw acting as a waveguide, but
the strength of this phenomenon is dependent on the wavelength of light and can
be adjusted by varying either nw diameter or spacing between nws. Outside of
applications in solar photovoltaics, this can be exploited to create an integrated
multi-spectral detector, for example, but the nw diameter and spacing can also be

optimized to tune the absorption peak to match solar irradiance [7].

1.3  Motivation of present work

The general purpose of this work is to continue exploring IlI-V nw arrays as

PV devices and improve their performance by looking at various characteristics to
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refine device design and processing. Specifically, Chapters 2 and 3 detail the
general procedure for fabricating and characterizing nw PV devices and explores
the background theory into these tools and processes. Chapter 4 investigates
substrate removal on nw arrays to improve optical characterization of nws;
specifically developing a method to measure the absorption of nws. Chapter 5
examines the transparent metal oxide layer used as a front contact for solar PV
devices; the sheet resistance of this layer is very difficult to measure in situ, so it is
essential to develop a good proxy in order to properly characterize this portion of
the cell and develop incremental improvements to the overall contact scheme.
Chapter 6 highlights fabrication and characterization of a tandem cell nw PV
device; this improves on historical work growing single junction GaAs nw PV cells
by growing tuned GaAsP nws on a silicon junction substrate. Lastly, Chapter 7
proposes ideas for future work in this area of research to refine and improve the

results reported herein.
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2 Device Fabrication

2.1 Introduction

This section describes the background theory behind various processes
employed in device fabrication generally, and their specific applications in the
procedure employed in this work. The processing steps listed here are meant to
serve as a high-level overview of device fabrication. Additional information can be

found in the Appendix under Processing Recipes.

The general device processing procedure for nw photovoltaic devices in this
work begins with a clean, 3" diameter <111> p-type (boron-doped) Czochralski
silicon wafer. The wafers are low resistivity (£0.005 ohm-cm), approximately
300 um thick, and the front side has been polished to a surface roughness less

than 5 A. Further detail can be found in the Appendix under Wafer Specifications.

2.2  Electron beam lithography

2.2.1 Background

Electron beam lithography (EBL) is a semiconductor fabrication process
used to create high resolution features or structures on a device [8]. Initially the
sample is coated in a thin polymer layer (electron beam resist). The polymer is
chosen such that the structure is altered when exposed to an electron beam,
modifying its solubility in a particular developer. Using a positive electron beam

resist, for example, results in a stable polymer film, until exposed to an electron
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beam. The area of the film that was exposed will be washed away during
development, allowing for a pattern to be transferred onto the sample. The
unexposed resist will remain on the sample after development, allowing
subsequent processing steps (e.g. chemical etching) to affect only the patterned

regions of the sample.

Using an electron-sensitive polymer instead of a more common photon-
sensitive layer allows for much finer resolution in pattern transfer, since the de
Broglie wavelength of electrons at these energy levels (100 keV) is much smaller
than photons in the ultraviolet (UV) range. However, using an electron beam to
pattern the device is a serial process, which limits fabrication throughput. The
resolution capabilities of EBL are necessary to pattern the device for nw growth
(features on the order of 50 nm), whereas UV photolithography, with a much higher
throughput, is used in later processing steps to transfer a much coarser pattern for

electrical contacting (features on the order of 100 pum), as described in Section 2.5.

Reactive ion etching (RIE) is used briefly in this part of device processing;
however, the background of this method will be described in more detail in Section

2.4.1.

2.2.2 Processing

A thin layer (30 A) of silicon oxide is deposited on the substrate using

chemical vapour deposition (note that details surrounding this deposition method
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are outside the scope of this work, but can be found in the accompanying
references [9]). This oxide is then used as a pattern transfer layer for EBL. The
wafer is sonicated in acetone and isopropyl alcohol (IPA) to ensure cleanliness
before spin-coating with a ZEP502A:Anisole mixture to act as an electron beam
resist. EBL is then performed to transfer the pattern (as shown in Figure 2-1) into
the resist layer. During lithography, the electron beam energy used for all

exposures is 100 keV with beam currents varying from 500 pA to 25 nA.

- st At

MCMASTER - SEl 50kY  X40,000 WD60mm 100nm

Figure 2-1: Scanning electron microscope image of EBL pattern, following transfer
into the oxide layer, to prepare for nw growth. Each hole seeds the growth of a
single nw. The EBL dose and pattern is adjusted to vary the diameter and spacing

of the holes and subsequent nws.
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The resist is then developed in ZED-N50 and cleaned with an MIBK:IPA
solution (Figure 2-2). The pattern is further transferred into the oxide layer by a
CF4 RIE, before the EBL resist is fully stripped and the substrate is cleaned by

sonication in ZMAC, acetone, and IPA.

[ N I |
a) \ electron

silicon
substrate

Figure 2-2: Schematic detailing the EBL pattern transfer from the resist layer into
the oxide layer using RIE; the sample is shown following (a) EBL exposure and
development, (b) pattern transfer by RIE, and (c) removal of the electron beam

resist. Features are not to scale.
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2.3 Molecular beam epitaxy

2.3.1 Background

The 1lI-V nw arrays studied throughout this work are fabricated by a self-
assisted growth method, using a gas source molecular beam epitaxy (MBE)
system. Group Il material (i.e. gallium) is provided by an effusion cell which is
heated to evaporate the solid source. Group V materials (i.e. arsenic and
phosphorous) are supplied as dimers by cracking hydride sources. During nw
growth, there are two main regimes: axial (core) growth and radial (shell) growth.
During either regime of growth, dopants can be introduced to control the electrical

properties of the device.

Initially, group 1ll adatoms directly impinge on the oxide holes (prepared
during the EBL patterning step), or may diffuse along the surface to reach these
holes, forming liquid droplets on the silicon substrate. During axial nw growth,
group V dimers adsorb on the liquid droplet (desorbing from the oxide or nw
sidewalls [1]), precipitating epitaxial nw growth at the base of the droplet. This is
known as the vapour-liquid-solid (VLS) method — vapour precursors adsorb on the
liquid droplet at the tip of the nw and the droplet is gradually pushed up as each
epitaxial layer precipitates, growing a solid crystal structure at its base [10] — a
schematic of the VLS process is shown in Figure 2-3. This process continues until
the desired nw height is reached. The substrate is then cooled under group V flow

to consume the group Il droplet, while precipitating the desired Il1-V structure.

11
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silicon silicon gallium droplet GaAs nanowire
oxide substrate

Figure 2-3: Schematic of the VLS growth method; (a) group Ill and V precursors
present in the MBE chamber, (b) initial formation of the group IIl droplet on the
silicon substrate (in the oxide hole patterned by EBL), and (c) vertical epitaxial

growth of the nw. Features are not to scale.

Radial growth, on the other hand, occurs via the vapour-solid (VS) method.
This is a lower temperature process whereby both group Il and V adatoms adsorb
and diffuse on the sample surface, growing epitaxial layers conformally around the
nw. A schematic of the VS process is shown in Figure 2-4. Higher temperatures
and lower V-IlI flux ratios tend to favour axial growth, whereas lower temperatures

and higher V-III flux ratios tend to favour radial growth [11].

12
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nanowire core nanowire shell

Figure 2-4: Schematic of the VS growth method following consumption of the group
Il droplet; (a) adsorption and diffusion of group Il and V precursors on the nw core,

and (b) conformal epitaxial growth of a 11l-V shell. Features are not to scale.

For the nw arrays prepared in this work, initially a p-doped core is grown,
followed by an intrinsic shell, and a n-doped shell, forming a p-i-n diode structure.
An additional thin n+-doped shell is added to enhance electrical contact [12] and

finally a passivation layer is added to reduce surface recombination effects [13].

Note that the epitaxial nature of IlI-V nw growth requires the substrate to be
in the <111> orientation, to ensure vertical growth of the nw. The more common
<100> orientation of silicon results in unwanted nw growth at a 35 degree tilt to the

surface [14].

13
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2.3.2 Processing

Following EBL, the wafer is carefully cleaved along its primary crystal planes
into six ‘pie-shaped’ pieces using a diamond scribe. Immediately prior to loading
in the MBE chamber, the wafer is dipped in buffered hydrofluoric acid (BHF) to
remove any subsequent native oxide growth and ensure the bare silicon at the

bottom of the holes is fully exposed. The substrate is now ready for nw growth.

Once the substrate is loaded into the MBE chamber and brought under
vacuum, it is degassed at 300°C for 15 minutes and subsequently exposed to a
hydrogen inductively coupled plasma at 600°C for 10 minutes to remove any
residual hydrocarbons from the surface. During MBE, nw growth is seeded in the
oxide holes with p-doped (beryllium) GaP (since the lattice mismatch of GaP and
Siis only 0.4% [3,4]) and the group V component is gradually ramped from P to
As1-xPx in the desired ratio (maintaining beryllium doping levels). After a specified
growth duration, the chamber is cooled (maintaining group V flow to consume the
gallium droplet), and an intrinsic (undoped) shell of GaAsP is grown, followed by
an n-doped (tellurium) GaAsP shell and an additional thin n+-doped (tellurium)
GaAsP layer. Finally, an AlInP passivation shell is grown. The final structure is
shown in Figure 2-5. More detail on the specific growth conditions for the nw arrays

studied in this work can be found in the MBE growth sheets included in Chapter 6.

14
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Figure 2-5: Transmission electron microscope image of a single nw, indicating
each segment of the MBE growth; the nw begins with vertical p-GaAsP core growth
(green) and Ga droplet consumption (purple); intrinsic (blue), n-doped (red), and
n+-doped (yellow) GaAsP shells are subsequently grown; and an AlInP passivation
layer (uncoloured) is added. Scale bar is 100 nm. Figure adapted from Boulanger

et al. [12].

2.4  Planarization & etching

2.4.1 Background

Reactive ion etching (RIE) is employed several times during device
fabrication. This technique is used to etch the sample anisotropically (in one
preferred direction) and is known as ‘dry etching’ [15]. The sample is loaded into

a vacuum chamber and an electric field is created between parallel plate electrodes
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(with the sample sitting on the bottom plate). Process gases are pumped into the
chamber and the electric field strips electrons from the gas, creating a plasma. The
resulting ions are accelerated towards the sample where they collide with the
surface and contribute to etching by chemical reaction and sputtering (described
in more detail in 2.5). Since the plasma ions are accelerated in the direction of the
electric field, RIE will preferentially etch the sample in this same direction, making
it possible to create anisotropic structures on the surface of the sample (which is

required prior to MBE, for example).

Wet etching is also used in this procedure to remove the passivation layer
at the tips of the nws, once they have been exposed by RIE. The sample is
immersed in an etchant which chemically reacts with the exposed surface of the
sample. Depending on the etchant and the material to be etched, the process can
be isotropic (equal in all directions) or anisotropic (as with RIE, above). For
example, in the case of the BHF etch described in Section 2.3.2 the silicon oxide
layer is etched isotropically. On the other hand, the crystalline AllnP nw
passivation shell is preferentially etched by HCI along certain crystallographic
facets, resulting in an anisotropic structure. Images of this facet-selective etching

process can be found in Chapter 6.
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2.4.2 Processing

With the nw growth complete, the next step is to planarize the device and
expose the tips of the nws. The polymer benzocyclobutene (BCB) is used to coat
the device due to its favourable electrical and optical properties, and its robustness
[16]. Two layers of BCB are spun on the device and hard baked under nitrogen,
ensuring the nws are fully covered. The BCB is then gradually removed by a
CF4:02 RIE until the tips of the nanowires are exposed (this process is monitored
by repeatedly observing the sample in a scanning electron microscope). Once the
tips are exposed, the passivation layer is removed by a wet etch in an HCI solution

to prepare the sample for electrical contacting.

2.5 Contact application

2.5.1 Background

Applying metal contacts to the device is the final step before the device can
be characterized. The contacting scheme is divided into three separate parts: the
transparent front contact, the opaque front contact, and the rear contact. The
desired patterns for the front contacts are applied using photolithography. The
transparent contact and rear contact are applied by sputtering and the opaque

contact is applied by electron beam evaporation.

Photolithography is very similar to the EBL process described in Section 2.2.

In this case, however, a photon-sensitive polymer (photoresist) is employed and
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the sample is exposed to UV light instead of an electron beam. By using a UV
lamp, the entire sample can be exposed at once, instead of raster scanning an
electron beam, as in EBL. The contact pattern is applied by inserting a chrome
photomask between the sample and lamp so only the desired area of the sample
is exposed to UV light. Since the resolution of photolithography is limited by the
wavelength of light, this higher throughput process cannot be used to create the
much smaller feature size required for the patterning prior to nw growth, so EBL is

used instead.

Both sputtering and electron beam evaporation are methods of thin film
deposition. During sputtering [17], an inert process gas (commonly argon) is
pumped into a vacuum chamber and, as in RIE, an applied electric field strips
electrons from the process gas, creating a plasma. The resulting ions are
accelerated towards the sputtering target (cathode) where they collide with the
surface, physically ejecting atoms from the target. These atoms impinge onto the
sample stage (anode), and surrounding chamber, depositing a thin film of the same
material as the target. The applied electric field power and process gas flow rate

can be adjusted to control the deposition rate.

During electron beam evaporation [18], electrons are generated by running
a current through a filament and are accelerated towards a crucible holding the
metal to be deposited. The electron beam heats up the crucible such that a vapour
is formed from the metal. The vapour, as with sputtering, impinges on the sample

stage and surrounding deposition chamber, depositing the desired thin film. The
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beam current and accelerating voltage can be adjusted to control the deposition

rate.

In both cases, the deposition process is monitored using a crystal thickness
monitor [19]. A piezoelectric crystal (quartz) resonator is mounted close to the
sample stage in the deposition chamber. As metal is deposited on the sample, it
is also deposited on the crystal. This tool monitors the frequency of the resonator
in situ and correlates the change in resonant frequency to thin film growth on its

surface; this is then correlated to thin film growth on the sample itself.

2.5.2 Processing

The front contact pattern is applied using standard photolithography
techniques. A layer of Microposit S1818 positive photoresist is spun on the sample
and soft baked. The sample is selectively exposed to UV light through a mask and
then dipped in toluene to harden the top layer of the resist (improving lift-off). The
sample is then over-developed in MF319 to remove the exposed photoresist and
slightly undercut the photoresist that was not hardened by the toluene dip. This
allows for easier lift-off following sputtering or electron beam evaporation [20], as

demonstrated in Figure 2-6.
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contact metal

photoresist hardened by toluene

unexposed photoresist

—)

Figure 2-6: Schematic detailing photoresist development procedure, (a) prior to
and (b) following lift-off. After exposure to toluene, the top layer of the photoresist
is not as susceptible to development; therefore, subsequent over-development has
the effect of undercutting the photoresist around the desired pattern, allowing for

easier lift-off. Features are not to scale.

A 250 nm thick layer of indium tin oxide (ITO) is sputtered on the front of the
sample and the sample is then immersed in acetone for approximately thirty
minutes. This dissolves the photoresist that remains on the sample, ‘lifting-off’ the
ITO that was deposited on the photoresist, and leaving behind the ITO that was
deposited directly on the sample (i.e. where the sample was exposed to UV light

through the mask).

This process is repeated using a second mask pattern and depositing a
layer of nickel / germanium / gold (Ni/Ge/Au, 25 nm / 50 nm / 225 nm thick,
respectively) by electron beam evaporation. Again, the metal deposited outside of

the desired pattern is lifted-off.
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The first photolithography pattern corresponds to the transparent contact
layer (ITO). This contact layer completely covers the nw arrays and extends into
a ‘contact finger’, providing enough room such that electrical measurements can
be made on the sample. The second pattern corresponds to the opaque contact
layer (Ni/Ge/Au) which only covers the contact fingers (leaving the nws exposed,
in order to perform measurements under illumination). The nickel adheres strongly
to the ITO layer, while the gold provides a soft surface to achieve effective electrical

contact to the electrical probes. An image of the contact finger layout is included

below in Figure 2-7:

.

Figure 2-7: Layout of the front contact layer patterned on #1865 using
photolithography, sputtering, and electron beam evaporation; the small black
squares are the nw arrays covered in ITO, the white fingers are Ni/Ge/Au. Scale

bar is 500 pm.
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The rear contact does not require a photolithography mask. The edges of
the sample are simply covered in vacuum tape (to prevent any possible device
shorting) and a 400 nm thick layer of aluminium is sputtered on the back of the

sample. The final contact scheme is shown below in Figure 2-8:

opaque front contact
transparent front contact
BCB

silicon oxide

n-type silicon

p-type silicon

rear contact

Figure 2-8: Schematic showing the final device structure of a tandem cell following
front and rear contacting. Details regarding the core-shell structure of the nws have

been omitted. Features are not to scale.

2.6  Annealing

Finally, the device is annealed using a rapid thermal annealer. This serves
two primary purposes: to ensure effective electrical contact between the sample
and the deposited metals, and to improve the transparency of the ITO contact layer
[21]. During this process, the sample is loaded into a carbon susceptor which is

then exposed to a high power lamp. The susceptor efficiently converts the light
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energy into thermal energy, heating up the sample over a short time period

(typically on the order of one minute).

A quartz microscope cover slide is included as a ‘witness’ sample during
ITO sputtering to characterize the transparency of the film. Prior to annealing, the
transparency of the ITO layer is approximately 76%, when weighted to the AM1.5G
solar spectrum and accounting for the bare quartz baseline. After annealing, the
transparency improves to 89%. Details of the electrical properties of the front

contact layer are investigated in Chapter 5.
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3 Device Characterization

3.1 Solar simulation

Characterizing photovoltaic devices using the sun can be difficult and
unreliable. Local irradiance, seasonal changes, daily cloud cover, and time of day,
for example, can all have vast impacts on the measured performance of a device.
For this reason, it is important to be able to take measurements against a standard

reference.

The standard spectral irradiance used for solar cell testing is referred to as
the AM1.5G spectrum [22]. In this work, a xenon arc lamp was used to mimic this
spectral output. Figure 3-1 shows the AM1.5G spectrum and the typical output

from a xenon arc lamp.

The lamp is powered by a Newport 69907 lamp controller and the light is
passed through a neutral density filter. The lamp controller is adjusted to achieve
an output power density of ‘1 sun’, or 100 mW/cm?, as measured by a Newport
91150 Reference Cell. The reference cell is a robust PV device, designed to
provide reproducible and reliable electrical behaviour. Its characteristics are
verified by the National Renewable Energy Laboratory and it is used to calibrate
subsequent solar simulator measurements. Once the lamp has been set up and

calibrated, the electrical characteristics of a device can be measured.
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Figure 3-1: AM1.5G compared to xenon arc lamp spectra, the broadband output of
the lamp can be scaled up or down by changing the input power or the neutral

density filter.

The device is mounted on a metal stage, ensuring good electrical contact
between the aluminium rear contact and the stage. The sample is then probed,
using Micromanipulator 250 / 350 probes in a four-point arrangement — two hard
probes in contact with the stage and two soft probes on the contact finger of the
cell under measurement, as seen in Figure 3-2. While sourcing voltage and

sensing current, the four-probe arrangement is used to improve the accuracy of
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the measurement [23]. In the simpler two-probe arrangement, there is a voltage
drop at either side of the sample arising from the contact resistance present due to
the probe-sample interface. Since the current flows through the same source
probes, this voltage drop is equal t0 Veontact = Iprove X Reontact: PEr Ohm'’s Law.
The overall bias on the cell is reduced from V;,,rce t0 Vepurce — Veontact1 — Veontactz-
The four-probe arrangement eliminates the effect of this contact resistance
between the probes and the sample surface by using a high impedance pair of
probes to bias the sample, minimizing I,.,p. (and therefore Veoneqace), @and a low

impedance pair to measure the current.

Figure 3-2: Schematic of four-probe arrangement used for IV measurements.

The probes are connected to a Keithley 2400 SourceMeter which performs

a voltage sweep, typically between -2 V and +2 V, measuring the current flowing
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through the sample for each input voltage at a specified step size, creating a graph
of current versus voltage, or an ‘IV curve’. This measurement is taken in the dark
and repeated under illumination. The light and dark IV curves can be analysed to
characterize the device based on its open circuit voltage, short circuit current

density, fill factor, efficiency, reverse saturation current, breakdown voltage, etc.

3.2  Quantum efficiency measurement

As described briefly in Chapter 1, PV devices operate by absorbing energy
from incident light and converting this to electrical energy. The quantum efficiency
of a solar cell is a ratio of the number of electrons collected by the cell to the number
of photons. External quantum efficiency (EQE) considers the number of photons
incident on the cell, whereas internal quantum efficiency (IQE) considers the
number of photons absorbed by the cell. This work is concerned with the
measurement of EQE which can then be used to infer IQE by separately measuring
the reflection and transmission of the same device, in order to calculate its

absorption.

EQE is measured at a range of wavelengths to determine the spectral
response of the device. In this work, the output from a broadband light source is
passed through a monochromator, to select a narrow wavelength band, and is
directed to the sample stage. Initially, the output power density for each

wavelength range is measured using a power meter. The power, in Watts, can
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simply be converted to a number of photons per second using the relationship
between wavelength and photon energy (E = %), which can further be converted

to photon flux (@ (A), number of photons per second per unit area), by inserting an

aperture of known area between the source and the power meter.

The sample itself is then mounted on the stage in place of the power meter
and the wavelength sweep is repeated. The short circuit current density is
recorded at each wavelength (js.(1)) and divided by the charge per electron to
calculate the number of electrons per second per unit area. The EQE is then simply

the ratio of this value to the photon flux, per Equation 3-1.:

.SC A
Jse ( )/q
P (1)

EQE(}) = (3-1)

A quartz tungsten halogen (QTH) lamp is used as the light source for
determining EQE due to its smooth broadband output over the wavelength range
of interest (in contrast, the xenon arc lamp discussed in Section 3.1 would be
unsuitable for this application due to the ‘irradiance spikes’ between 800 nm and
1000 nm). A Horiba iHR550 Imaging Spectrometer and Newport 2936-C Optical

Power Meter were used as the monochromator and power meter, respectively.

Unique challenges associated with measuring the EQE of tandem and multi-

junction solar cells will be discussed in detail in Chapter 6.
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3.3  Scanning electron microscopy

In the context of the present work, scanning electron microscopy (SEM) is
an invaluable tool used for directly observing the structure of nw arrays (and was
also used to image ITO films) [24]. Images were captured using a JEOL JSM
7000F Field Emission SEM. To prepare for SEM, the sample is mounted and
loaded into a vacuum chamber. An electron beam, on the order of 5 keV and
100 pA, is focused on the sample. The beam is raster scanned (as with EBL,

described in Section 2.2) across an area of the sample to produce a 2-D image.

There are a number of different ways in which this beam interacts with the
sample, but the majority of the images captured for this work are recorded by
secondary electron imaging (SEI). In SEI mode, atoms on the surface of the
sample eject ‘secondary’ electrons from their outer orbitals, which are captured by
a detector [24]. SEI mode is an excellent method for observing surface topography

and crystallographic faceting, as seen in the images in Section 6.3.1.

The accelerating voltage can be adjusted to improve the quality of the
resultant image, depending on the sample and features of interest. For example,
increasing the accelerating voltage will increase the signal-to-noise ratio, but
decrease the resolution as the electron beam is now interacting with a larger
volume of the sample. Imaging samples with higher atomic number usually

requires a higher accelerating voltage, and vice versa.
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Observing insulating samples under SEM can be difficult, since a negative
charge is built up on the surface by the incident electron beam, causing imaging
artifacts. This is commonly avoided by coating an insulating sample with a very

thin layer of conducting material (e.g. carbon) [25].

During typical device fabrication, the sample will be observed in the SEM
following growth to see nw morphology (height, taper, faceting, uniformity, etc.) and
nw yield (the percentage of EBL-patterned holes which seeded growth of a nw with
good morphology) for each array, and to determine if the sample is a good
candidate to proceed with processing. The sample is also observed in the SEM
during, and after, the planarization and etching step described in Section 2.4.2 to
monitor the total etch depth and stop after an appropriate amount of material has
been removed. This step, in particular, can be challenging as the BCB used to
planarize the device is insulating, but the sample cannot be carbon-coated for

proper imaging since this would destroy the PV device.

3.4 Sheet resistance measurement

Once a semiconductor junction has been created, each side of the junction
must be electrically contacted before a PV device can be of any use. As described
in Section 2.5, a layer of transparent ITO is deposited over the nw array of the PV
devices in this work. This contact layer will impact device performance, acting as

a resistor in series with the cell. For a resistor with length L, width w, thickness t,
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and resistivity p (and current flowing in the direction of L), its resistance is given by

Equation 3-2:

(3-2)

When operating at any point less than the open circuit voltage of the cell,
some of the power output will be dissipated in this resistor. Ultimately, this has the
effect of lowering the fill factor of the device and reducing the overall efficiency, so
it is clear that the resistance of this contact layer should be as small as possible
[26]. Since resistance is inversely proportional to thickness, a thick contact layer
could address this problem, but this would in turn decrease the transparency of the
film. It is important to be able to accurately characterize this resistance to design

an optimal front contact structure.

For the same reasons described in Section 3.1, a four-probe arrangement
is typically employed. In this case, however, a current is sourced through the

sample via one pair of probes and the voltage is measured via another pair. This
technique is used to measure the ‘sheet resistance’, R, of the ITO film which is a

function of material resistivity and film thickness [27], per Equation 3-3:

(3-3)
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One such arrangement of probes is the ‘in-line’ method. Four equally
spaced collinear probes are placed on the surface of the thin film; a current is
passed through the outer probes and the potential difference between the inner
probes is recorded [27]. The relationship between applied current and measured
voltage is affected by the sample geometry, but an accurate measure of sheet
resistance can be calculated if certain criteria are met. Smits showed that for a
sample of uniform thickness and dimensions much larger than the probe spacing,

the sheet resistance can be calculated using Equation 3-4 [27]:

T
R, =——=*V/I -
s=15*V/ (3-4)
Specific challenges of measuring the sheet resistance of ITO, and alternate

techniques, will be discussed in detail in Chapter 5.

35 Photoluminescence

Photoluminescence is a technique used to characterize the band structure
of a semiconductor [28]. The target material is illuminated using a laser with
enough energy to excite carriers above the bandgap. These excited carriers will
quickly dissipate energy via heat (thermalize) and move to the edge of the band,
before recombining by radiant emission, as shown in Figure 3-3. The emitted light

is then passed through a monochromator before striking a detector. The resultant
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data shows the relative intensity of light emitted from the sample as a function of
wavelength. A strong peak in the photoluminescence spectrum will typically

indicate the bandgap for a direct gap semiconductor, such as GaAsP.
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Figure 3-3: Photogeneration of an EHP, exciting an electron from the valence band

to the conduction band, followed by rapid thermalization, recombination, and

photon emission near the bandgap energy.

For sample characterization in this work, a 488 nm wavelength argon ion
laser was used to excite the sample. The photoluminescence signal was passed,

via a filter (removing any reflected laser light), through a Horiba iIHR550 Imaging

Spectrometer to a Horiba Symphony Il detector.
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3.6  Ellipsometry

Ellipsometry is an optical technique used to characterize thin film structures
[29]. In this work, a J.A. Woollam M-2000UI Ellipsometer was used to measure

the thickness of silicon oxide films and to measure the transparency of ITO films.

In the case of film thickness measurements, the sample is placed on a stage
such that light will reflect off the sample and strike a detector. The light source is
a broadband lamp (either deuterium or QTH lamp, depending on desired
wavelength range) that is passed through a linear polarizer; a grating is situated in
front of the detector to provide wavelength-selective measurements. Some light
will reflect off the surface of the thin film, while some light will be transmitted through
the film and reflect off the top of the substrate instead. As linearly polarized light
is reflected, it becomes elliptically polarized and this change in polarization is
different for reflections from the film and the substrate. The phase interference of
these two reflections is measured at the detector across a range of wavelengths
and for several angles of incidence, as seen in Figure 3-4. Knowing the index of
refraction of both the substrate and the thin film (in this case, silicon and silicon
oxide, respectively), the film thickness can be inferred by adjusting model

parameters to match the collected data.
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Figure 3-4: Schematic showing the operation of the ellipsometer for film thickness
characterization; as the angle of incidence and wavelength vary, so will the
interference recorded by the detector, allowing determination of the unknown

thickness (t = ?).

For film transmittance measurements, the source light shines directly on the
detector and the sample is placed perpendicularly in between them. The detector
records the intensity of light for a range of wavelengths, compared to a reference
measurement (with no sample present). When sputtering samples with ITO for
electrical contacting, a transparent quartz microscope slide (‘withess sample’) is
included on the sample stage. The transparency of this witness sample is then
measured (before and after annealing), in place of the actual device. In order to
calculate the transmission of the ITO film in isolation, the measurement is repeated

with a blank quartz slide as a baseline.
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4 Optical Characterization of Nanowires by Substrate Removal

4.1 Introduction

As described in Section 1.2, the waveguide nature of nws offers unique
advantages in photovoltaic applications. The strength of this effect depends on a
number of nw properties including material, spacing, and diameter [2]. Further,
since the absorption of light is a function of material thickness, the length of the
nws must also be considered. It is useful to be able to characterize the absorption
of a nw sample to optimize these properties for a given application and to verify
optical absorption models. However, it can be challenging to measure absorption

directly.

When light is incident on some material, it can either be reflected off the
surface, absorbed within the material, or transmitted through the material. This is
represented in Equation 4-1 where R, A, and T represent the fraction of light
reflected (reflectance), absorbed (absorptance), and transmitted (transmittance),

respectively [30].

R+A+T=1 (4-1)

It is therefore possible to measure both reflectance and transmittance, and
calculate absorptance. Measuring reflectance requires a relatively straightforward
experimental set-up and is outside the scope of this work [31]. On the other hand,

to measure transmittance, it is necessary to isolate the absorptance due to the
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material itself (in this case nws) from the absorptance due to the substrate (upon
which the nws are grown). Measuring the transmittance of an ITO film is
demonstrated in Sections 3.6 and 6.3.5, for example, but this method relies on the
use of a transparent substrate (quartz). The nw arrays described in the present
thesis require growth on a relatively thick silicon substrate (hundreds of microns),
which absorbs virtually all the light passing through the nw array. Thus, the method

used to measure transmittance of ITO films cannot be used for nw arrays.

Instead, substrate removal was attempted to measure transmittance of the

nw arrays directly, and to ultimately calculate absorptance using Equation 4-1.

4.2 Experimental approach

There are several approaches which can be taken to remove the silicon
substrate while leaving the nw array intact. One such method would employ a
selective etch based on the material difference between silicon and the nws.
Another method would be to use a process with a known etch rate and calculate
the time required to etch through the substrate, stopping as soon as the nw array

has been exposed (or very close).

It is important to note, however, that besides providing a base upon which
to seed nw growth, the substrate also provides structural stability to the nw array.
In both of the methods outlined above, there are structural stability issues with

removing the substrate entirely. Two major issues, in particular, must be
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addressed. First, since the absorptance of the nws depends on spacing and
orientation, the nw array must stay in place after the substrate has been removed.
This can be achieved by applying a thick coat of BCB over the nw array, as in
Section 2.4.2, to provide a stable matrix to hold the nws in place once the substrate
is removed. Secondly, the substrate also provides stability in order to handle the
sample itself. Attempting to characterize a sample that is only a couple of microns
thick would be extremely difficult. To that end, the sample can be masked to etch
only a ‘window’ into the substrate, leaving the majority of the substrate intact. The
window can be aligned with the nw array on the front surface. An example

schematic of such a set-up is shown in Figure 4-1.

Both wet and dry etches were initially considered. However, standard RIE
recipes for silicon etching achieve etch rates on the order of 100 nm / min [15],
taking over 24 hours to completely etch through the substrates used for this work.
Therefore, based on available equipment, dry etching via RIE was not attempted.
‘Deep RIE’ could be investigated as a possible dry etch alternative, achieving etch

rates in excess of 25 pum / min, but was not explored for this work [32].
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window
__________________ / etch mask

silicon substrate

—— silicon oxide

BCB

Figure 4-1: Schematic showing inverted nw sample and proposed set-up for
substrate removal. The BCB provides a matrix for the nw array to maintain its
structure after the substrate is etched; and the mask opens an etch window,
protecting the surrounding substrate to maintain overall structural stability of the

sample. The arrow indicates etch direction. Features are not to scale.

Wet etching through a silicon <111> wafer can be challenging. Many
common silicon etchants, such as potassium hydroxide or ethylenediamine
pyrocatechol, are anisotropic and etch the <111> plane much slower than the
<100> and <110> planes [33]. For this work, a combination of hydrofluoric acid
(HF), nitric acid, and acetic acid, known as HNA, was used to etch silicon

isotropically, to achieve reasonable etch rates to fully remove the silicon substrate
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[34]. In an HNA etch, the nitric acid oxidizes the silicon, forming silicon dioxide; the
HF chemically etches the oxide, forming agueous hexafluorosilicic acid; and the
acetic acid acts as a dilutant [35]. Note that acetic acid is preferred as a dilutant
since it enhances the oxidation power of the nitric acid, compared to using water

as a dilutant. The combined chemical reaction is shown below in Equation 4-2:

Si+ HNO; + 6HF - H,SiF, + HNO, + H,0 + H, (4-2)

The samples used for this experiment consisted of separate GaAs, GaAsP,
and GaP nw arrays on silicon <111> substrates. Unfortunately, the selectivity of
HNA on silicon versus GaAs, GaAsP, and GaP is not well documented [36], so the

‘timed etch’ method described above was employed.

The HNA solution was prepared by mixing one part 48% HF to two parts
69% nitric acid to three parts acetic acid [37]. This composition was chosen to give
an etch rate on the order of 5 um / min for an expected total etch duration of
approximately 1.5 hours. The sample was submerged in the etchant using a
polytetrafluoroethylene dipper basket. The sample was agitated every minute and
visually inspected to monitor etch depth. After the substrate was fully removed,

the sample was quenched in deionized water and rinsed thoroughly.

After some preliminary attempts, the etchant was observed to have a visible
effect on the BCB coating so this was further protected by adhering the sample to

a quartz microscope slide using a transparent epoxy (EPO-TEK 301-2).
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Additionally, an etching wax (Apiezon Wax W) was used as a mask for the etch
window and also to protect the exposed surface of the microscope slide. Following
substrate removal the protective wax was dissolved using trichloroethylene. The

final schematic used for the etching procedure is shown in Figure 4-2.

window
__________________ / etching wax

<111> silicon

——silicon oxide

BCB

transparent epoxy

quartz slide

etching wax

Figure 4-2: Updated experimental schematic showing the transparent epoxy,
guartz microscope slide, and etching wax included to protect the front of the sample
from the HNA etchant. The arrow indicates etch direction. Features are not to

scale.
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4.3 Results

Light microscope images of various samples are presented below. Figure
4-3 and Figure 4-4 show a single nw array before and after substrate removal by
HNA etching; the nw materials are GaAs (sample #1710) and GaAsP (sample
#1709), respectively. The pre-etch images are taken top-down, following BCB
application. The post-etch images are taken from the rear of the sample (i.e. in the
direction of the arrow in Figure 4-2), after wax removal. Lastly, Figure 4-5 shows

a series of GaP nw arrays (sample #1677) following the same etching procedure.

Figure 4-3: Light microscope image of sample #1710, a GaAs nw array, (a) before

and (b) after a 98 minute HNA etch. Scale bars are 20 pm.
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Figure 4-4: Light microscope image of sample #1709, a GaAsP nw array, (a) before

and (b) after a 77 minute HNA etch. Scale bars are 20 pm.

Figure 4-5: Light microscope image of sample #1677, showing a series of GaP nw

arrays after substrate removal by HNA etching. Scale bar is 200 pm.
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The integrity of the nw arrays is difficult to tell from light microscopy alone.
The arrays in both Figure 4-3 and Figure 4-4 show good contrast following the HNA
etch procedure. On the other hand, the GaP nw arrays in Figure 4-5, seem to have
been completely etched away. This removal is evidenced by the ‘cloudy’ outline
surrounding each array, indicating the etchant has penetrated through the nws and
made its way in between the BCB and epoxy layers. Note that this outline was not
present in the GaAs and GaAsP samples. Thus, further characterization is
required to investigate these samples. An SEM image of the GaAsP nw sample is

shown below in Figure 4-6.

MCMASTER - 4.0kY X10,000 WD 8.9mm Tum

Figure 4-6: 30° tilted SEM image of the GaAsP nw array shown in Figure 4-4. The

material is BCB, with holes evident where the nws sat prior to substrate removal.
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The SEM shows empty holes in the BCB layer where the nw would have sat
before the etching procedure, indicating the nws were etched away by the HNA.
However, as described in Section 2.3.1, the nw growth is initially seeded by a GaP
segment, before transitioning to either GaAs or GaAsP core growth. It is possible
that the GaP segment at the base of the wire was etched away, leaving the
remaining GaAs or GaAsP segment buried within the BCB. Photoluminescence
was therefore attempted on the etched sample to detect the presence of any buried
nws. Unfortunately, no appreciable signal was measured, further suggesting that
the nws had been etched away during substrate removal. This is in contrast to the
strong photoluminescence signal measured from the unetched GaAsP nws

(outlined in more detail in Section 6.4.4).

However, one of the nw arrays, in particular, of sample #1709 showed
different colouration under light microscopy and was investigated further. The
backscattered electron (BSE) detector of the SEM was used to obtain
compositional information from the sample, as shown below in Figure 4-7. In
contrast to the more common SEI mode, described in Section 3.3, BSE imaging
captures high energy electrons from the incident electron beam which have been
elastically scattered from the sample [24]. Material with a higher atomic number
(i.e. gallium, arsenic, and phosphorous) will be more likely to produce BSEs than
that of a lower atomic number (i.e. hydrogen and carbon) and will appear brighter
in the resulting image. The bright spots in Figure 4-7 indicate the presence of

GaAsP nws, in contrast to the hydrocarbon composition of BCB.
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MCMASTER - COMPO 15.0kV  X8,000 WD 10.3mm Tum

Figure 4-7: 30° tilted SEM image of one of the nw arrays of sample #1709, following
substrate removal. The BSE detector was used to indicate compositional variation
across the sample. The bright spots are attributed to the tips of GaAsP nws

embedded in BCB.

The different colouration of the nw array, noted above, was only present in
one of the twenty-five arrays in the sample. For the remaining arrays, in the
absence of nws, the contrast seen in the post-etch light microscope images may
be due to the etching process itself. It is possible that the etchant was not fully
washed away following substrate removal and was stuck in the holes of the BCB
(where the nws initially sat), causing the discolouration. Alternatively, the darker

shade could be attributed to residue from the dissolution of the black etching wax.
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Overall, the efficacy of the etching was inconclusive and no absorptance
measurements were ultimately taken. The etching procedure would need to be
refined to ensure a cleaner and more reproducible result for any further
characterization work to be done. The elimination of any contaminants or residue
is crucial for optical characterization, in particular. While it initially seems the HNA
etch method is not suitable for GaP nws, further exploration on GaAs and GaAsP
nw arrays may be warranted. However, an alternative method of substrate removal
is suggested in Section 7.2.1, which would be preferred to the HNA etching method

described herein.
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5 Electrical Characterization of Transparent ITO Front Contacts

51 Introduction

The performance of any PV device relies on being able to achieve good
electrical contact to the p- and n-regions of the cell. For the nw devices described
in this thesis, the rear contact is applied by sputtering aluminum on the p-doped
silicon <111> substrate, as outlined in Section 2.5. As there are no optical
considerations to take into account for the rear contact, this is a relatively
straightforward procedure and achieving good electrical contact is well

documented [38,39].

On the other hand, applying the front contact to a nw solar cell can be
challenging for several reasons. The primary issue is that the front contact must
be designed such that it does not prevent light from reaching the active region of
the cell. Other complications for nw devices, in particular, include a non-planar
surface (caused by both nws protruding out of the BCB layer and a rough BCB
surface following RIE etch-back) and effective removal of the passivation layer on
the nw tip (in order to contact the n-shell directly). With a much more complicated
application of the transparent front contact layer (ITO, in this case), it is important
to be able to characterize the quality of the contact to design and fabricate the best

possible PV device.

The two properties of interest of the ITO layer are the transparency and the
sheet resistance of the film. Both of these properties are inversely proportional to

film thickness, but since both a high transparency and low sheet resistance are
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desired, an optimal thickness must be chosen to provide the best device

performance.

Measuring the transparency of the film cannot be done in situ, since the film
is deposited on an opaque substrate (though it would be possible to investigate
this alongside a substrate removal experiment, as in Chapter 4). Instead, a
‘witness’ sample is prepared alongside the nw device and characterized
independently, per Section 3.6. This method can also be used to measure sheet
resistance [21], but there is some uncertainty in how well this serves as a proxy for
the actual sheet resistance of the sample. SEM images of an ITO film deposited

on a quartz slide compared to etched BCB on a silicon substrate are shown in

Figure 5-1.

Figure 5-1: SEM images showing the film quality of (a) sample F2 — 250nm of ITO
deposited on a quartz substrate; and (b) sample F7 — 250nm of ITO deposited on

etched BCB on a silicon substrate. Scale bars are 500 nm.
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It is clear that the ITO film deposited on the quartz slide is much smoother,
on a nano-scale, than the same film deposited on the etched-BCB-on-silicon
substrate. Therefore, in order to more accurately characterize the sheet resistance
of the ITO contact of a nw device, a more representative proxy sample must be
prepared. Ideally the sheet resistance measurement would be taken of an ITO film
deposited on an array of undoped nws after planarization with BCB and RIE per

Section 2.4.

Samples for this project were initially prepared without nw arrays for
simplicity. Once an accurate and reliable method for characterizing sheet
resistance has been achieved, new samples would be prepared, with the nw array

included, to observe any differences.

5.2  Experimental approach

Sample substrates (without nw arrays) were prepared following the same
processing steps outlined in Section 2.4, and ITO films, on the order of 1 cm?, were
deposited and annealed, as described in Sections 2.5 and 2.6. Note that annealing
the sample is required to reduce the sheet resistance of the ITO film to an
acceptable level [40]. However, the ITO cracked during the annealing process, as
seen in Figure 5-2, preventing any sheet resistance measurements from being

taken. This has been reported previously and is caused by the large difference in

50



MASc Thesis — BA Wood McMaster University — Engineering Physics

the thermal expansion coefficients of BCB and ITO (42x 107 K?® and

8.5 x 107° KL, respectively) [31].

\

Figure 5-2: Light microscope images of sample G6 (a) before and (b) after
annealing at 400°C for 1 minute. The sample consisted of 250 nm of ITO deposited
on BCB (following RIE etch-back) on a silicon <111> substrate. Scale bars are

500 pm.

To obtain uncracked films after annealing, additional sample substrates
were prepared and smaller square ITO pads of various sizes were applied, using
standard photolithography techniques. It was found that pads with side length less
than 200 um remained uncracked following the annealing process; these smaller
pads were then processed for sheet resistance measurements. This threshold for
cracking is consistent with the nw devices fabricated throughout this thesis — the

width of the ITO contact fingers as shown in Figure 2-7, for example, are 150 um
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and cracking is not observed. It was noted that the inclusion of a thin layer of
indium did not prevent ITO cracking on etched BCB samples (compared to

previously reported results on unetched BCB [31]).

Unfortunately, using ITO pads with side length less than 200 um does not
allow for the use of the in-line four point probe set up as described in Section 3.4,
since the probe spacing is 1 mm. Instead the ‘van der Pauw’ technique [41] is
employed by applying Ni/Ge/Au contact pads on the corners of the ITO square and
probing these pads individually, as shown below in Figure 5-3. The contacts are
applied using standard photolithography techniques and electron beam
evaporation. The Ni/Ge/Au contacts are highly conductive and are assumed to not
contribute substantially to the ITO sheet resistance measurement (with gold being

approximately 40 times more conductive than ITO [42,43]).

In this arrangement, a current is sourced through one pair of adjacent
contact pads and the voltage across the other two pads is measured. A resistance
measurement for a particular probe arrangement is calculated using Ohm’s Law

[41], as in Equation 5-1:

Vep
Rupcp = E (5-1)
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Ni/Ge/Au

-

[ T —
o

Figure 5-3: Schematic showing Ni/Ge/Au contact placement, in a square van der
Pauw arrangement, for taking sheet resistance measurements of ITO pads. The
current is sourced through the two upper pads (A-B) and the voltage across the

two bottom pads (C-D) is recorded.

The measurements are repeated by sourcing the current through each pair
of adjacent contacts (and measuring the voltage across the remaining contacts) to
account for any asymmetries in the sample. In the case where all resistance
measurements are equivalent, the calculation for sheet resistance reduces to the

same formula as Equation 3-4 [41].
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5.3 Subsequent challenges

During characterization of the first van der Pauw sample, the measurements
yielded an open circuit. Further inspection by SEM revealed that the ITO layer
curled up around the edges during processing, as seen in Figure 5-4. This resulted
in a physical gap between the ITO and Ni/Ge/Au pads and ultimately in open circuit

voltage readings.

MCMASTER- 3 SEM SEI 150KV X2500 WD 13.0mm  10um MCMASTER- 3 SEM SEI 150KV X15,000

Figure 5-4: 30° tilted SEM images of initial ITO test pads using a van der Pauw
arrangement; (a) shows the central ITO pad on the top, with one of the Ni/Ge/Au
contact pads on the bottom (overlapping in the middle of the image); (b) shows a
magnified image of the dashed box — the ITO pad is seen to curl up along the
edges, preventing electrical contact to the Ni/Ge/Au pad. Scale bars are 10 pm

and 1 um, respectively.
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Two different methods were investigated to address this problem. Initially,
sonication was performed following ITO deposition. This successfully removed the
‘wings’ around the edge of the pad and allowed for a contiguous Ni/Ge/Au contact
pad to be deposited on each of the corners. Alternatively, a ‘clover-leaf’ ITO pad
was deposited, instead of a square pad, with the four Ni/Ge/Au contacts completely
covering each ‘leaf’ of the ITO, as seen in Figure 5-5. This negates the effect of
any wings around the edge of the ITO. However, because the contact area to the
ITO is much larger in this configuration, additional consideration must be made to

ensure accurate sheet resistance calculations are made [41].

ITO — Ni/Ge/Au

Figure 5-5: Schematic of ITO contact scheme in 'clover-leaf' configuration. The

ITO layer extends underneath the Ni/Ge/Au contact pads.

Ultimately, further problems with characterization arose with the ITO

cracking during testing (compared to the previously addressed issue of cracking
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during annealing). This is likely attributed to high current densities in the sample,
so alternate ITO and Ni/Ge/Au pad configurations and probing methods are still
being explored to achieve reliable sheet resistance measurements. Although
attempts to electrically characterize transparent ITO front contacts were made, a
number of issues arose that precluded a full evaluation. Further research in this

area is required, but is outside the scope of this thesis.
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6 Fabrication of GaAsP Nanowire-on-Silicon Tandem Cell

6.1 Introduction

Due to bandgap limitations in semiconductors, only a portion of the sun’s
power spectrum is available for conversion into electrical energy. Incident photons
with energy below the bandgap of a single junction cell will pass through the cell
unabsorbed, and photons with excess energy above the bandgap will contribute to
thermal losses. For example, just considering these spectral losses, a single
junction silicon cell can only harness a maximum of 49% of the sun’s power, before
considering any recombination or other loss mechanisms — this is referred to as

the ‘ultimate efficiency’, as described by Shockley and Queisser [44].

Assuming perfect quantum efficiency, each photon with energy above the
bandgap will generate one EHP within the device and each EHP can be extracted
with a maximum energy equal to the bandgap of the material. The incident solar
spectral irradiation density is given by P, izen:(A) (in units of W/m2/nm). The
spectral irradiation density in terms of photon flux (# photons/m?/nm) is obtained
by dividing P;,ciqent (4) by the energy of a single photon (E = %). The maximum
power generated by the cell is then proportional to this irradiance multiplied by the

energy of the bandgap (E, = ;—;) —i.e. Picident (1) % This can be converted to a

power density (in units of W/m?) by integrating P(1) over all wavelengths.
However, since photons with energy below the bandgap are not absorbed, the

limits of integration can be adjusted to only include wavelengths below 4,. Finally
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the ‘ultimate efficiency’ can be calculated by dividing the generated power density

by the incident power density, using Equation 6-1:

A A
Jo? Pincident (1) 7-d2
U= —s g (6-1)
fg Pincident (/1)d/1

Using the AM1.5G spectral irradiance and a 1.12 eV bandgap (1107 nm) for
silicon yields an ‘ultimate efficiency’ of 49%, as noted above. This is visualized in

Figure 6-1.

By using a tandem cell structure, higher energy photons can be absorbed
and converted more efficiently in the upper junction, letting lower energy photons
pass to the next junction before being absorbed. The bandgaps can be selected
to minimize these overall spectral losses. The equation above can be applied to
two separate junctions, where 14, and 4,4, correspond to the bandgap of the upper

and lower junction, respectively:

2 A A A
Jo " Pincigent (1) 11 di+ [ ,19912 Pincident (1) 1 dA 62)
u= — -
fo Pincident (’Dd/l
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Figure 6-1: Solar energy available for conversion to electrical energy, using a single
junction silicon cell. The numerator of Equation 6-1 is equal to the area under the

orange curve and the denominator is equal to the area under the blue curve.

Simply considering a tandem structure with a silicon substrate as the lower
junction, the optimal bandgap for the upper junction is found to be 1.81 eV, using

the AM1.5G spectral irradiance.

However, in a series-connected multi-junction device, EHPs must be

generated in each subcell simultaneously. The overall current output is limited by
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the subcell generating the fewest EHPs. In an ideal structure, the current
generated in each subcell would be equal. This is known as ‘current-matching’

and is dependent on the spectrum of light incident on each subcell [45].

The power density generated in each subcell individually (each term in the
numerator of Equation 6-2) can be converted to a current density by multiplying by
q and dividing by the bandgap energy. The current output of both subcells is then
limited by the lower current density of the two subcells. To achieve current-
matching, the bandgap for the upper junction is found to be 1.72 eV (720 nm),
assuming silicon for the lower junction. This results in 62% of the sun’s power
available for conversion by considering the combined structure of the tandem cell,

as demonstrated in Figure 6-2.

By employing a ternary GaAsixPx composition for the upper junction, a
1.72 eV bandgap can be achieved by optimizing the phosphorous fraction, x, as
calculated in Section 6.2.1. Of course, utilizing a nw structure allows the upper
subcell to be mismatched to the lattice of the silicon substrate while simultaneously

taking advantage of the other unique properties of nw arrays [1].
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Figure 6-2: Solar energy available for conversion to electrical energy, using a
tandem cell (with silicon substrate). The first and second terms in the numerator
of Equation 6-2 are equal to the area under the green and orange curves,

respectively; and the denominator is equal to the area under the blue curve.

6.2 Experimental approach

The device processing procedure for single junction nw cells on silicon was
adapted for a tandem cell design. Initially, GaAs nw arrays were grown on the

silicon cell substrates to achieve preliminary results. After refining the device
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processing procedure, GaAsP nw samples (with an optimized bandgap) were
grown and processed (Section 6.3). To properly characterize the two subcells of
the tandem device, single junction cells of GaAsP and silicon were processed and
characterized independently (Sections 6.4 and 6.5). Unless otherwise noted, both
electrical and optical characterization was done using the methods described in

Chapter 3.

6.2.1 GaAsP composition

Parameters from Vurgaftman et al. can be used to determine the necessary
composition to achieve the desired bandgap of 1.72 eV for the upper nw subcell.
The bandgap of a ternary semiconductor, as a function of alloy composition, can

be approximated by Equation 6-3 [4]:

E

gAL_ B, = (1- x)EgA + xEgp — x(1—x)C (6-3)

Vurgaftman recommends a bowing parameter, C, of 0.19 eV for GaAs1-xPx.
Using 1.42 eV and 2.78 eV as the direct bandgap energies for GaAs and GaP,
respectively [4], corresponds to x = 0.25 in order to achieve a 1.72 eV direct

bandgap (the -valley remains the minimum for x < 0.45).

During GaAsi1xPx nw growth, the value of x can be adjusted to yield this

nominal composition based on calibration growths. After MBE growth, the actual
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bandgap of the nw array can be characterized by photoluminescence (as described

in Section 3.5).

6.2.2 Sample layout

The EBL pattern applied to each sample includes 75 individual nw arrays,
or ‘pads’, which are each 100 pm x 100 pum, as shown in Figure 6-3. There are
three identical sets of pads (left / middle / right), referred to as L, M, R (only a single
set of pads is shown in Figure 6-3). Each of the three sets has five rows of pads
with a different nw pitch (spacing) on each row, ranging from 360 nm to 1000 nm
(measured from the centre of each nw), referred to as P0360, P0440, P0520,
P0600, and P1000. Finally, each row has five columns, each containing a single
pad with a different dose applied during EBL, referred to as D1, D2, D3, D4, and
D5. EBL dosages range from 10 mC/cm? for the D1 pads to 100 mC/cm? for the
D5 pads. For example, a cell on the left set of pads, on the second row, in the third

column would be referred to as ‘LP0440D3’.

63



MASc Thesis — BA Wood McMaster University — Engineering Physics

Figure 6-3: Light microscope image of sample #1849 after nw growth, showing a
single column of the EBL pattern; this column is repeated three times per wafer to
produce a total of 75 separate 100 um x 100 um nw pads (white squares). Scale

bar is 1 mm.
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Different doses are included for any given nw pitch to accommodate
deviations in processing leading up to and including nw growth. For example, small
adjustments of RIE or BHF etching can have large implications for the resulting nw
yield. Using a series of doses for the same pitch typically results in at least two or

three columns with ‘good’ nw yield (i.e. over 80%).

6.3 GaAsP nanowire-on-silicon tandem junction cell

6.3.1 Fabrication

The substrates that were used for this project were provided by The Institute
for Solar Energy Research Hamelin (ISFH) and started as 4” diameter <111>
p-type (boron-doped) double-side polished float-zone silicon wafers. The n-type
emitter layer was applied to the front side using POCIs diffusion, followed by the
growth of a thermal oxide (38 nm thick on the n-type front and 30 nm on the p-type
rear). The total wafer thickness was approximately 525 pm, with a junction depth
(emitter thickness) of 650 nm. Further detail can be found in the Appendix under

Wafer Specifications.

The fabrication of the tandem junction cell closely followed the general
procedure outlined in Chapter 2, with a few adjustments. Firstly, because of the
thermal oxide on both surfaces of the silicon wafer provided by ISFH, there was no
need to deposit an additional oxide for front-side processing. However, the oxide

layer of the rear surface needed to be removed prior to applying the blanket rear
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contact. Following the application of the front contact, the top of the sample was
covered in photoresist and the sample was etched in BHF to strip the rear oxide.
After sputtering aluminum on the back of the sample, the sample was cleaned in

acetone and IPA to remove the photoresist on the front.

The other change to the standard processing steps was related to the wafer
size. The MBE system used for nw growth does not have a ‘pie-shaped’ holder for
4” wafers. Instead, the holder was designed for a ‘quarter-wafer (originally
intended for <100> crystal orientation wafers). The <111> oriented ISFH wafers
needed to be diced into quarters (against the natural cleaving planes of the crystal)

instead of cleaved.

Following the initial CF4 RIE, the entire wafer was mounted face-down on
dicing tape (in order to protect the EBL pattern) and diced into quarters. Following
dicing, the EBL resist was stripped and the sample was cleaned, as described in
Section 2.2.2. Parameters for the subsequent nw growth can be found in Table

6-1.
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Table 6-1: MBE growth sheet used for sample #1865.

Time |Temperature Dopin Growth
Segment (min) F;°C) (c:‘_s)g Rate V/Ill Flux Ratio
(um/h)
Start
GaP 5 600 Be @ 5x10'® | 0.125 2
Ramp from GaP | o 600 Be @ 5x10% | 0.125 2
to GaAso.75Po.25
GaAso.75Po.25 40 600 Be @ 5x10%% | 0.125 2
Aso.75P0.25 20 600 - - 0.4
Cool under i 500 i i Keep same flow to
Aso.75P0.25 consume Ga seed
GaAsp.75P0.25 17 500 - 1 2
GaAso.75Po.25 12.5 500 Te @ 2x1018 1 2
GaAso.75Po.25 3.5 500 Te @ 8x1018 1 2
A|0_52|n0_43P 30 420 - 0.25 8
End

Figure 6-4 shows an SEM image of a GaAsP nw sample immediately
following MBE growth. Figure 6-5 and Figure 6-6 show SEM images of the same
sample following planarization in BCB and subsequent etching by both RIE and
HCI, respectively. After these processing steps the sample is ready for contacting.
Note that these SEM images are of sample #1874, which used the same nw growth
parameters as sample #1865 (the tandem cell characterized in Section 6.3).
Sample #1874 (as described in Section 6.4) is a single junction GaAsP nw sample

grown on a 3” p-type silicon wafer.

67



MASc Thesis — BA Wood McMaster University — Engineering Physics

P -

MCMASTER - SEI 9.0k¥  X40,000 WD 10.3mm 1005

Figure 6-4: Plan view SEM image of sample #1874, pad MP0440D3, following
GaAsP nw growth by MBE; the hexagonal structure of the GaAsP nws is clearly

visible.
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MCMASTER - SEI o.0kvV  X20,000 WD 10.0mm 1um

Figure 6-5: 30° tilted SEM image of sample #1874, pad MP0440D3, following
planarization in BCB and 6 minutes of RIE; the tips of the GaAsP nws are seen

protruding through the surface of the BCB.
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Figure 6-6: 30° tilted SEM image of sample #1874, pad MP0440D3, following a 45-
second HCI wet etch; the AlInP passivation layer is removed from the tips of the
GaAsP nws, as seen by the inverted triangular pyramid structure. The sample is

ready for contacting.
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6.3.2 Solar simulation

IV data recorded for a subset of pads on sample #1865 are presented
below. The data was collected using the solar simulation methods detailed in
Section 3.1. Figure 6-7 focuses on the fourth quadrant’ (i.e. forward bias, reverse
current) where solar cells operate, with the cell under AM1.5G illumination. By
inspecting the data, the open circuit voltage (V,.) and short circuit current density
(Jsc) are found to be 1.16 V and 7.65 mA/cm?, respectively. The total power output
of the cell is dependent on the operating voltage; selecting the maximum power
point of the IV curve (660 mV and 5.3 mA/cm?, as indicated by the dashed lines in
the accompanying figure) results in a fill factor of 39.6% and device efficiency of

3.51%.
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Figure 6-7: Light IV curves for each column of the P0440D4 pads from sample
#1865. Vo, Jsc, maximum power point, fill factor, and cell efficiency are all

extracted from this data.

Figure 6-8 shows light and dark IV curve data for the full range of

measurement on a semi-log plot.
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Figure 6-8: Light (solid lines) and dark (dashed lines) IV curves for each column of

the P0440D4 pads from sample #1865.

6.3.3 EQE measurements

The general procedure for measuring quantum efficiency is described in
Section 3.2. However, there are some unique challenges associated with

measuring the EQE of multi-junction PV devices which must be considered.

Quantum efficiency measurements use monochromatic light to determine

the spectral response of the device. But as the wavelength of the incident light
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changes, the current-matching condition, described in Section 6.1, also changes.
Consider measuring the EQE response of a GaAsP:Si tandem cell in the infrared
region. Since the incident light is below the bandgap of GaAsP, there would be no
absorption in the upper subcell, limiting the overall current output of the device to
zero (despite the fact that the cell is absorbing infrared light in the lower subcell at
these wavelengths and generating EHPs). Therefore, a ‘bias’ light is applied to
illuminate one subcell while ensuring that the other subcell under monochromatic
light is current-limiting the overall output of the device [45]. Thus, any response
from the monochromatic light can be attributed directly to the subcell of interest. A

schematic of the experimental set-up is shown in Figure 6-9.

Since an additional bias light is incident on the sample during testing, it is
necessary to isolate the EHP generation due to the monochromatic light. This is
done by inserting an optical chopper between the QTH lamp and monochromator

and using a lock-in amplifier (LIA) to detect the signal [45].

74



MASc Thesis — BA Wood McMaster University — Engineering Physics

optical
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monochromator
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voltage , N/_\ 5
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Figure 6-9: Experimental set-up for EQE measurements of tandem cell samples;

reference

the chopped monochromatic light passes through an aperture before illuminating
the sample through a shadow mask; the resulting photocurrent is measured across

a sensing resistor using a lock-in amplifier.

For testing of the upper nw subcell, a bias light is not necessary since the
spot size of the monochromatic light is much larger than the nw pad itself. There
is an excess EHP generation in the silicon cell from the surrounding area, thus the
upper subcell is already current-limiting the device, as required. This is shown

below in Figure 6-10 a).

On the other hand, testing of the lower subcell does require an external bias
light. The bias light is selected to maximize absorption in the upper subcell to

produce an excess of EHPs and ensure the lower subcell is current-limiting the

75



MASc Thesis — BA Wood McMaster University — Engineering Physics

device. Additionally, to prevent EHP generation from the surrounding substrate
from both the monochromatic light and bias light, a shadow mask is placed over

the sample as shown in Figure 6-10 b).

a)

Figure 6-10: Schematic showing illumination and EHP generation in each subcell.
The green area indicates the incident light (either monochromatic or bias light)
illuminating the nw pad (upper subcell, purple) and surrounding substrate (lower

subcell); (a) without shadow mask, (b) with shadow mask (blue).

Due to the device structure, it is virtually impossible to completely shadow
the surrounding substrate. However, a good result can be achieved by masking
three sides of the nw pad and letting the contact finger serve as a shadow mask
for the fourth side (with a small portion unmasked, between the nw pad and contact

finger). This was achieved by transferring a gold film to a piece of tape and cutting
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a thin slit in the tape, to serve as the mask. The mask was manually placed over
the sample during testing and adjusted to maximize coverage of the substrate. As
this masking process was refined over successive measurements, the EQE

response of the cell in the infrared region became apparent.

The response of a nw pad on sample #1865 is presented in Figure 6-11. A
helium-neon (HeNe) laser, with a wavelength of 633 nm, was used to bias the

device while measuring the EQE response of the lower subcell.

3.5E-05

3.0E-05 —— Upper subcell

——Lower subcell

2.5E-05

2.0E-05

1.5E-05

1.0E-05

Lock-in amplifier response (V)

5.0E-06

0.0E+00
400 500 600 700 800 900 1000 1100

Wavelength (nm)

Figure 6-11: Response of sample #1865 MP0440D4 as measured with a LIA. The

response of the lower subcell included the use of a bias light and shadow mask.

77



MASc Thesis — BA Wood McMaster University — Engineering Physics

However, there are several steps which must be taken in order to convert
the LIA response to an EQE response. Firstly, the number of photons incident on

the sample must be calculated, as described in Section 3.2.

Secondly, the current (i.e. number of electrons) produced by the cell must
be calculated. As shown in the schematic of the experimental set up, the LIA is
actually measuring a voltage signal across a sensing resistor, so this must be
converted to a current. The voltage across the resistor due to the HeNe bias light
was measured to be 3.0 mV; and as seen in Figure 6-11, the peak voltage across
the resistor due to the monochromatic light was only 32 uV. The combined effect
of these voltages does not move the operation of the solar cell far from short-circuit
conditions (based on the IV curves shown in Figure 6-8), so loading of the cell due

to the inclusion of this sensing resistor was ignored.

Thirdly, the initial power meter measurement did not use the LIA or optical
chopper, so the EQE response must be scaled to accommodate this difference.
This is done by comparing two unbiased measurements on the same sample: the
output current for unchopped light using a Keithley 2400 SourceMeter, and the
voltage signal for chopped light using a SRS SR810 Lock-In Amplifier. The LIA
voltage signal is converted to a current and multiplied by a scaling factor in order
to match the current signal measured by the SourceMeter. This scaling factor is
determined by minimizing the residual sum of squares between the scaled LIA

response and the original SourceMeter measurement.
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Finally, due to the difficulty associated with manually positioning the shadow
mask to measure the lower subcell, a portion of the nw pad itself will invariably be
masked as well. The EQE response can be scaled to accommodate these shadow
losses. Again, the loss can be estimated by comparing two unbiased
measurements on the same sample: with and without the shadow mask. With no
bias light in place, the output signals will correspond to the upper subcell, but it is
assumed that the shadow loss associated with the lower subcell measurements

are equivalent.

Equation 3-1 is adjusted to include these factors, as shown below in
Equation 6-4. Here f.uopper COrresponds to the scaling factor to accommodate the
difference in input power between chopped and unchopped light, fiask
corresponds to the scaling factor associated with the shadow mask covering a
portion of the nw pad, v;;4(1) is the voltage signal measured by the LIA, Rgense IS
the resistance of the sensing resistor, and ®(A) is incident photon flux of the

unchopped monochromatic light.

Va4
fchopper *fmask * Rsense * (6-4)

()

EQE(Y) =

Using Equation 6-4, the data in Figure 6-11 is converted to the EQE

response shown in Figure 6-12.
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Figure 6-12: EQE response of sample #1865 MP0440D4.

As expected, the EQE response of the upper subcell falls off as the incident
photon energy exceeds the bandgap of the nws (measured to be 724 nm in Section
6.3.4). These photons are transmitted through to the lower subcell to be absorbed
in the silicon substrate (lower subcell). The response of this lower subcell peaks
in the near infrared region and declines as the incident photon energy approaches
the bandgap of silicon (1107 nm). This EQE measurement can be validated by
integrating the product of the EQE and the AM1.5G spectrum and comparing to

the short circuit current density measured by solar simulation, as per Equation 6-5:
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Applying Equation 6-5 to the upper GaAsP and lower Si subcells results in
current densities of 6.98 mA/cm? and 15.8 mA/cm?, respectively. Since the overall
output is limited by the subcell generating the lowest current, the overall short
circuit current density should be the current generated in the upper subcell, which
is comparable to 7.65 mA/cm?, as determined from the IV characteristics in Figure
6-7. Discrepancies between the value measured during solar simulation and the
value calculated by this equation can be attributed to differences between the IV
and EQE set ups; for example, non-uniformity across the illumination area on the
sample stage and variations of the xenon arc lamp spectrum compared to the

standard AM1.5G spectrum used in Equation 6-5.

6.3.4 Photoluminescence

The bandgap of the GaAsP nw subcell can be estimated by
photoluminescence, as described in Section 3.5. The room temperature
photoluminescence spectra of the nw pads is shown in Figure 6-13. By fitting a
Gaussian function to the data (minimizing the residual sum of squares), the peak
wavelength is found to be 724 nm (1.71 eV) with a full width half maximum of

41 nm. This peak is expected to correspond to the bandgap of the GaAsP nws.
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Applying this value to Equation 6-3 results in an actual GaAsi-xPx alloy composition
of x = 0.24, very close to the nominal value of x = 0.25 given in the MBE growth

sheet.
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Figure 6-13: Room temperature photoluminescence spectrum for each column of

the P0440D4 pads from sample #1865.

6.3.5 Transparency measurements

The final technique used in PV device characterization is to test the

transparency of the transparent front contact layer, as outlined in Section 3.6.
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Since the transparency of the film on the sample cannot be measured directly, a
‘witness’ is included on the sample stage during ITO deposition. Three
transparency measurements are taken: a reference measurement of a blank quartz
slide, a measurement of the ITO witness sample prior to annealing, and a
measurement of the same sample after annealing. Dividing the sample data by
the baseline reference yields the transparency of the ITO film itself, as a function

of wavelength, as shown in Figure 6-14.
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Figure 6-14: Transmittance of ITO film before and after annealing.
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For applications in PV devices, this transmittance data (T;(1)) can be
integrated over the AM1.5G spectrum to give a solar weighted transmittance (T),

according to Equation 6-6:

- fooo Pym1.56(A) * T (A)dA
J,” Pamrse ()dA

(6-6)

It is clear, in Figure 6-14, that annealing improves transparency in the visible
range of the spectrum. Despite the decline in the infrared region, annealing the

sample increases the solar weighted transmittance, from 76% to 89%.

6.4 GaAsP nanowire single junction cell

6.4.1 Fabrication

As discussed earlier, a nw sample was prepared that matched the growth
profile for the tandem cell, outlined in Section 6.3.1. Unfortunately, due to issues
with lift-off of the front contact, and subsequent setbacks with equipment
maintenance, the sample (#1874) could not be characterized and an additional
device could not be prepared. To that end, a previously processed sample with
slightly different growth parameters was characterized in its place. This sample
(#1709) followed the standard fabrication procedure outlined in Chapter 2, and

parameters for the nw growth can be found in Table 6-2.
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Table 6-2: MBE growth sheet used for sample #1709.

Time |Temperature Doping Growth .
Segment (min) °C) (cm3) Rate V/Ill Flux Ratio
(rm/h)
Start
GaP 5 600 Be @ 5x10%® | 0.125 2
Ramp from GaP |~ ¢ 600 Be @ 5x10'8 | 0.125 2
to GaAso.75Po.25
GaAso.75Po.25 40 600 Be @ 5x10%% | 0.125 2
Cool under i 420 i i Keep same flow to
Aso.75Po.25 consume Ga seed
GaAso.75P0.25 8.5 420 - 1 2
GaAso.75P0.25 12.5 420 Te @ 5x1018 1
GaAso.75P0.25 3.5 420 Te @ 8x10%8 1 2
Alo.s21n0.48P 7.5 420 - 1 2
End

Since the original growth of sample #1709, various adjustments were made
to growth parameters, in order to improve nw morphology and device performance.
The following changes were made for sample #1865 (as reported in Section 6.3)
as compared to sample #1709 reported here. An additional step was added to
consume the gallium droplet at core growth temperature (instead of consuming the
droplet while cooling the sample to shell growth temperature) — in order to improve
the morphology of the nw tip. The shell layers were grown at higher temperature
(500°C versus 420°C) — this was found to improve the faceting of the nw shell. The

intrinsic shell was grown for a longer duration (17 minutes of growth versus
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8.5 minutes) — the thicker intrinsic region improved the short circuit current density.
The tellurium doping in the n-region was lowered (2 x 10 cm? versus
5 x 108 cm) — this improved the open circuit voltage. Finally, the growth rate of
the passivation layer was decreased (0.25 um/h versus 1 um/h, though the
duration was increased in order to maintain the same thickness) — this change was
also made to improve the faceting of the nws. These process modifications
resulted in a few percent (absolute) increase in nw solar cell efficiency. The
detailed description of these improvements is outside the scope of the present

thesis.

6.4.2 Solar simulation

IV data recorded for a subset of pads on sample #1709 are presented
below. As reported above for the tandem cell, Figure 6-15 shows light IV curves
in the fourth quadrant and Figure 6-16 shows both dark and light IV curves on a
semi-log plot. V. and J,. are found to be 507 mV and 4.54 mA/cm?, respectively.
Operating at the maximum power point of the IV curve (280 mV and 2.7 mA/cm?,
as indicated by the dashed lines in the accompanying figure) results in a fill factor

of 32.2% and device efficiency of 0.75%.
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Figure 6-15: Light IV curves for the LP0360 set of pads from sample #1709.
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Figure 6-16: Light (solid lines) and dark (dashed lines) IV curves for the LP0360

set of pads from sample #1709.

6.4.3 EQE measurement

Since current-matching is not a concern for single junction cells, the EQE
measurements do not require an external bias light or lock-in amplifier, simplifying
the procedure and subsequent analysis. The EQE of sample #1709 is shown in

Figure 6-17.
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Figure 6-17: EQE response of sample #1709 LP0360D3.

Again, as expected, the EQE response diminishes as the incident photon
energy exceeds the bandgap of the nws (measured to be 718 nm in Section 6.3.4).
Applying Equation 6-5 yields a short circuit current density of 3.45 mA/cm?,
compared to 4.54 mA/cm?, as determined from the IV characteristics in Figure

6-15.
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6.4.4 Photoluminescence

The photoluminescence response of the device is shown in Figure 6-18.
The peak wavelength is found to be 718 nm (1.73 eV) with a full width half
maximum of 52 nm (by Gaussian fitting). This bandgap energy corresponds to a

GaAs1xPx alloy composition of x = 0.25.
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Figure 6-18: Room temperature photoluminescence spectra for the LP0360 set of

pads from sample #1709.
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6.5 Silicon single junction cell

6.5.1 Fabrication

Since this sample did not have any nw growth, the processing was more
straightforward. Starting with a wafer equivalent to the one described in Section
6.3.1, the sample was simply etched in a BHF solution to remove the thermally
grown oxide on both sides of the sample. A standard aluminum rear contact was
sputtered, a titanium / platinum / gold (25 nm / 50 nm / 225 nm) front contact was
deposited by electron beam evaporation, and the sample was annealed using the
standard recipe. The front contact was applied using a ‘busbar’ mask resulting in
the layout shown in Figure 6-19. The opaque metal front contact blocks incident

light during device characterization, contributing shadow losses of 17.5%.

Figure 6-19: Busbar layout for sample #3-11. The thick horizontal busbar is 0.5 mm
wide, the thin vertical contact fingers are 0.1 mm wide, and the aluminum aperture
is 6 mm x 6 mm. Scale baris 1 mm.
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6.5.2 Solar simulation

IV data recorded for sample #3-11 is presented below. As reported above
for the nw cells, Figure 6-20 shows the light IV curve in the fourth quadrant and
Figure 6-21 shows both dark and light IV curves on a semi-log plot. V,. and J,. are
found to be 536 mV and 27.8 mA/cm?, respectively. Operating at the maximum
power point of the IV curve (400 mV and 23.3 mA/cm?) results in a fill factor of

62.5% and device efficiency of 9.33%.
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Figure 6-20: Light IV curve for sample #3-I1.
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Figure 6-21: Light (solid lines) and dark (dashed lines) IV curves for sample #3-I1.

The performance of this silicon cell is compared with the results reported for
the world record device (based on conversion efficiency) produced by Kaneka in
2016 [46]. This is shown below in Table 6-3. Compared to an ideal cell, the open
circuit voltage of sample #3-Il is reduced due to recombination effects, while the fill
factor is reduced due to parasitic resistance (described in more detail in Section
6.6). The short circuit current density is strongly limited by both reflection and

shadow losses, as discussed in Section 6.5.3.
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Table 6-3: Comparison of sample #3-1l to state-of-the-art device.

Silicon State-of-the-art
single junction cell crystalline silicon
(#3-11) cell [46]
Voc (MV) 536 744
Jsc (MA/cm?) 27.8 42.3
Fill factor (%) 62.5 83.8
Efficiency (%) 9.33 26.3

6.5.3 EQE measurement

The EQE of sample #3-1l is shown in Figure 6-22. Applying Equation 6-5
yields a short circuit current density of 24.9 mA/cm?, compared to 27.8 mA/cm?, as

determined from the IV characteristics in Figure 6-20.
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Figure 6-22: EQE response of sample #3-I1.

Besides the unavoidable spectral losses described in Section 6.1, the other
two main sources of loss in this device are shadow losses and reflection losses.
The shadow losses, described above, are due to the upper opaque metal contact
on the device, physically blocking light from reaching the cell. 17.5% of the device

is shadowed, affecting all wavelengths equally.

Reflection losses, on the other hand, are dependent on the wavelength of

incident light. According to the Fresnel equations, reflectivity (at normal incidence)
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is given by Equation 6-7, where 7 corresponds to the complex refractive index of

the materials at the interface (with light travelling from 7, to 7,) [47]:

iy =y ?

R=—F———5
|7, + 7|

(6-7)
Considering light incident on a silicon solar cell, 71, is taken to be 1 (for air)
and i, = n — ik (for silicon). However, both n and k vary with wavelength, so the

equation above can be rewritten as shown in Equation 6-8:

(n(d) — 1)* + k(2)?
(n(d) + 1)2 + k(1)?

R(A) = (6-8)

Under illumination by the AM1.5G spectrum, the maximum output power of
an ideal silicon cell, as calculated in the numerator of Equation 6-1, can be further
adapted to incorporate these losses due to both reflectance and shadowing,

according to Equation 6-9:

Ag

A
Pmax = fshadow f R(A) * PAM1.5G (A) A_ da (6'9)
0 g

Experimental values of n and k for silicon at 300K at various wavelengths

are tabulated by Green and Keevers [48]. Using this data to calculate R(1) and
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using fsnadow = 82.5% corresponds to a theoretical maximum output power of
26.2 mW/cm?. Finally, as in Section 6.1, assuming each carrier is extracted with
energy equal to the bandgap of silicon (1.12 eV), this yields a maximum short circuit

current density of 23.4 mA/cm?.

It should be noted that the growth of a native oxide on the surface of the cell
following the initial BHF etch would reduce the reflectance of the cell by introducing
a thin film with an intermediate index of refraction (on the order of 1.5). Therefore,
it is likely that the losses due to reflection are slightly overestimated in this
theoretical analysis. However, with this in mind, it is clear that the quality of the
silicon substrates used for this project is very high based on the calculation of the

short circuit current density by EQE integration.

6.6 Comparison of results

A summary of the electrical characterization of the three devices described

above are tabulated in Table 6-4.

Table 6-4: Electrical characterization results for samples #1865, #1709, and #3-II.

GaAsP nw-on-Si GaAsP nw Silicon
tandem junction cell | single junction cell single junction cell
(#1865) (#1709) (#3-11)
Voc (V) 1.16 0.51 0.54
Jsc (MA/cm?) 7.65 4.54 27.8
Fill factor (%) 39.6 32.2 62.5
Efficiency (%) 3.51 0.75 9.33
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Two notable results can be observed from the table, while also revealing
areas for future improvement. Firstly, the open circuit voltage of the tandem cell is
approximately equal to the sum of the open circuit voltages of each single junction
subcell. This is expected since the subcells are connected in series [45].
Secondly, the short circuit current density of the tandem cell is drastically limited
by the addition of the upper nw subcell. This can also be seen by comparing the
current densities calculated by integrating the EQE curves of the two subcells. A
large portion of the incident light is absorbed in the lower silicon subcell and lost to
recombination since there is deficient EHP generation in the nw subcell. This, in
turn, limits the efficiency of the overall device. Methods for improving the current
density in the nw subcell to ensure proper current-matching are discussed in

Section 7.2.

Furthermore, a reduction in fill factor is also evident when comparing the
thin film silicon cell to the single junction nw and tandem cells. As alluded to in
Section 3.4, this is attributed to an increase in parasitic resistance. As the device
structure and processing procedure becomes more complex, there are more
opportunities for these parasitic resistances to manifest. A solar cell schematic is
shown in Figure 6-23, where R, represents ‘series resistance’ and R, represents

‘shunt resistance’.
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Figure 6-23: Schematic modelling parasitic resistances in a solar cell.

Sheet resistance of the ITO front contact, for example, contributes to series
resistance, dissipating power during solar cell operation. In a perfect cell, R; would
be zero, but as this resistance increases, the fill factor decreases, eventually
limiting the short circuit current. On the other hand, imperfections in nw growth, for
example, can contribute to shunt resistance, providing an alternate current path for
carriers during operation. Ideally, Ry, would be infinite, but as this resistance
decreases, so too does the fill factor, and in extreme cases the open circuit voltage

is limited as well [26].
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7 Conclusions & Discussion

7.1  Summary of present work

The goal of this thesis work was to investigate IlI-V nw arrays as PV devices,
specifically addressing areas of improvements to characterization and device
design. Substrate-free optical characterization of nw arrays and front contact
characterization were pursued (Chapters 4 and 5), though attention from these
projects were ultimately shifted to the research into tandem cells detailed in
Chapter 6. NW-on-Si tandem cell results have been reported in literature
previously; for example, Yao et al. reported an axial GaAs nw-on-Si tandem device
with 11.4% efficiency in 2015 [49]. However, the present work is the first reported
nw-on-Si tandem device utilizing a radial p-n junction nw structure, taking
advantage of the perpendicularity of light absorption and carrier collection. There
is still much work to be done in terms of device performance to rival current high
efficiency PV devices, but the initial success reported herein shows promise and

already indicates several areas for future improvements.

As mentioned in Chapter 4, a novel method for effective substrate removal
is presented below in Section 7.2.1. Research on developing an accurate proxy
for electrical characterization of front contacts, as described in Chapter 5, is
ongoing. Finally, further improvements to the initial design and fabrication of nw-
based tandem cells, as detailed in Chapter 6, are suggested below. These, and
other ongoing research projects, will continue to drive incremental improvements

to 1lI-V nw-based photovoltaics, combining the unique optical and electrical
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properties of nws with the tunability of IlI-V materials and the economics and
infrastructure of silicon-based device fabrication. Exploring novel approaches to
affordable renewable energy solutions is critical to meeting ever-increasing global

energy demands.

7.2 Future work

7.2.1 Substrate etching on SOI wafers

The main challenge with substrate removal is finding a suitable etchant that
can controllably remove the sample substrate while leaving the nw array intact.
Most standard silicon etchants preferentially etch the <100> plane, and the <111>
plane commonly serves as an etch stop layer (a feature frequently used to texture
PV devices [50]). With nw arrays grown on <111> silicon, it can be difficult to
controllably etch a relatively thick substrate. Device substrates are on the order of
hundreds of microns thick and nws grown for PV applications are typically less than
two microns tall. Even using a strongly selective etchant, it would still be very

difficult to completely remove the substrate without damaging the nw array.

Previous work has incorporated a lattice-matched InGaP etch stop layer to
perform measurements on substrate-free GaAs nw arrays [51]. However, this
relied on employing a GaAs substrate and a lattice-matched top-down fabrication
method, whereas the nw devices presented in this work are grown using a bottom-

up method on silicon substrates. In lieu of adding an etch stop layer between the
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substrate and nws, it would be possible to begin processing on a silicon-on-

insulator (SOI) wafer instead.

An SOI wafer is made up of a ‘device layer’ (typically 2 to 20 microns thick)
and a ‘handle wafer’ (around 400 microns thick) with a thin ‘buried oxide’ layer in
between (a few microns thick) [52]. One method for preparing SOI wafers involves
four steps: hydrogen ion implantation of a silicon wafer capped with a thermally
grown oxide (which will become the device layer); hydrophilic bonding to a second
silicon wafer (the handle wafer); heat treatment of the bonded wafers to split the
first wafer (at the depth of hydrogen implantation) and to strengthen the chemical
bonds between the two wafers; and finally a chemomechanical polishing step to
smooth the surface of the device layer and ensure an even thickness across the
SOI substrate [53]. For substrate removal, a nw array could initially be grown on
a SOl wafer with a <111> device layer and a <100> handle wafer, as shown in

Figure 7-1, allowing for a much faster etching procedure.
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I I I I nanowires
——silicon oxide

R <111> device layer

buried oxide

<100> handle wafer

Figure 7-1: Schematic demonstrating the proposed SOI structure. Note that the
upper silicon oxide layer would be deposited via chemical vapour deposition

separately, in order to pattern nw growth. Features are not to scale.

Using a comparable masking scheme to that outlined in Chapter 4, it would
be straightforward to etch a ‘window’ into the handle wafer using a standard KOH
etch [54], for example, with the buried oxide layer acting as an etch stop. This
would serve as a fast and simple method to remove the bulk of the substrate. The
buried oxide layer could then be removed by a simple HF etch, leaving behind the
device layer as the only remaining portion of the substrate. A variety of options
could be pursued at this point in order to obtain transmittance measurements of

the nw array.

A 2 pm thick silicon membrane will transmit approximately 60% of the
photons corresponding to the AM1.5G spectrum [55]. Assuming a uniform
thickness of the device layer, a baseline transparency measurement of the
membrane can be taken and used to calculate the transmittance of the nw array,
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using the method described in Section 6.3.5. Alternatively, with a much smaller
layer of silicon to work with, a controlled etch is more viable. Complete substrate
removal may be preferred, depending on the specific wavelength range of interest,
and for SOI device layers with variable thickness. Either wet or dry etching could
be explored, with more flexibility around etch rates and selectivity, producing a
clean, substrate-free nw array upon which to perform transmittance

measurements.

7.2.2 Improvements to current density of nanowire cell

While the tandem nw cell characterized in this work exhibited an
improvement in performance over the single junction GaAsP nw cell, the overall
efficiency was lower than that of the single junction silicon cell. This is largely
attributed to a reduction in short circuit current density due to the current-matching

requirement of series-connected multi-junction devices.

The bandgap optimization calculations in Section 6.1 indicate a balanced
maximum current density of 21.9 mA/cm? for each cell under AM1.5G illumination.
Factoring in recombination, blackbody radiation, and other sources of loss (e.qg.
parasitic resistances) reduces this even further. The calculations in Section 6.3.3,
derived from EQE measurements, indicated short circuit current density
contributions of 6.98 mA/cm? and 15.8 mA/cm? from the upper and lower subcells,

respectively. Since the nw subcell is current-limiting the device, shifting absorption
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from the silicon substrate into the nw array would improve the overall output of the

device.

As discussed in Chapter 4, the absorption of nw arrays is dependent on a
variety of factors. The EBL patterning step used in device fabrication varies both
pitch and diameter of the resulting nw arrays but variation in nw length was not
explored. Based on optical simulations, increasing the length of GaAs nws from
1.5 um to 2 um notably increased the absorption of the array, particularly in the
visible range [7], and this trend is expected to continue for even longer nws (albeit
diminishingly). Increasing the length of the GaAsP nws in the tandem cell design
is presumed to increase the absorption in the nw array, reducing the amount of
light reaching the silicon substrate, and achieving a better balance in subcell
current density contributions. A study varying nw length (i.e. p-core growth
duration) across a set of otherwise identical samples would be useful to investigate

the impact that this change would have.

7.2.3 Lattice matched passivation layer

Due to the high surface area of nw structures, an outer passivation layer is
required to reduce harmful effects, such as surface recombination and carrier
depletion, which limit device performance [1,13]. For the tandem cell described in
Chapter 6, the AlxIn1-xP passivation shell grown during MBE was based on earlier

research in GaAs nw devices. The composition (x = 0.52) was designed to match
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the lattice constant of GaAs. An improvement in device quality and overall
performance of the tandem cell could be achieved by adjusting the composition of

the passivation layer for lattice-matching to the GaAso.75Po.25s nws instead.

The lattice constant, a, of a ternary Il1-V semiconductor alloy can be linearly

interpolated from its binary constituents [4], per Equation 7-1:

as, ., = (1 —x)ay +xap (7-1)

Using x = 0.25 for the GaAsi1xPx nws (to optimize the bandgap) yields a
ternary lattice constant of 5.6031 A. The binary lattice constants for AIP and InP
at 300 K are 5.4672 A and 5.8697 A, respectively [4]. Therefore, an AlxdnixP
composition of x = 0.66 would result in a lattice-matched passivation layer. This
adjustment is not expected to have a significant impact on the bandgap, or other
optical properties of the shell. However, with an improved surface passivation

structure, future device performance is anticipated to improve as well [13].

7.2.4 Adjust lithography patterns to improve characterization

One of the major challenges with characterization of the tandem cell detailed
in Chapter 6 is accurately measuring the EQE of the individual subcells. This is

due to the current-matching condition of multi-junction devices. The masking
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process employed to isolate the lower Si subcell, in particular, could be improved

by adjusting the lithography patterns in the device processing procedure.

For example, the opaque mask shown in the schematic in Figure 6-10 could
be deposited via lithography instead of manually aligning the mask. Note that this
would also likely require the nw pads to be spaced further apart, to accommodate
the spot size of the incident light. One possible solution would be to expand the
Ni/Ge/Au contact finger to cover all four sides of the nw pad. However,
consideration must be made to any capacitive effects this may cause [56] and also
how this might affect the lift-off procedure. Another possibility, to address
capacitance, would be to deposit an insulator (e.g. silicon nitride) via lithography
before applying the mask layer, to prevent any electrical connection between the

contact finger and opaque mask.

Having isolated nw pads with precisely aligned shadow masks would allow
for simpler and more accurate EQE measurements to be taken. By probing the
individual subcells of a multi-junction device, EQE measurements, in particular, are
critical to fully understanding the behaviour of the solar cell [45]. An improved
lithography scheme would expedite device characterization to indicate areas for

improvement on cell design.
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9

9.1

Appendix

Processing Recipes

EBL procedure

Sonicate wafer in acetone for 1 minute followed by IPA for 1 minute; dry

using N2

Mount wafer on spinner and apply ZEP520A : Anisole mixture (in 1 : 1 ratio)
to cover approximately two thirds of the sample surface; spin at 6000 rpm
for 1 minute (with 584 rpm / second ramp); bake at 180°C for 3 minutes

Mount wafer on sample stage and perform EBL

Develop sample for 1 minute in ZED-N50; clean wafer for 30 seconds in
solution of 45 mL MIBK : 15 mL IPA; dry using N2

RIE and BHF etch for EBL pattern transfer

Etch wafer under 10 sccm of CF4 flow at 100 W RF power and 320 mTorr
chamber pressure (typical total etch duration of approximately 80 to

140 seconds, depending on oxide thickness)
Dice 4” wafer into quarters, if necessary

Strip resist and clean sample by sonicating in ZMAC for 5 minutes followed
by acetone for 3 minutes and IPA for 3 minutes; rinse in DI water and dry

using N2
Cleave 3" wafer into pie pieces, if necessary

Immediately prior to loading in MBE chamber, etch sample for 25 seconds
in solution of 20mL BHF : 200mL DI water; rinse in DI water and dry using
N2
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Planarization with BCB

e Prepare 5-10 mL of BCB in a small beaker; place beaker in desiccator and

degas using vacuum pump for 2 minutes or until bubbles stop appearing

e Using a syringe and filter, apply degassed BCB to front of sample and wait
for 5 minutes (to let the resist settle between nws); spin at 5000 rpm for
77 seconds (with 300 rpm / second ramp); soft bake at 100°C for

90 seconds; let sit for 2 minutes
e Apply second layer of BCB by repeating the previous step

e Transfer sample to hotplate in N2 glove box; ramp temperature to 250°C at
300°C / hour (approximately 45 minutes); hard bake at 250°C for 30 minutes

RIE for BCB etch-back

e Etch sample under 2 sccm Oz : 2 sccm CF4 flow at 50 W RF power and
180 mTorr chamber pressure; monitor etch depth in SEM and continue
etching until nws tips are exposed; mask individual rows of nw pads using

glass cover slides if necessary (typical total etch duration of 5 to 15 minutes)

HCI etch for passivation layer removal

e Etch sample for 45 seconds in solution of 5 mL HCI : 400 mL DI water; rinse

in DI water and dry using N2
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Photolithography for lift-off

e Using a syringe and filter, apply S1818 photoresist to front of sample and
wait for 5 minutes (to let the resist settle between nws); spin at 4000 rpm for

30 seconds; bake at 110°C for 2 minutes

e Align mask pattern corresponding to desired contact scheme and expose
sample using 150 mJ/cm?

e Immerse sample in toluene for 6 minutes; dry using N2; bake at 90°C for
45 seconds

e Develop sample in MF319 for 75 seconds, gently agitating; rinse in DI water
and dry using N2

ITO sputtering

e Mount sample on sputtering stage using Kapton tape; sputter 2500 A of ITO
under 0.2 sccm Oz : 36 sccm Ar flow at 130 W RF power and 5 mTorr
chamber pressure (typical deposition rate of 1.6 A / second)

Ni/Ge/Au electron beam evaporation

e Mount sample on e-beam evaporation stage using clips or Kapton tape;
evaporate 250 A of Ni, 500 A of Ge, and 2250 A of Au using accelerating
voltage of 10 kV, beam current from 1.35 to 1.65 A (depending on target),
and 5x108 Torr chamber pressure (typical deposition rate of 2.0 A / second)
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Al sputtering

e Place sample face-down on sputtering stage, being careful to protect the
device on the front; mask edges using Kapton tape (to prevent any ‘wrap-
around’ of the rear contact); sputter 4000 A of Al under 20 sccm Ar flow at
90 W RF power and 5 mTorr chamber pressure (typical deposition rate of
1.1 A/ second)

Annealing

e Anneal sample in RTA at 400°C for 1 minute under N2 flow

BHF etch for rear oxide removal on tandem junction cell

e Prior to application of rear contact, apply S1827 photoresist to front of

sample; spin at 1000 rpm for 30 seconds; bake at 110°C for 2 minutes

e Etch sample for 6 minutes in solution of 20mL BHF : 200mL DI water; rinse

in DI water and dry using N2

e Strip photoresist and clean sample by immersing in acetone for 1 hour

followed by IPA for 5 minutes; rinse in DI water and dry using N2

BHF etch for oxide removal on silicon single junction cell

e Prior to application of rear and front contacts, etch sample for 6 minutes in

solution of 20mL BHF : 200mL DI water; rinse in DI water and dry using N2
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9.2  Wafer Specifications

Standard silicon substrate
Specifications provided by Virginia Semiconductor, Inc.:

Diameter: 76.2mm + 0.3mm

Orientation: <111> + 0.9°

Dopant: Boron

Resistivity: <0.005 ohm-cm

Cz

Primary Flat Length: 22.22+3.17mm

Primary Flat Orientation: <110> + 0.9°
Secondary Flat Length: none

Secondary Flat Orientation: none

Bow: <40um

Center Thickness: 275um = 25um

Total Thickness Variation (5 point measurement): <10um
Surface: Single side polished, backside etched
Micro Roughness: <5A

Edge Round: Yes

Thermal Oxidation Layer (Wet Process): None
Additional Thin Film Specifications: None
Laser Marking: None

Additional Cutting or Machining: None

COC Required: Yes

Measurement Data Required: None

Other Specifications: None
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Tandem cell silicon substrate
Specifications provided by The Institute for Solar Energy Research Hamelin:

The wafers are (111) p-type FZ boron doped made by Wacker
Siltronix, both sides are CMP. They state a thickness of 525 = 25 um. We
measured the thickness of one wafer to be 553 pum. We made a marking on
the “rear” side by use of a diamond pencil (this causes less damage than
laser marking). “rear” means the not diffused side. We made a wet chemical
cleaning (RCA, instead of NH4OH/H202/H20 we used Piranha etch). We
applied 150 nm of PECVD SiN (n = 1.9) on the rear side. After this we made
the above mentioned RCA cleaning followed by a POCIs diffusion. We
removed the PSG by 30-40 minutes 40% HF bath. Again above mentioned
RCA cleaning followed by a dry thermally grown oxide of 38 nm on the

diffused n-emitter and 30 nm on the p-type side.

The diffused emitter has a peak surface concentration of
Nsurface = 6.5 x10° cm3 and a sheet resistance of approximately
Rsheet = 100 Q/o. The junction depth is about 650 nm. We calculated the
efficiency of this cell by assuming only optical losses by the top cell resulting
in a short circuit density of jsc = 19 mA/cm? and no other losses to
n = 10.02%, Voc = 628 mV, FF = 81.79. In the case of better surface
passivation done by Corona charging of the surfaces: n = 10.77%,

Voc = 668 mV, FF = 84.89.
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