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Abstract

ZnO nanowires were conformally coated with hydrogenated amorphous Si (a-Si:H) p-i-n
thin-film to form three-dimensional (3-D) radial-junction (RJ) nanowire solar cell arrays (NWSCs).
These NWSCs are a promising architecture for photovoltaic devices due to their enhanced light
absorption and carrier extraction capabilities. However, conformally coating thin-films and the top
electrode over ZnO nanowires become difficult with decreased periods by using conventional
methods. In this thesis, conformal coatings were achieved by increasing the average spacing between
NWSCs while effectively moving the NWSCs physically towards each other via substrate-bending to
change the spacing between the NWSCs. Randomly positioned NWSCs were fabricated directly on
flexible substrates at < 200°C. 2 pm/200 nm/2x10® cm™ height/diameter/density ZnO nanowires were
grown hydrothermally on polyethylene naphthalate substrates using a ZnO nanoparticle seed layer. P-
i-n a-Si:H thin-film were subsequently deposited over the ZnO nanowires using plasma-enhanced
chemical vapor deposition. Finally, a composite layer, composed of Al-doped ZnO thin-film and Ag
nanowires, was coated over the 3-D structures to form flexible, conformal, and transparent top
electrodes.

A 100% yield of flexible NWSCs about a 3-inch diameter substrate was achieved with
highest power conversion efficiencies of 5.5 + 1%. Mechanically bending the NWSCs concave-up to
a radius of curvature of 38 mm decreased the NWSC spacing by 9%, which helped further enhance
light absorption by 13% and AJsc by 11% from the cells. Geometric and numerical models were used
to assess the effective movement of the NWSCs and mechanical strain when the substrate was bent
concave-up and concave-down (away from the incoming light). Stress-induced strain due to the
mechanical bending was calculated to be ~ 0.1-1%. Furthermore, a polydimethylsiloxane film coated
conformally over these 3-D nanostructures produced effective super-hydrophobic surfaces, which can

help maintain clean NWSC arrayed top surfaces without degrading the 3-D device performance.
ii
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Chapter 1

Introduction

1.1 Thin-film Flexible Solar Cells

Solar energy is a key source of energy that could help achieve demanding energy
requirements of an ever increasing human population. Currently, sunshine produces 10,000 times
more energy than the daily world’s energy consumption needs [1]. Solar cell devices or
photovoltaics can convert these incoming photons directly to electricity; research focused in such
devices has never been more critical as it is now.

A growing field in photovoltaics has been for niche applications such as consumer
electronics, biomedical applications, as well as portable devices due to the dependable source of
sunlight. One requirement of these applications is mechanical flexibility, which enables
portability, durability, and their use in space-constrained areas, which in-turn would increase the
applicability of the devices. To achieve these requirements, thin-film flexible, rollable, and
foldable solar cells have been fabricated on flexible and low-melting point plastic and steel foil.
However, power conversion efficiencies (PCEs) less than 10% has resulted in limited exposure

of the planar a-Si:H thin-film flexible cells on the market thus far. Therefore, improving the



performance of such thin-film flexible solar cells is critical to ensure the devices become a
competitive alternative power source.

Thus far, highest PCEs achieved in-laboratory for mono-crystalline silicon (c-Si) solar
cell devices have been ~ 20 — 25.6%. Reasons for why such cells currently dominate the market
for solar cell technology is because Si is abundant in nature (Si can be obtained from sand), can
readily form silicon dioxide dielectric films through thermal oxidation, and is a mature material
in the microelectronics industry for the fabrication of a vast number of electronic applications.
Despite these advantages, c-Si devices fall into the realm of first generation solar cells due to
their increased cost of production relative to other solar cell devices fabricated today. Figure 1
presents the cost of production for rigid solar modules as a function of their achievable power
efficiencies [2]. The figure indicates that compared to the other generation types of solar cells, c-
Si solar cells are the most costly with 4x lower maximum potential device efficiencies.
Furthermore, the need for a high thermal budget to fabricate c-Si solar cells disqualifies their
fabrication on low melting-point flexible substrates such as plastic. One solution to this problem
has been in thinning bulk c-Si to fabricate flexible and lightweight solar cells; however, the high
material waste by etching crystalline films and the associated complexity in processing deem the
fabrication process inefficient. Thus, the quest to fabricate more efficient flexible solar cells is

ongoing.
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Figure 1. Solar energy efficiency as a function of production costs for a solar module of generations
1,2,and 3 [2].

Hydrogenated amorphous Si (a-Si:H) thin-film (or planar) solar cells are second
generation photovoltaics, which have gained considerable interest due to their relative lower
costs of solar cell production than c-Si solar cells and maturity in the microelectronics industry.
Additionally, their thin-film usage and low-temperature fabrication process allow for the
fabrication of the thin-film solar cells on low melting-point flexible plastic substrates.
Furthermore, unlike c-Si, the film consists of a direct bandgap, which only requires the
absorption of a photon for charge generation and thus, possesses a greater absorption coefficient
than the former material. A-Si:H is also very uniform — ideal for solar cells to ensure consistency
in electrical characteristics for batch production. This uniformity, however, stems from the
material’s high disorder in the atomic scale — unlike c-Si, a-Si:H lacks in crystalline periodicity,
and thus, long-range order (LRO) does not exist in the material. The disorder of the atomic
structure promotes a greater defect density, which increases the probability of recombination of

carriers in the material. Furthermore, the carriers in the film rely on a hopping mechanism for
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charge transport to occur. Thus, to better manage charge collection, a-Si:H thin-film solar cells
limit the film thickness to only 300 nm — 500 nm. However, using such a thin layer in-turn
hinders the amount of optical absorption within the cell. These limitations of the a-Si:H thin-film
have resulted in planar solar cell PCEs of < 5% on plastic substrates. To push the limits of solar
cells of both c-Si and a-Si:H, novel geometries have been explored of which, 3-dimensional (3-
D) structures such as radial-junction (RJ) nanowire array solar cells (NWSCs) have garnered

significant interest.

1.2 Flexible 3-D Radial-Junction Nanowire Solar Cells

3-D nanowire structures [3]-[7] are a promising architecture for enhancing device
performance through electrical [8], [9] and optical [10]-[14] manipulation in energy harvesting
solar cells. The increased surface area in a third-generation NWSC array increases the chances of
efficiently absorbing incident light while the increased junction area of individual NWSCs helps
collect more charge carriers that are generated in the cell. Furthermore, increasing the nanowire
densities typically results in improved light scattering with enhanced optical absorption [15],
[16] but, continuous conformal thin-film coverage is difficult due to shadowing effects from the
non-planar 3-D nanowire structures. Two main methods of fabricating radial-junction periodic
and randomly positioned or "disordered” nanowires exist: (1) top-down [6], [8], [17]-[21] and
(2) bottom-up [13], [15], [22]-[26] nanowire growth. Hitherto however, the top-down fabrication
approach has not been used to fabricate NWSCs directly on flexible substrates due to the
difficulty synthesizing vertical nanowire arrays of uniform dimensions on a flexible substrate of

high curvature. Instead, the top-down approach has been used to synthesize flexible NWSCs
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through a two-step process, which includes (1) fabrication of the nanowires on rigid substrates
followed by (2) encapsulating the top of the nanowire array with a thick polymer coating such as
poly-di-methyl-siloxane (PDMS). Finally, the rigid substrate is removed through chemical-
mechanical polishing (CMP) [27], making this process complex and expensive for third
generation solar cells.

Bottom-up techniques have been used for similar two-step fabrication processes. One
such method to fabricate NWSCs on a flexible substrate had been by (1) fabricating the
nanowires on rigid substrates through a vapour-liquid-solid (VLS) technique followed by (2)
sonication of the nanowires to disperse them in solution, from which the wires were drop-casted
or spin-coated onto the flexible substrate [28]. The process however, results in nanowires
dispersed horizontally on the flexible substrate. Another approach to develop vertical NWSCs on
flexible substrates has been to encapsulate the top of the nanowire array with a ~3 mm thick
elastomeric coating such as PDMS after fabricating the wires through a bottom-up VLS growth
technique followed by peeling the PDMS layer off the substrate [20], [29], [30]. Optionally,
another layer of PDMS can be coated on the back side of the nanowire array to form a flexible
PDMS substrate [17].

As described from these experimental techniques, the two-step transfer process is a
popular technique for nanowire device fabrication on flexible substrates. The method however,
has a high risk that the nanowires will break during the transfer process [20]. To minimize
disintegration of the nanowires, an approach to directly fabricate the 3-D devices on flexible

substrates is needed while realizing superior power conversion efficiencies that a radial-junction



nanowire array could generate over a thin-film planar solar cell. To enhance the power
conversion efficiency of a radial-junction NWSC, increasing the lengths and densities of the
nanowires have been assessed as methods to further increase the junction area and thereby,
increase the total PCE of a solar cell [31].

Increasing the nanowire aspect ratio and reducing the separation between each wire by
increasing the nanowire density have enhanced the optical absorption within the array [11], [31],
[32] that would result in an increased carrier generation in the solar cell. Tamang et al. have
predicted that the current density of a 3-D hybrid ZnO nanowire/a-Si:H p-i-n nanowire array can
increase by more than 2x compared to a planar p-i-n a-Si:H solar cell by decreasing the
separation distance between nanowires to 600 nm (i.e. by increasing the NWSC density).
However, fabricated nanowire arrays of large aspect ratios (> 1.5) and increased densities (> 10°
cm™) have led to poor electrical performance because conformal deposition of subsequent thin-
film layers and formation of the top electrode around each nanowire within the array becomes
increasingly difficult. The effect worsens if the nanowires are randomly positioned and tilted to
the substrate (i.e. disordered) because the neighbouring nanowires would shadow each other,

resulting in areas of poor film coverage over the wires [33].

1.3 Top Electrode Formation and Nanowire Density Control

To minimize the imperfections in depositing the p-i-n thin-film and forming the top
electrode on the nanowires, the optimum nanowire density and aspect ratio are restricted to lower
densities of ~ 2x10® cm™ and ~ 2, respectively. This restriction however limits the point at which

light absorption is maximized. Therefore, a practical solution that would help further enhance
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light absorption while enabling conformal thin-film and top electrode deposition is needed to
further improve the optical and electrical device performance of the NWSCs.

This PhD dissertation explores the optical and electrical characteristics of flexible 3-D
NWSCs that are fabricated using a hybrid structure consisting of a-Si:H thin-film and ZnO
nanowires, which are grown directly on low melting-point flexible poly-ethylene naphthalate
(PEN) substrates to enable a simpler fabrication process and greater yield of functional NWSCs
compared to the two-step fabrication process discussed in the previous section. Also, a separate
approach to change the nanowire density is explored by mechanically bending the flexible
substrate concave-up and concave-down. By bending the PEN substrate, the position of the
individual nanowires may be manipulated to increase the effective density of nanowires in the
array and enhance the optical absorption of the NWSC array. With an increase in optical
absorption, the electrical characteristics would also be enhanced. This alternative approach
would ease fabrication of the devices by allowing the nanowires to be more dispersed during
processing of the 3-D devices, enabling easier conformal deposition of the thin-films and top
electrode over each nanowire. In turn, the nanowires would effectively move freely when the
substrate bends, and thus, the flexible devices would possess another advantageous role for solar
cell applications.

A few groups have reported on the two-step approach of fabricating nanowire structures
on flexible platforms [34], [35] in order to enhance the performance of solar cell devices . Kim et
al. demonstrated enhanced optical absorption with very high-density nanowire structures (> 10°°

cm™) embedded in a polymeric matrix over planar solar cells; however, they reported only 0.5%



change in the optical characteristics when flexed [30]. Fan et al. also demonstrated radial-
junction single-crystalline nanopillars encapsulated in polydimethylsiloxane (PDMS) but,
observed only marginal changes in the electrical characteristics when the PDMS structure was
flexed [17]. This PhD dissertation further explores this concept by using randomly positioned
and randomly tilted (herein called disordered) 3-D nanowire structures, which were grown
directly onto flexible PEN substrates and were mechanically bent. The effect of the NWSC
motion on the optical and I-V characteristics was studied and compared to reference flexible
planar a-Si:H p-i-n solar cells.

The 3-D structured surface were further exploited to enhance their device functionality.
Methods to integrate an additional self-cleaning surface on the solar cells were investigated to
mitigate accumulation of dust particles and other debris that could block incoming sun-light to

the cells and thereby, create a multi-functional 3-D solar cell.

1.3.1 Summary of Flexible Nanowire and NWSC Arrays Published in the Literature

Table 1 summarizes inorganic nanowire and NWSC array characteristics that were
fabricated on flexible substrates by other groups in the pursuit of fabricating flexible 3-D NWSC
arrays. The table presents the growth characteristics and electrical characteristics of the NWSC
arrays fabricated by each author. Under growth characteristics, the nanowire growth method and
substrate used are indicated along with the type of nanowires synthesized and their average
dimensions. These characteristics affect the corresponding electrical characteristics achieved

from the NWSCs.



Growth Characteristics

Table 1. Published reports of inorganic nanowire arrays fabricated on flexible substrates.

Electrical Characteristics

Year Lead Author NW Growth NW NW Height/ Jsc Voc FF PCE
and Reference Method Type Diameter [mA/cm?] [mV] [%] [%]
[nm/nm]
RR LaPierre Bottom-up on ~2pm/
2008 [34] CNTfilm, 15 | S | 20— 200 nm )
Top-down on Cds/C ~ 2 um/
2009 | A.Javey [17] PDMS, 25 dTe 200 nm 21 620 | 43 6
H Atwater, KE Bottom-up on . ~ 100 pm/
20091 pjass [38] PDMS, 25 ¢Sl 15 2um )
9.6
H. Atwater, N. Top-down on . 80 um/
2010 Lewis [29] PDMS, 25 c-Si 15 ym (at 8(_)2 402 | 35 | 1.35
mWem™)
2010 | MM Adachif3g] | _BOMOMUP | gy | Th2MMAD - -
stainless steel, 1S nm
. Bottom-up on 6 pum/
2010 | MK Kim [30] PDMS, 25 ZnO i - - - -
Top-down on 5 um/
2010 | S. Zhang [37] PDMS, 25 Zn0O 1pm - - - -
H Atwater, D.
2011 | Tumer-Evans | loPdownon g 15 pm/ ~10 | ~505 | 55 | 2551
PDMS, 2S ~6 um
[36]
Top-down on . 50 um/
2011 | KT Park [21] PDMS, 25 c-Si 2 um - - - -
2012 AJ Standing Top-down on GaP, 10 pm/ ) ) ) i
[40] PDMS, 2S InP 1.5-2um
. Bottom-up . ~ 3 um/
2012 X. Xie [41] stainless steel, 15 c-Si 50 _ 200 nm 13.36 370 | 30 | 1.48
2013 | X. Xie [42] Bottom-up csi | T2HMWO00 | aa6 | 620 | 43 | 357
stainless steel, 1S nm*

1S: Direct fabrication on flexible substrate

2S: Two-step process to transfer nanowires on flexible substrate
*: Results obtained from scanning electron microscope images published

As shown in Table 1, the highest PCEs achieved have been for top-down synthesized

flexible NWSC arrays using CdS/CdTe. The FFs obtained from the 3-D devices from the two-

step process were less than 60%, resulting in average PCEs of ~ 2.8%. An alternative fabrication

9



approach that would generate greater electrical characteristics from flexible NWSC arrays is thus

explored.

1.4 PhD Research Goal

The main goal of this PhD research is to understand the optical and electrical
characteristics of the 3-D NWSCs fabricated directly on flexible substrates and find ways to
further improve their device performance. By achieving this goal, the research conducted strives
to fabricate a high performance flexible NWSC that takes advantage of the nanostructure beyond

its optical and electrical properties with self-cleaning characteristics.
The following approaches are used to achieve this goal:

l. The direct fabrication and characterization of hybrid NWSCs on low-cost flexible
plastic media using a low-temperature and scalable process

Il. Demonstration of a flexible, conformal, and transparent top electrode on the 3-D
NWSCs

I1l.  Experimentally flexing the fabricated solar cells to assess the optical and
electrical effects from planar and NWSC devices

IV.  Analytical and numerical modeling of the strain induced to the NWSCs upon
mechanical bending

V.  Extending NWSC functionality by exploiting its 3-D surface to create self-

cleaning super-hydrophobic properties

10



1.5 Thesis Structure

This PhD dissertation is organized as follows:

The background discussion in Chapter 1 explains the motivation for this PhD work and
the approaches taken to reach the research goals therein. Chapter 2 provides a background
review of the operation of planar and 3-D solar cells followed by a literature review about the
growth techniques for NWSCs including hybrid ZnO nanowire/a-Si:H thin-film solar cells and
the device performance of the latter through numerical simulations and analysis. Random growth
of ZnO nanowires and thin-film materials characterization are provided in Chapters 3 and 4,
respectively. These materials were used to fabricate p-i-n a-Si:H thin-film solar cells as reference
devices and hybrid disordered NWSCs, whose optical and electrical characteristics are further
analyzed in Chapter 5. Fabrication issues related to poor top contact electrodes are described
later in this chapter. An ITO nanoparticle suspended in ethanol was initially used to improve the
contact of the top electrode on the disordered NWSC array and further improvements were made
by incorporating Ag nanowires (Ag NWs), which is discussed in Chapter 6. Chapter 7 discusses
the electrical performance of the modified top contacts when they are mechanically strained. The
fabricated planar and NWSCs are subsequently mechanically bent to further enhance the optical
properties in the array (by bending the substrate concave-up towards the incident light,
effectively increasing the NWSC density and improving the electrical characteristics. The strain
induced to the NWSCs and planar solar cells during bending are modeled using COMSOL
Multiphysics (ver 5.2) to determine the induced strain and range of motion in the nanowires

during bending. Finally, methods to produce super-hydrophobic surfaces on the NWSCs by
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surface modulation of the nano-structured surface are investigated in Chapter 8. The thesis

concludes with the contributions and future outlook of this PhD research in Chapter 9.
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Chapter 2

Background Review

2.1 Operation of a Thin-Film Amorphous Silicon Solar Cell

The foundation of a solar cell is a photodiode. In contrast to a c-Si solar cell, which
consists of a p-n junction, an a-Si:H solar cell consists of a p-i-n junction. The p-layer is highly
doped with boron atoms (acceptor atoms) while the n-layer is doped with phosphine atoms
(donor atoms) [43]. Doping the thin-film creates a p-layer (n-layer) constituted of majority hole
(electron) carriers. The doped layers also consist of very high defect densities, which greatly
limit the minority carrier lifetimes. Thus, an intrinsic layer (i-layer) of a lower defect density is
sandwiched between the p- and n-layers, enabling generated electron-hole pairs to transport
through a less defective film. A built-in electric field would ideally span the entire i-layer and
facilitate extraction of the generated carriers in the region, which is called the space charge
region (SCR). This SCR is a key component in a solar cell because, both optical absorption and
carrier separation occurs here.

When light irradiates on the diode, photon energy that is larger than the bandgap of the

material promotes an electron from the valence band (Ey) to the conduction band (Ec), creating
13



an electron-hole pair, which will move to their respective n- (for electron) or p-side (for hole) by
the electric field in the SCR for charge collection. Thus, light that shines on the diode increases
the current supplied to an external load (Rjeag) @s indicated in the current density-voltage (J-V)
curve on Figure 2 (a). Figure 2 (b) shows the equivalent circuit model of a realistic solar cell,
taking into account its series resistance (Rseries) and shunt resistance (Rspunt). Physically, Rgeries In
a solar cell can be due to the resistance in each of the a-Si:H thin-films within the diode, contact
resistance between the metal electrodes and the a-Si:H, as well as the resistance from each of the
electrodes. Rshne in @ solar cell is primarily due to defects within the a-Si:H film that form
alternate pathways from the p-layer to the n-layer for photo-generated charge carriers in the solar
cell. This effect reduces the total photocurrent collected from the solar cell, resulting in power
losses.

The solar cell may be characterized by its open-circuit voltage (Voc), short-circuit
current density (Jsc), fill-factor (FF), and power conversion efficiency (PCE). The Voc is the
maximum voltage in a solar cell that would arise when the terminals of the device are
disconnected while the Jsc is the maximum current generated in a solar cell at 0 V. The FF can
be found using the maximum power (Pyax = Jmuax X Vimax) supplied by the diode as,

PMAX

FET] :]sc X Voc'

(1

As suggested from Equation (1), the FF is a percentile indicator of the ideal ‘square’ shape of the
I-V curve during illumination of the solar cell; a high FF indicates low Rgries and high Rgpynt in

the cell. The Rgries and Rghunt can be found through two ways: (1) by taking the slope of the J-V
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characteristics in light near Voc and Jsc for Rshunt and Reeries, respectively, or (2) by taking the
slope near 0 V for Rgunt and near Voc for Reries from the semi-log (J)-V plot in the dark. The
slope between these two resistances in the semi-log (J)-V plot denotes the ideality factor, n,
which is a factor typically ~ 1 — 2 that indicates the amount of recombination in the diode. A
lower (greater) amount of recombination within the diode would lead to n values nearing 1 (2).
All of these solar cell parameters affect the PCE, which is given as,

X Voc X FF
PCE = 5 — @

where I is the total spectral illumination of one sun of 100 % at air mass (AM) 1.5G. This solar

spectrum is analogous to light illuminated on the surface of the Earth after it has travelled an

average distance through the Earth’s atmosphere of 1.5 atmosphere thicknesses
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Figure 2. (a) Dark (J4) and photo (Jyn) J-V curves and (b) equivalent circuit model of a solar cell.
A-Si:H p-i-n diodes are drift-based. This process of light absorption to charge collection
can be reduced to three main categories and is shown in an energy band diagram in Figure 3 for

an a-Si:H p-i-n solar cell:
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l. A photon enters the cell through the top transparent contact

. The photon is absorbed, creating an electron-hole pair, provided the photon

energy is greater than that of the semiconductor bandgap of the absorber layer

II. The electron (hole) carrier drifts toward the n (p) side for collection

T |
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p* i-a-Si:H n*
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Figure 3. Energy band diagram of a p-i-n solar cell device under solar illumination. The incident
photon is absorbed in the i-layer where the SCR exists, forcing the charge carriers to split and
travel to their respective majority-carrier thin-film layers of the solar cell.

Today, c-Si solar cells produce a stabilized PCE of 20% [2], [3] while thin-film a-Si:H
solar cells can produce PCEs of 6% [4]. The reason behind greater PCEs for c-Si bulk solar cells
compared to a-Si:H devices is in the former material’s crystalline long-range order (LRO), which

enables greater minority carrier lifetimes than in the latter material. Figure 4 (a) illustrates the
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periodic crystalline network of c-Si where each Si atom (in black) is covalently bonded to
another Si atom in the film. Figure 4 (b) illustrates the energy band-diagram of c-Si and its
indirect bandgap of 1.12 eV. The LRO of c-Si allows for the use of much thicker films (200 um
for c-Si vs. 300 nm for a-Si:H) in c-Si solar cells to ensure that it would absorb 99% of the
incident sunlight. However, the cells require high temperature fabrication processes (~ 950°C)
and refining processes (to at least 99.9999% purity) [44]. All these factors result in a complex

fabrication process with limited ability to produce flexible devices.

(@ (b) E.

1.12 eV

Energy

DOS

Figure 4. Illustration of the (a) LRO periodic structure of a c-Si film and (b) its equivalent energy
band structure.

A-Si:H on the other hand, is a promising material for electronic devices, allowing for a
relatively low-cost, low-temperature, and uniform deposition of the film for large-area device
applications. Such films can be fabricated at temperatures of less than 300°C, enabling direct
fabrication of the devices on inexpensive arbitrary substrates, which may enhance device
functionality. The direct optical bandgap of 1.75 eV of a-Si:H and its increased absorption

coefficient compared to c-Si, further empowers more efficient absorption of light, with an
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absorption depth of 1 um for 99% of the visible light. These characteristics enable the fabrication
of solar cells of increased device functionality such as flexibility.

Although increasing the thickness of the intrinsic a-Si:H can serve to absorb more
photons, carriers generated this way are likely to be inefficiently collected in the solar cell as the
increased thickness results in increased defects and greater chances of recombination,
contributing to a poor electric field within the i-layer. Since a-Si:H is disordered and consists of
strained Si-Si covalent bonds, which in the worst case, may break apart, forming localized defect
states such as dangling bonds (Figure 5 (a)), charge carriers may easily trap and undergo non-
radiative recombination in these locations. Although diffusion of hydrogen may occur during a-
Si:H deposition in order to reduce the density of dangling bonds in the film, it is difficult to
ensure all of such dangling bonds passivate with hydrogen. The defect density further increases
as the deposition temperatures are lowered since the thermal energy may be insufficient to
overcome the activation energy needed for Si-H bonding to occur [45]. The band diagram of a-
Si:H includes mid-gap defect states, illustrating the density of the dangling bonds in the film.
Also, band tails occur near the edges of Ec and Ey due to the strained Si-Si bonds in the film
(Figure 5 (b)). These disadvantages in a-Si:H at low temperatures necessitate alternative methods
to overcome the challenges; one such method is to change the 2-D device structure into a 3-D
cylindrical shape, much like a nanowire in order to improve the optical and electrical

characteristics of the solar cell.
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Figure 5. (a) Film structure of a-Si:H and (b) its corresponding band diagram.
2.2 Radial-Junction Nanowire Solar Cell Operation

In a radial-junction NWSC, the optical and electrical characteristics of the cell are
decoupled. The SCR exists at the p-n junction or in the i-layer of a p-i-n junction, which
surround the nanowire (Figure 6). Thus, the junction area is increased from which a generated
minority carrier can more easily sweep through to its contact regardless of where it is generated
in the cell, resulting in efficient charge collection. Because of the efficient generation of carriers,
increasing the i-layer thickness is no longer required, and in-turn enables the SCR to span the
entire i-layer.

Furthermore, light absorption occurs along the axial length of the NWSC. Incorporating
an array of such NWSCs could lead to increasing light scattering within the 3-D structures; this
would help absorb more light in the array and limit the fraction reflected back to atmosphere
[46]. Thus, unlike a 2-D thin-film solar cell where an optimum thickness of the i-layer must be
found to balance light absorption and carrier extraction, the NWSC increases the optical path

length while decreasing the electrical transport length by means of its 3-D device structure.
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Figure 6. Hlustration of a hybrid NWSC, in which the ZnO nanowire is conformally coated with p-
i-n a-Si:H thin-film.

2.3 Nanowire Solar Cell Fabrication Processes

Nanowire synthesis can be categorized into two approaches called, top-down or bottom-
up. Nanowires synthesized by the top-down approach are typically etched from a planar material
[18], [19], [31], [47] while bottom-up nanowires typically grow from a nucleation layer [3], [4],
[48], [49]. Sections 2.3.1 and 2.3.2 discuss both nanowire growth approaches to realize the
advantages and limitations of these techniques for flexible NWSCs. Sections 2.3.2.1 and 2.3.2.2
discuss the bottom-up fabrication of hybrid ZnO nanowire/a-Si:H thin-film solar cells and their
limitations, and numerical modeling of their device performances to assess their optical

effectiveness in improving device performance, respectively.

2.3.1 Top-down Approach

Top-down procedures for nanowire synthesis have used a self-assembled nanoparticle
(NP) array or patterned films of Ag [50], polystyrene beads [47], [51], or SiOy [31], [52] that act
as masks, which are formed by Langmuir-Blodgett [52], or e-beam lithography [18]. Figure 7

illustrates a reactive-ion-etch (RIE) plasma process used to selectively remove exposed regions
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and form a nanowire array. The area under the masks are not affected during the etch process
while the areas that are exposed to the RIE plasma (or wet etchant) are removed. Depending on
the mask pattern and dimension of each NP mask, the nanowire array formed underneath can be
controlled in terms of the array periodicity and diameter, seeming to provide a direct way to

control the nanowire array dimensions and density.

Remove beads in HF acid and
dope to form p-n junction

Figure 7. Langmuir-Blodgett top-down RIE process used to synthesize Si nanowires [31].

However, the control of nanowire synthesis in this method is in fact limited.
Specifically, some examples of limitations of this technique include uniformly etching nanowires
of a specific aspect ratio over large areas (i.e. non-uniformity) [51], bunching of high-density
nanowires [53]-[55], existence of residual impurities between nanowires from use of NPs [51] or
photoresist used in e-beam lithography, scalability issues with the NPs on large area [51], and
cost-effectiveness of expensive lithography processes. Moreover, Bao et al.’s numerical
simulations have illustrated that the best scenario for light trapping is to incorporate nanowires
with random diameter and lengths [56]. Fabrication of such structures at a large scale could be
difficult to accomplish using the top-down approach. Furthermore, only rigid substrates (Si,

glass) have been used in the top-down approach to date.
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2.3.2 Bottom-up Approach

The growth of Si-based nanowires using the bottom-up approach has been demonstrated
most commonly using the vapor-liquid-solid (VLS) mechanism [25], [26], [57], [58] where a
catalyst, typically formed by sputtering a 2 — 5 nm thick metal film such as Au or a less
deleterious element such as Cu [59] is used for nanowire growth on a Si substrate [3], [4]. Source
gases are entered into the chemical vapor deposition (CVD) chamber and nanowire growth
proceeds at temperatures typically > 850°C [59]. Eventually, these Au nanoparticles would wet
the nanowire sidewalls; thereby, consuming the nanoparticles and terminating nanowire growth.

Street et al. have shown that a disordered nanowire array grown using this approach can
be useful for light trapping. Approximately 20 c-Si nanowires interact with a photon before
being absorbed within a disordered array although, this scattering would decrease as the energy
of the photon increases [13]. This optical interaction in the nanowire array improves the chances
of successfully absorbing the photon. However, electrical characteristics of such disordered

NWSCs have been very poor, achieving ~ 0.2% PCE as depicted in Figure 8 (a) and (b) [7].

- dark
~ simulated AM1.5 light

0.05 - 0.15

'_é&;ﬂd . Voltage (V)

Figure 8. (a) SEM images of disordered Si wires (top right inset shows the Au catalyst tip) and (b)
their 1-V characteristics [7].
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One reason for poor solar cell performance in disordered NWSC arrays [7] is because
the disordered nanowires are difficult to coat with thin-film to produce a conformal radial-
junction and top electrode on each wire, resulting in poor Jsc, Voc, and FF characteristics. High
Rseries 1S Caused by poor deposition of the top contacts over the disordered NWSCs. Deposition of
the TCO typically occurs via sputtering [25], [33], [60] but, sputtering is not a conformal
deposition technique, which leads to patches of uncoated regions on the nanowire sidewalls. To
mitigate the poor deposition of the top contact, a very thick shell is sometimes deposited (Figure
9) to ensure all regions of the nanowire are fully coated and would produce the required radial-

junction and top electrode.

Figure 9. Cross-sectional SEM micrographs of (a) bare Si nanowires and (b) 3-D NWSCs after
deposition of the thin-film [48].

However, the NWSCs still suffer from degraded Voc (< 300 mV) [3], [48]. ideality
factors, (n > 2), and low minority carrier diffusion lengths (Lgir < 20 nm) [61] due to interface
impurities from the use of residual Au in the VLS growth. An acid treatment has been tested to
remove the residue on the nanowires prior to device fabrication; yet, the impurities along the

nanowire surface even after the acid treatment persist [48], [58], [59], [62]-[65]. In fact, Au
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atoms can diffuse 77 um through the Si lattice during the growth stage and thereby, contaminate
the entire nanowire structure [63]. Such metal impurities add deep-level trap states in the
bandgap of the host semiconductor [66] and thereby, compromise the electronic properties of the
semiconductor. This degradation is not only an issue with Au; impurities have been detected on
nanowires grown with In [41], Sn [58], Ag [67], and Cu [59]. Therefore, a simpler and more
effective method to fabricate NWSC arrays that would not cap the high performance expected
from the 3-D devices would facilitate the affinity towards large-scale fabrication and widespread

use of the devices.

2.3.2.1 Hybrid ZnO Nanowire/a-Si:H p-i-n Thin-film Solar Cell Arrays

A low temperature bottom-up growth approach that does not require a metal catalyst
could eliminate many obstacles — specifically, the ability to grow disordered nanowires of
random diameter and length to enhance light trapping, direct nanowire growth on arbitrary
substrates, which includes flexible plastic, and evade use of impurity catalysts for minimum
nanowire surface contamination are key factors to enhance device functionality and performance.

One approach to eliminate such obstacles is to coat a-Si:H p-i-n thin-film on ZnO
nanowires to form a 3-D array of thin-film solar cells. To grow the ZnO nanowires, a low
temperature hydrothermal approach can be used on a thin ZnO seed layer. This approach
typically grows a high density of disordered nanowires. A hybrid ZnO nanowire/a-Si:H p-i-n
thin-film solar cell has generated a PCE of 3.6% in the substrate orientation (Figure 10) [68]
while the hybrid device structures used in superstrate configuration generated PCEs of 4.27%

[69]. Although the authors term these devices “nanorod” solar cells, their SEM images show a
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more textured surface (Figure 10), far from the NWSC classification due to the employed low
aspect ratios, which can in turn decrease light trapping in the solar cell. Furthermore, the cross-
sectional SEM image (Figure 10 (c)) shows poor conformal coating of the a-Si:H p-i-n thin-film
at the base of the nanowire array; these effects could lead to high Rsries and shunting in the solar
cell. These results were verified in this research, too; maximum PCEs of 4% (average PCE ~

2%) were achieved with low yield due to low Rgnynt and high Reeries from the cells fabricated.

Figure 10. (a) Schematic diagram of fabricated hybrid NWSCs [68]. (b) Tilted (scale bar: 500 nm)
[68] and (c) cross-section [70] SEM micrographs of the fabricated hybrid NWSCs that incorporated
high densities of ZnO nanowires, which were coated with a-Si:H thin-film.

Thus, a method to deposit a-Si:H p-i-n thin-film conformally over ZnO nanowires is
needed to form 3-D solar cells [69], [71]; this coverage depends mainly on the density of the
ZnO nanowire array grown. As stated earlier, textured structures are obtained if the density of
the nanowire array is too high with poor conformal coatings of the a-Si:H p-i-n thin-film.
However, if the nanowire array is sparse enough, then the thin-film deposited over the grown
nanowires would be more conformal to fabricate truly 3-D NWSC arrays. This approach had not
been explored in the research community at the time of this research and therefore, is likely that
the full potential of such hybrid nanowire structures for solar cells has not yet been realized.
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Furthermore, the low-temperature fabrication process of the entire NWSC array deems suitable
for flexible 3-D solar cell fabrication but, has not been reported yet. The combination of these
factors could enable truly conformal hybrid ZnO nanowire/a-Si:H p-i-n thin-film NWSCs on
flexible substrates with PCEs greater than 4.27%. To do so, the growth of the ZnO nanowire and
the effects of nanowire height and period on overall performance are examined in the following

section.

2.3.2.2 Numerical Simulations of Hybrid ZnO Nanowire/a-Si:H p-i-n Solar Cells

This work was a collaboration study with the Dr. D. Knipp, Dr. V. Jovanov, and Mr. A.
Tamang who created optical simulations of the nanowire structures and helped analyze the
results of the simulations.

An array of hybrid NWSCs allow for the optical characteristics of a solar cell to be
enhanced by trapping the incoming light into the device without allowing much of the reflected
light back out into the atmosphere. Cui et al. have stated that near-complete absorption of light
can be achieved with wires that are microns long [1], which was confirmed by Kelzenberg et al.
[8]. However, arrays of nanowires that are much shorter than that (< 2 um) have still shown to
achieve > 90% of light absorption in the visible spectrum where most of the energy in the solar
spectrum exists [33]. With such optical enhancements to generate more charge carriers inside the
NWSCs, a more efficient device may be achieved by using these shorter radial-junction hybrid
3-D structures.

This section provides details about the optical and electrical enhancements that could be

expected from hybrid ZnO nanowire/a-Si:H thin-film solar cell arrays. To do so, both small- and
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large-sized periods between ZnO nanowire arrays that lead to textured and NWSC structures,
respectively, were optically simulated from which, photocurrent characteristics were extracted.
The optical simulations of light confinement in the nanowires were found by using a finite
difference time domain (FDTD) algorithm to numerically solve Maxwell’s partial differential
equations of an incoming light ray. These simulations were performed by Tamang et al. from
Jacobs University [32].

An array of nanowires could work together to effectively scatter light. By employing a
high density of nanowires closely packed together (i.e. small-sized period), similar to that shown
in Figure 10 (c), subsequent semiconductor films deposited would embed the nanowires within
the films and thereby create a textured solar cell. The textured device would consist of a period,
p, as defined in Figure 11, between nanowires of less than that of the p-i-n semiconductor film
thickness, t, together with the nanowire diameter, d, as provided in the following expression:

p<2t+d. 3)

Figure 11 shows a schematic diagram of a textured solar cell with these parameters labeled.

TCO top
contact

a-5iH pi-n

Zn0
nanowires

Metal back
contact

Figure 11. Schematic diagram of hybrid ZnO nanowire/a-Si:H thin-film textured solar cell [32].
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In this case, the nanowires are encased in an a-Si:H p-i-n thin-film layer that planarizes
the 3-D nanowire structure. Because of this planarization, the minority carrier transport length is
longer than a nanowire solar cell and thus, the cell acts essentially as a planar device. The
structure limits its absorption of light to only long wavelengths of light due to the embedded
nanowires at the bottom of the solar cell, and thereby possesses a limited optical pathway,
topticar = ti Where ¢; is the average thickness of the intrinsic a-Si:H film. Furthermore, the
maximum distance a generated carrier must travel before being collected, teectricar, iN such
textured solar cells would include the thickness of the p-i-n thin-film, t, as well as the height, h,
of the nanowire in the form of,

tetectricat = t + . 4)

In contrast, radial-junction p-i-n solar cells possess larger periods. As depicted in Figure
12, each nanowire is entirely coated with the p-i-n diode and is completely separated from each
other, which may allow for more pronounced light scattering to occur at all wavelengths of light.
This increased scattering would enhance the optical path of light, t,,.;cq;, By bouncing the
incident light rays back and forth in a manner of trapping the light. Such an interaction between
light and the coated nanowires would increase chances of light absorption within the a-Si:H thin-
film to generate an effective i-layer thickness, which is thicker than the actual deposited i-layer

and has been calculated through geometric analysis of the 3-D hybrid structure as,

wH(t; + 2t,, + D)
Loptical = <1 + l p2 - )ti' (5)
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Additionally, tejectricat Would now be reduced due to the conformal deposition of the a-Si:H
p-i-n thin-film in the hybrid 3-D NWSCs to,
tetectrical = ti- (6)
The low tejectrical Would reduce carrier recombination. To create radial p-i-n NWSCs as
shown in Figure 12, the period of the nanowires must be increased from that shown in Figure 11

in order to enable the conformal p-i-n thin-film coatings that surround the ZnO nanowires.

TCO top
contact

p-i-n diode

Zno
nanowires

Metal back
contact

Figure 12. Schematic diagram of an array of hybrid ZnO nanowire/a-Si:H thin-film NWSCs [32].

Analyzing the propagation of light on randomly oriented nanowires is complex. Several
groups have shown that randomly oriented structures can be approximated with periodic ones
[72]-[75]. To reduce complexity and computation time, the hybrid ZnO nanowire/a-Si:H p-i-n
thin-film solar cells have also been simulated using periodic structures and are depicted in Figure
13. Here, light incident on the nanowire enters normal to the structure. The period, height, and
diameter of the nanowires are 600 nm, 400 nm, and 120 nm, respectively. The thickness of the

AZO TCO is 100 nm and p-i-n layers are 50 nm, 100 nm, and 40 nm, respectively. These p-i-n
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layers are within the a-Si stack as shown in red in the schematic in Figure 13 (a). Light

absorption profiles in terms of power per m* were obtained using,
Q(x,vy,z) = %cenaIE(x, y,2)|? (7)
where c is the speed of light, ¢ is the permittivity of the medium, n the real part of the refractive

index, o the absorption coefficient (a = 4zk/2, with k being the complex part of the refractive

index and A the wavelength), and E(x,y,z) the electric field [32].
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Figure 13. (a) Schematic diagram of the simulated hybrid ZnO nanowire/a-Si:H p-i-n thin-film
structure. Light absorption profiles in the hybrid NWSC when light is incident normal to the
structure at (b) 360 nm, (c) 560 nm, and (d) 620 nm.

Figure 13 depicts a noticeable change in light absorption within the hybrid 3-D solar
cell, depending on the wavelengths of incident light while maintaining all parameters associated
to the nanowire itself constant. Incoming light with energy greater than the bandgap of the top
contact TCO, (Al-doped ZnO, AZO, with Eg = 3.37 eV) would be absorbed by this layer.
Therefore, at 360 nm, absorption is thicker in the top region of the coated nanowire (Figure 13

(b)). However, when the incoming light is greater than 370 nm, more light absorption is detected

around the p-i-n layers, which envelope the ZnO nanowire (Figure 13 (c) and (d)).
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The absorption profile can be used to numerically quantify the external quantum
efficiency (EQE), which directly correlates light that is incident on the solar cell to charge

carriers collected inside the device. The EQE is thus found in the following manner:

1

EQE = JIf Qx,y,2) dxdydz 8

Ptotal

where P;,:q; 1S the total power incident on the unit cell and Q is the absorption profile obtained

from Equation 7. EQE assumes that each absorbed photon creates only one electron-hole pair. In
turn, the Jsc (= %f;’”“" AEQE(A)S(A) dA where S is the total irradiance of light under standard

AM 1.5G illumination and 4 denotes the wavelength of light) can be used to estimate the amount
of carriers produced in the hybrid 3-D structures.

The improvement in the EQE of the 3-D solar cell is further enhanced by increasing the
height of the structures from 100 nm to 400 nm due to the greater amount of light absorption by
the larger 3-D structures. This is shown in Figure 14 alongside a planar solar cell of 300 nm of
intrinsic a-Si:H. In the simulated planar a-Si:H solar cell, a Jsc of 7.6 mA/cm? was obtained
while the hybrid 3-D solar cell with a height of 400 nm showed improved carrier collection from
400 nm to 800 nm, generating a Jsc of 16.5 mA/cm?. This enhancement of Jsc is more than a
factor of 2, which signifies the contribution from the 3-D device structures to create high
efficiency solar cells. In comparison, the textured solar cell generated a Jsc of 12.8 mA/cm?.
These results provide insight and validation to motivate experimental verification that high

performance NWSCs can be achieved from such hybrid 3-D structures.
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Figure 14. EQE spectra of simulated 3-D NWSCs of h = 100 nm and 400 nm and a reference planar
(flat) solar cell.

2.3.2.3 Two-Step Fabrication Approach for Flexible Nanowire Solar Cells

The past ~ 7 years has experienced considerable interest in the research of fabricating
flexible NWSCs due to the versatility the power sources would provide applications that require
high efficiency solar cells that are bendable, portable, and are space-constrained. The most
common technique employs a two-step transfer of the array and is illustrated in Figure 15:

(1) Synthesize nanowires on rigid substrates that can endure high temperatures or

plasma conditions and,

(2) Transfer grown nanowires onto the flexible substrate.

Both top-down and bottom-up approaches have been used in the first step of
synthesizing nanowire arrays. The fabricated nanowire arrays have been either peeled-off from
the rigid substrate or the sample would undergo a CMP process to etch the rigid substrate

completely and obtain a flexible NWSC array. High density wire arrays that are ~ 50 pm in
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height have been fabricated using this two-step approach [21]. Moreover, several groups have
successfully fabricated flexible NWSC arrays as shown in the SEM and optical micrographs in
Figure 16, depicting the high density nanowire growth and high bendability of the flexible

nanowire array.

PDMS i
m"“"m"mm"" e TN
)

Figure 15. Fabrication flow of a flexible ZnO nanowire array that shows (a) grown ZnO nanowires,
which are then (b) encapsulated in PDMS, and (c) removed from the rigid substrate [30].

However, the transfer process requires patience and expertise due to its complexity in
successfully breaking apart the nanowire arrays from its native substrate, which is typically Si
due to the ability of the substrate to withstand temperatures > 600°C or plasma conditions, which
enable nanowire synthesis. The technique has shown to work most successfully when an
additional PDMS coating is used to embed the nanowire array; then, the PDMS can be used to
remove the nanowire array out of its native substrate [17]. However, in doing so, the additional
PDMS layers may limit the mechanical bendability of the flexible sample and thereby, affect the
functionality of the array. Moreover, the greater challenge is to ensure a high success rate and
robustness in order for the technology to be compatible with large-area solar cell fabrication.
Although the process has shown promising results, fabricating the nanowire diodes directly on
the flexible substrate could greatly improve the fabrication yield and allow for all wires to

contribute to enhancing the electrical characteristics of the cell.

33



-PDMS (b)

ZnO nanowires

Figure 16. (a) SEM micrograph of the fabricated flexible ZnO nanowire array using the two-step
process [30] and (b) optical image of an array of Si nanowires encapsulated in PDMS [21].

Furthermore, GaAs nanowires have been grown directly on flexible carbon nanotube
(CNT) substrates to withstand temperatures > 550°C but, high sheet resistances (Rspeet ~ 5900
Q/sq) of the CNT require post-annealing processing of at least 400°C to lower the Rgheet t0 ~ 68
Q/sq [34]. Still, poor rectifying behaviour from the fabricated p-n junctions was observed, which
the authors suggest may be due to the interface quality between GaAs and CNT.

To this extent, only ZnO nanowire arrays have been grown directly on PDMS [30], PEN
and polyethylene terephthalate (PET) [76] substrates but, none have reported on the effects
mechanical bending of the substrates would have on the nanowires. Also, NWSC arrays
fabricated on these flexible substrates have not been investigated when mechanically bent. Thus,

such an investigation could lead to further developments in flexible 3-D solar cells.
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Chapter 3

Growth of ZnO Nanowire Arrays

In this chapter, experiments of the ZnO nanowire growth on rigid and flexible substrates
are presented. Section 3.1 details the experiments conducted and factors that contributed to the
growth of ZnO nanowires. Section 3.2 concludes the chapter with a discussion about the ZnO

nanowire growth on arbitrary substrates, including rigid glass and PEN flexible media.

3.1 Growth of ZnO Nanowires

To fabricate hybrid 3-D solar cells, the first step is to synthesize the ZnO nanowires,
which act as the backbone pillars and provide the desired 3-D structure. This research uses a
hydrothermal approach to grow ZnO nanowires in a bottom-up fashion. Key reasons for adapting
this growth technique over others are the low-cost processing requirements, lack of expensive
vacuum technology, low toxicity emanating from the process (ZnO is non-toxic), and simplicity
in synthesizing nanowires over large area. Furthermore, this growth process for crystalline ZnO
nanowires [77], [78] is compatible with current fabrication of thin-film solar cells, easing the

integration of the processes to fabricate 3-D hybrid devices. Since the growth method does not
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require high temperatures, it is especially attractive for the purposes in this research of growing
the nanowires directly on low melting-point PEN plastic substrates.

ZnO nanowires that are grown in a hydrothermal solution possess a hexagonal wurtzite
crystalline structure, which consists of a polar surface in the [0001] c-axis direction. The polar
surface is energetically favorable to growth, enabling the growth of a 1-D cylindrical structure
[77]-[80]. The aqueous solution, which provides the required sources of species for ZnO
nanowire synthesis, contains 25 mMol equimolar zinc nitrate hexahydrate (Zn(NOs),.6H,0,
Sigma Aldrich) and hexamethylenetetramine (HMTA, CgH12N4, Sigma Aldrich). These salts

decompose in the following manner once placed in a thermal ambient to form ZnO:

C¢Hi,N, + H,0 —» 6CH,0 + NHj4 (D
NH; + H,0 - NHf + OH~ (2)
Zn?>* + 20H- - Zn(OH), (3)

Zn(OH), - ZnO0 + H,0 (4)

Due to the controlling parameters that exist in the hydrothermal approach to assist
growth, the process can be easily tweaked to synthesize the desired nanostructures. Specifically
in this research, temperature, seed layer type and thickness, and sample duration in solution are
parameters that were used to control the nanowire growth in terms of nanowire height, diameter,
and density.

To control these conditions, the hydrothermal set up consisted of a hotplate, magnetic
stir-bar to continually establish a uniform solution, thermometer, Al foil covers to minimize

evaporation of the solution, a Teflon sample carrier, and beakers. First, the substrate is
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thoroughly cleaned using the RCA-1 method, which is discussed in more detail in Section 3.2.1.
Next, a ZnO or AZO seed layer is deposited via RF-sputtering or spin-coating nanoparticles on
the substrate (discussed in Section 3.1.2). The seeded substrate is then immersed in the
hydrothermal solution and is maintained for several hours at 88°C; reasons for choosing this
temperature are discussed in Section 3.1.1. The sample is positioned face-down in solution to
allow the homogeneously grown precipitates to fall onto the base of the container instead of on
the nanowires that grow on the seeded substrate. At the end of the growth period, the sample is
removed from the solution, thoroughly rinsed with de-ionized water and dried with No.

When the aqueous bath reaches supersaturation, which is when the amount of solute
concentration in the solution exceeds that of the saturated solution, solid particles form,
producing a cloudy yellow solution. When the ratio of supersaturation is ~ 1, heterogeneous
nucleation on foreign surfaces is promoted [81], [82]. Heterogeneous nucleation is when a
nucleation site is used for the formation of nanowire growth while homogeneous nucleation is
nucleation that occurs without any preferential nucleation sites. Heterogeneous nucleation of
solid phases occurs more easily than homogeneous nucleation due to the lower activation energy
barrier involved [82], [83]. Thus, a seed layer is deposited on the substrate to promote
heterogeneous nucleation and increase the rate of ZnO nanowire growth in an up-right
orientation; this control parameter is further discussed in Section 3.1.2. Section 3.1.3 discusses
how sample duration in the solution also increases nanowire length, and the steps taken to further

increase the nanowire growth rate.
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3.1.1 Thermal Effects on Nanowire Growth

Different temperatures of the growth solution were tested to determine the level at
which ZnO nanowire growth occurs most rapidly. The thermal decomposition of zinc nitrate
hexahydrate provides the required Zn”* ions while HMTA provides hydroxyl ions at a slow but
controlled rate to ensure the supply would not be depleted by precipitation [82]. Although
elevated temperatures provide the energy needed for species to dissociate and bond, which
ultimately help nanowire growth, continuing to increase the temperatures beyond a certain
temperature threshold in anticipation of further increasing the rate of growth is disadvantageous.
This disadvantage occurs because the additional energy would now be sufficient enough to
homogeneously nucleate species in solution; this condition creates competition for
heterogeneous nucleation as the limited supply of species are being used for both types of
growth. The optimum point at which homogeneous nucleation is minimal while heterogeneous
nucleation is most efficient was assessed by varying the temperatures in several growth
experiments. Figure 17 presents SEM micrographs of the nanowire growth at different
temperatures. After a period of 1 hour, temperatures less than 75°C did not show any nanowire
growth (Figure 17 (a)). Nanowire growth appeared at a growth rate of ~ 16.7 nm/min at an
average temperature of 88°C. Above 88°C, the diameters of the nanowires tended to slightly
increase and the growth rate decreased to ~ 7 nm/min; at an average of 97°C, completely
disordered nanotubes emerged. Thus, to incorporate the highest nanowire growth rate in this

work, an average growth temperature of 88°C was established.
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Figure 17 (a). Nano-balls synthesized at < 75°C, (b) nanowires at 88°C, (c) nanorods at 90°C, and (d)
nanotubes grown at 97°C.

3.1.2 Seed Layer Uses for ZnO Nanowire Growth
A ZnO seed layer promotes heterogeneous nucleation on an arbitrary substrate.

Moreover, the seed layer helps position the nanowires in specific locations and orient the
nanowires upright using its grains as nucleation spots for subsequent nanowire growth, similar to
the role of a metal catalyst droplet used in the growth of Si nanowires. Yamabi et al. have
already verified that upright ZnO nanowires can be grown only if a ZnO crystalline seed layer is
used [84]. Two methods have been assessed to act as seed layers for ZnO nanowire growth:

l. RF-sputtered ZnO thin-film in a vacuum chamber

Il. ZnO nanoparticles produced from the thermal decomposition of zinc acetate

dihydrate salt
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Both ZnO thin-film and ZnO nanoparticles can act as seed layers for vertical nanowire
growth. In the case of a thin-film seed layer, the grains of the film help position the nanowires in
specific locations on the surface and orient the wires in a manner dictated by the c-axis of the
ZnO grains. The same process occurs with ZnO nanoparticles where dispersed nanoparticles
dictate the location of ZnO nanowire growth.

SEM micrographs revealed different nanowire diameters when the seed layer
thicknesses were varied. This correlation between the ZnO seed layer thickness and nanowire
diameter are detailed in Section 3.1.2.1. Characterization of the seed layer thickness occurred
after patterning the layers and measuring the height profile with a Dektak stylus profilometer; the
seed layer morphology and nanowire growth characterization were performed using a Dimension
3100 atomic force microscope (AFM) and a Zeiss LEO field-emission SEM, respectively.
Following this discussion, characteristics of the ZnO nanoparticle seed layer are detailed in

Section 3.1.2.2.

3.1.2.1 RF-Sputtered ZnO Thin-Film Seed Layers

A ZnO0 thin-film is RF-sputtered on a substrate as the seed layer (Figure 18 (a)) prior to
nanowire growth. The seed layer acts as the template for vertically oriented nanowire growth due
to lattice-matching with ZnO nanowires. Grains, which compose the seed layer, assist in
subsequent heterogeneous nucleation on the substrate once the sample is placed in solution at an
elevated temperature. 1 pum x 1 um AFM images in Figure 18 (b) and (c) show grains of the ZnO
thin-film, which were 27 nm and 200 nm thick, respectively. The average grain sizes of these

films were measured to be 25 nm and 53 nm, respectively, indicating that the grain size can be
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controlled by changing the ZnO thin-film thickness. This change in grain size of the seed layer
provides a direct relationship to subsequent diameters of nanowires grown on these seed layers.
SEM micrographs that were obtained of the ZnO nanowires grown subsequently on the thin-film
seed layers showed average nanowire diameters of 40 nm and 62 nm, respectively (Figure 18 (d)
and (e)), corresponding to the AFM images on Figure 18 (b) and (c). Thus, the nanowire
diameters can be controlled in this manner by changing the thickness of the seed layer used for

growth.

(@

ZnO nanowires
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Figure 18. (a) Schematic diagram of ZnO nanowire growth. (b) AFM image of 27 nm ZnO seed

layer and (c) 200 nm ZnO seed layer. (d) SEM images of ZnO nanowires grown on the 27 nm ZnO
seed layer and (e) ZnO nanowires grown on the 200 nm ZnO seed layer.

Moreover, the seed layer thickness can be used to change the density of the nanowire
array. Table 2 presents average ZnO nanowire heights and densities grown on 1.5 nm, 5 nm, and
10 nm thick ZnO thin-film seed layers for 2 hours under the same hydrothermal conditions

mentioned above. Although a significant change to the nanowire density grown on seed layers of
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thickness 5 nm and 10 nm was not detected, the density was visibly less once the seed layer
thickness was reduced to 1.5 nm (see Table 2). Decreased nucleation sites reduce the density of
nanowires grown on the surface, and thus, results in an increase in the nanowire growth rate due
to more efficient use of the species in solution for the remaining nanowires to grow. Thus,
nanowires with average heights of 1.1 um was observed for the 1.5 nm thick seed layer, while
the 5 nm and 10 nm thick seed layers had average nanowire heights of 700 nm and 680 nm,

respectively.

Table 2. ZnO nanowire array growth characteristics based on seed layer thicknesses used.

Seed Layer Average Nanowire Nanowire
Thickness [nm] Length [nm] Density [cm™]
15 ' 1100 ' 4x10°
5 700 8x10°
10 680 1x10°

3.1.2.2 ZnO Nanoparticle Seed Layers

To further reduce the density of ZnO nanowires that could be grown on a substrate and
to enable greater control of the nanowire density, ZnO nanoparticles were synthesized as an
alternative seed layer. ZnO nanoparticles are formed using a well-dispersed aqueous solution of
zinc acetate dihydrate (Zn(CH3COO),-2H,0, Sigma Aldrich) [76], [85]. Once the solution is
drop-casted or spin-coated on the substrate and annealed for several minutes at a low
temperature, precipitation of the salt forms 30 — 100 nm diameter sized ZnO nanoparticles
(average ~ 76 nm). The following chemical reactions occur during nanoparticle synthesis:

Zn(CH;C00), + H,0 > Zn?** + 2(CH,C00)" (1)
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Zn?t + 20H" - Zn(OH), - ZnO + H,O (2)
Zn(OH), - 7ZnO + H,0 3)

Upon annealing, the zinc acetate crystallites decompose to form ZnO nanoparticles,
which are oriented in the [0001] c-axis direction. Similar to the thin-film seed layer, ZnO
nanoparticles help position and orient subsequent nanowires grown on the substrate surface.
Figure 19 depicts a 1 um x 1 pm AFM image of a ZnO nanoparticle seed layer, which was
synthesized using 25 mM of aqueous zinc acetate dihydrate. The number of seeds revealed in the
image is ~ 66% lower than that obtained from the thin-film seed layers. The density of seeds can
be enhanced by increasing the number of layers of nanoparticles spin-coated on the substrate or
by drop-casting a high molar concentration of zinc acetate solution.

Comparing the results obtained from both seed layers, an increased density of
nanowires helps orient the nanowires towards the surface normal. This effect is due to an
increased packing density, which constricts the nanowires to orient in the direction of the surface
normal and provide more space for its neighboring nanowires to grow similarly [80]. If the
packing density is low, then the nanowires can grow freely depending on the dispersion of the

nanoparticles.
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Figure 19. AFM image of ZnO nanoparticles synthesized from 25 mM of zinc acetate solution.
Furthermore, spin-coating layers of nanoparticles has helped further control the density
of nanowires grown [76], [86]. Figure 20 depicts SEM micrographs of different densities of
nanowires grown after (a) 1 layer (8 x 10" cm®) and (b) 2 layers (2 x 10' cm™) of ZnO

nanoparticles spun-coated on the substrate.

Figure 20. Tilted SEM micrographs of nanowires grown on ZnO nanoparticles that were spin-
coated with (a) 1 layer and (b) 2 layers of nanoparticles.

ZnO film and nanoparticle seed layers can grow ZnO nanowire arrays with a surface
morphology that is quasi-aligned as seen with the nanowires in Figure 20. Due to the improved

control in nanowire density provided by the nanoparticle seed layers, the same process has been
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used to fabricate NWSCs with an average separation of 1.2 um in this research and is further

discussed in Chapter 4.

3.1.3 Nanowire Growth Enhancement

The duration at which the samples are placed in the aqueous solution is used as a control
parameter to lengthen the ZnO nanowires. As the sample duration in solution increases, the
growth of the nanowires also gradually increases. Table 3 depicts average dimensions of ZnO
nanowires grown in the first two hours where they were placed in solution. Little change to the
diameter of the ZnO nanowires was noticed as the sidewalls are nonpolar [81], [87]. Thus, the
cylindrical structure is preserved due to the faster morphology changes made at the polar sites of

the ZnO nanowire (i.e. increased height via the polar facets of the nanowires).

Table 3. ZnO nanowire growth rates in the first two hours of synthesis. (Regrowth procedure is not

used here.)
Seed layer Nanowire Nanowire Nanowire height Nanowire
thickness height after ~ diameter after 1 after 2 hours [nm]  diameter after
[nm] 1 hour hour [nm] 2 hours [nm]
[nm]
Thin-film: 5 800£100 32+15 1100£150 36+15
Thin-film: 10 800£100 32+12 1000£134 32+13
Thin-film: 27 700+50 40+18 1000+127 60+14
NP: 1 layer 1000+100 90+30 1520+100 105450
NP: 2 layers 1000+200 100+10 1500+50 130420

By replacing the growth bath with fresh solution, a significant boost to the nanowire
growth rate is detected; this concept has been termed “regrowth” in the studies. The regrowth
process enables an increased interaction between species in solution to partake in the nanowire
growth, ultimately resulting in increased height and slightly increased diameter nanowires. This
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method eliminates the otherwise linear growth process obtained with a sample submerged in a
single bath. After obtaining ~ 1 pum in height nanowires after one hour and running a regrowth
procedure, nanowires of nearly 2 pum in height were obtained. An aspect ratio of 1:10
(diameter/height) is on average obtained for nanowires grown using the regrowth method (using

the nanoparticle seed layer).

3.2  ZnO Nanowire Growth on Arbitrary Substrates

The above experiments used glass substrates to assess the nanowire growth.
Subsequently, PEN plastic substrates were also used to assess the growth characteristics. Section
3.2.1 discusses the cleaning process used for all substrates while Section 3.2.2 discusses the

types of substrates used in greater detail and the ZnO nanowire growth characteristics on plastic.

3.2.1 Substrate Cleaning
Prior to nanowire growth, the first step was to ensure clean substrates were used. All

glass substrates used for the characterization of film and fabrication of devices are 3” in diameter
and 0.5 mm thick. All substrates were thoroughly washed using the Radio Corporation of
America (RCA-1) method to remove organic residue and subsequently dried using N,. The
RCA-1 method included heating DI water, aluminum hydroxide, and hydrogen peroxide at a
ratio of 5:1:1 up to ~ 80°C, at which point bubbling of the solution begins and the samples are
placed inside for ~ 30 minutes. Once completed, the samples are thoroughly washed with DI

water and dried with N».
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3.2.2 Substrates Used

Rigid substrates used in this research include three-inch Corning Eagle 2000™ glass
substrates and lightly doped p-type c-Si substrates. C-Si substrates used in the nanowire growth
step were only to assess the ability to grow ZnO nanowires on different substrates. Glass
substrates were used as a reference surface when comparing the growth on PEN substrates since
it is a rigid and stable surface and the conventional substrate type used in the literature.
Furthermore, since the maximum process temperature of 220°C was well under the melting
temperature, T, of glass (670°C) [88] and its surface roughness was < 0.5 nm, glass substrates
were used to fabricate reference devices, too.

The PEN plastic is ~ 125 um thick and is flexible down to a tested radius of curvature of
4 mm. Its Ty, is = 263°C, which allows some freedom for device fabrication at elevated
temperatures. To minimize deformation of the substrate, the process temperatures used to
fabricate solar cell devices in this research were set to below 230°C.

Direct integration of nanowires on PEN plastic substrates has been established. PEN
plastic was cut into 3” diameter substrates to follow the same nanowire growth conditions as
discussed earlier. Once cut into separate substrates, they were washed and cleaned as described
in Section 3.2.1 and subsequently processed for nanowire synthesis. Using a ZnO thin-film seed

layer, ZnO nanowires were grown hydrothermally and are shown in Figure 21.
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Figure 21. SEM micrograph of ZnO nanowires grown on PEN flexible substrates. Outset: High
resolution SEM micrograph of nanowires along a convex bend in the PEN substrate.

As expected, the ZnO nanowires are vertically oriented since a thin-film seed layer was
used to assist nucleation. A 2 hour regrowth period in a hydrothermal solution at 88°C was used
for the nanowire growth shown above and resulted in ~ 2 um in height nanowires with a
diameter of 80 nm.

In anticipation of fabricating nanowire diodes on PEN flexible substrates, ZnO nanowires
were grown with increased periods. On average, ~ 1 um in height and 130 nm diameter
nanowires with a spacing of ~ 1.2 um were synthesized using ZnO nanoparticle seed layers as
shown in Figure 22. The density of nanowires was purposely reduced from ~ 10* cm™ to ~ 10®

cmfor subsequent diode deposition and is discussed in more detail in Chapter 4.
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Figure 22. SEM micrographs of ZnO nanowires with increased periods grown on a PEN flexible
substrate.
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Chapter 4
Thin-film Materials Characterization and Deposition on ZnO Nanowire

Arrays for Device Fabrication

This section discusses the thin-film materials used to fabricate the planar and hybrid
NWSCs. After a discussion in Section 4.1 about the bottom electrode chosen for this work, the p-
i-n a-Si:H thin-films are discussed in Section 4.2. Preliminary studies to deposit the top contact
and masks created to pattern the device areas on the substrates are further discussed in Section
4.3. Conductivity calculations shown in each of the sections are from I-V measurements obtained
from a Keithley 4200 parameter analyzer while optical band-gap calculations were obtained by
using optical transmittance measurements of the films.

Finally, Section 4.4 discusses the integration of the thin-film with ZnO nanowires.
Incorporating ZnO nanowires with the p-i-n a-Si:H thin-film resulted in the ability to fabricate
textured structures. The chapter concludes with a discussion about conformal thin-film coverage
on ZnO nanowires by reducing the ZnO nanowire density and enabling hybrid 3-D solar cell

fabrication.
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4.1 Selection of Bottom Electrode

Since the devices fabricated were substrate-oriented, the bottom electrode was deposited
first using physical vapor deposition (PVD) sputter-coating. The bottom electrode must possess
three main characteristics:

1. Compatibility with the hydrothermal nanowire growth process
2. Maintain high conductivity as an electrode of the solar cell

3. Possess superior optical reflectance and low transmittance and absorption
4. Ensure stable composition (i.e. does not interact) during deposition of subsequent

materials on top of the electrode

Although ~ 100 nm thick Al had a conductivity of ~ 2.7 x 10% S/cm and is the preferred
bottom electrode metal primarily due to its > 90% average optical reflectance achieved in the
visible spectrum (Figure 23 (a)), its incorporation during ZnO nanowire growth revealed poor
integration. It was observed that the soft Al thin-film disintegrated by the agitation from the
elevated temperatures in solution, and thereby peeled-off during the hydrothermal growth phase.
Moreover, SEM micrographs showed platelet formation alongside nanowire growth. This
scenario produced two entirely different structures, and in doing so, impeded nanowire growth.
The decomposition of the Al film contaminated the solution where Al ions entered the
hydrothermal solution, changing its pH [89]. The resulting ZnO growth was a mixture of
platelets and nanowire growth. To prevent the inter-diffusion of Al, an additional layer of ZnO
was sputter-coated before nanowire growth to minimize the Al decomposition. However, the
experimental results still revealed platelet formation (Figure 23 (b)) and unstable nanowire
growth, which deemed Al unsuitable for the solar cell fabrication process.
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Figure 23. (a) Reflectance measurements of Al andCr thin-film. Both fIs \;vere ~ 100 n;n thick. (b)
SEM micrographs that reveal platelet growth in the nanowire array when using Al thin-film under
the ZnO seed layer.

Cr and Ni were deposited and tested for their compatibility with the fabrication process
of planar and hybrid 3-D solar cell devices. Both films possessed film conductivity ~ 4.0 x 10°
S/cm and average reflectivity of ~ 52% for 100 nm thick film. Although the optical reflectivity
of these thin-film metals were lower compared to Al thin-film (Figure 23 (a)) both metals did not
decompose during the hydrothermal growth of ZnO nanowires. SEM images did not reveal any
change of nanowire growth on Cr or Ni thin-films. Cr was chosen over Ni due to easier
accessibility to sputter-coat the film and the capability to deposit the thin film simultaneously on

six substrates at a run-time in the PVD sputtering system at the Giga-to-Nanoelectronics

laboratory clean-room facility.

4.2 Characteristics of the p-i-n a-Si:H Thin-Film

As discussed in Chapter 2, the n*, p* a-Si:H thin-film layers collectively produce a SCR

within the i-layer, which is imperative to efficiently separate excess electron-hole carriers
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towards their respective electrodes in the solar cell. Deposition of the n*-i-p* a-Si:H thin-film
layers was accomplished by using a 13.56 MHz multi-chamber PECVD system at low
temperature to ensure deposition compatibility onto flexible substrates. This section discusses the

characteristics of each of these Si thin-films for both planar and hybrid NWSC fabrication.

4.2.1 Characteristics of the n* Thin-Film

N* a-Si:H thin-film was fabricated by introducing phosphine (PH3) during deposition of
the a-Si:H film to increase the concentration of electrons in the thin film. Device fabrication
incorporated a combination of SiH4/PH3s/H, gases, which flowed at 40/40/200 SCCM at an RF
power density of 3 mW/cm? at 900 mTorr and 220°C. The film was uniform about a 3-inch
diameter substrate (Figure 24 inset), and was deposited at a growth rate of 5.1 nm/min. An n" a-
Si:H thin-film thickness of 40 nm was used, with conductivity measurements resulting on
average to be 8 x 10 S/cm. Raman measurements revealed a peak at 480 cm™ (Figure 24),

which confirmed the amorphous property of the n* thin-film.
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Figure 24. Raman spectrum of the n* a-Si:H thin-film revealing its amorphous property. Inset:
Film uniformity of 44 nm thick n* a-Si:H thin-film.

4.2.2 Characteristics of the Intrinsic a-Si:H Thin-Film

The intrinsic a-Si:H layer was grown at 220°C with a SiH,4 flow of 20 SCCM, process
pressure of 400 mTorr and power density of 3 mW/cm? for approximately 300 nm with good
uniformity on a 3-inch diameter substrate (Figure 25). From Fourier Transform Infrared (FTIR)
spectroscopy, a large Si-H to Si-H, ratio would indicate an increased quality of a-Si:H thin-film
deposited. Deconvoluting the measurements (Figure 25 (a)) indeed showed a lower amount of
Si-H, (at 2100 cm™) to Si-H (at 2000 cm™) bonds in the intrinsic film, indicative of a larger
concentration of passivated dangling bonds [90]. The low power and pressure used in the
deposition process assisted in this process of passivating Si dangling bonds through Si-H
passivation. A higher concentration of Si-H, bonds, as is the case in a-Si:H deposited through
glow discharge at 100°C, creates a columnar microstructure, which increases the dangling bond

content within the thin-film [90].
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The material properties of the intrinsic layer were further characterized using UV-Vis
spectroscopy for optical characterization and a Keithley 4200-SCS parameter analyzer to probe
the electrical characteristics. Using optical transmittance spectra of the thin-film, the band-gap
was calculated to be 1.71 eV as depicted in Figure 25 (b), similar to that reported in the literature
[91]. Thus, incoming light rays consisting of energies greater than 1.71 eV will be absorbed by
the intrinsic layer, and will generate free electron-hole pairs within the solar cell device.
Conductivity measurements revealed typical device-grade intrinsic a-Si:H values of ~ 4.25 x 107
S/cm and a photo-to-dark current ratio of 5, indicating high photosensitivity of the

semiconductor film.
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Figure 25. (a) FTIR measurement of the Si-H and Si-H, molecular concentrations in intrinsic a-
Si:H. (b) Bandgap measurement for intrinsic a-Si:H. Inset: Optical photograph of the intrinsic a-
Si:H film uniformity.
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4.2.3 Characteristics of the p* Thin-Film

The p* layer is the top-most semiconductor layer of the substrate-oriented solar cells,
and is ideally transparent to the incoming light, is highly conductive for efficient charge
collection, and should be uniform across the entire device area.

Processing temperature of the p* a-Si:H layer was set at 170°C to minimize dopant
diffusion during the p* layer deposition into the intrinsic a-Si:H under-layer. The p* layer was
fabricated by introducing diborane (B;Hs) during deposition to increase the concentration of
holes in the thin film. Device fabrication incorporated a combination of SiH4/B,He/H, gases,
which flowed at 1/0.5/250 SCCM at an RF power density of 15 mW/cm? at 1900 mTorr. Raman
measurements revealed a faint peak at 520 cm™ and a bump present at 480 cm™, indicating that
the p* thin-film is still a-Si:H, which consisted of an electrical conductivity of 1.69 S/cm.
Furthermore, the p* layer consistently deposited uniformly about a 3-inch substrate, suggesting
reliable deposition of the thin-film and possessed a large band-gap of 2.2 eV, indicating that the
deposition process that incorporates a high H dilution passivates band-edge trap states

effectively, resulting in a more conductive and slightly larger band-gap.

4.3 Fabrication of the Top Electrode

Also known as the window layer, the top electrode of substrate-oriented solar cells
should possess enhanced optical transmittance, electrical conductivity similar to a metal film,
and uniform film thickness. Section 4.3.1 discusses the characteristics of the PVD sputter-coated
AZO while Section 4.3.2 describes the top metal grid deposited on top of the AZO to maximize

the electrical output achieved from the solar cell devices.
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4.3.1 AZO Deposition

As the first layer that would interact with incoming photons, it is desirable for the top
electrode to possess near 100% optical transmittance such that incoming light would pass
through the layer and be absorbed at the intrinsic a-Si:H layer. AZO was chosen due to its
theoretically high optical bandgap of 3.37 eV, and a dedicated PVD RF sputter-chamber that
already existed in the facility for its deposition in a cluster tool, which permitted thin-film
deposition without breaking vacuum during device fabrication. The thin-film was deposited at
150°C with Ar (15 SCCM) at 5 mTorr and 80 W. Measured conductivity of ~ 80 nm thick AZO
thin-film was 1.1x10% S/cm, and its optical transmittance and reflectance, as depicted in Figure
26, averaged to 87% and 16%, respectively. The measured optical bandgap was 3.7 eV as

depicted in Figure 26 (b), showing the high optical transmittance of the AZO thin-film.
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Figure 26. (a) Optical characteristics of 80 nm thick AZO thin-film. (b) Optical band-gap
measurement of AZO thin-film.
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4.3.2 Top Metal Grid Deposition and Device Patterning

To further enhance the carrier collection from the AZO thin-film, a 50 nm thin Cr top
grid was deposited using a shadow mask. This metal grid helped improve the ohmic contact and
reduce the series resistance by ~ 10% between the probe tip and the AZO film. The grid was
deposited using electron-beam (e-beam) evaporation instead of RF sputter-coating in order to
prevent any physical damage via ion bombardment from plasma to occur to the underlying AZO
thin-film [92].

Figure 27 illustrates the complete top-down device view on a 3-inch diameter substrate.
The crosses depicted in Figure 27 are two bus-bars that intersect each other and are 400 pm in
width. The bus-bars vary in size to span an entire device. The smallest devices on the mask did
not consist of bus-bars due to exceeding the resolution limit of the laser used to produce the

mask.
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Figure 27. Top-down schematic of planar solar cells of various sizes on a 3-inch diameter substrate.
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To fabricate a batch of solar cells, the entire thin-film stack was deposited in the cluster-
tool in one vacuum pump. Following the blanket deposition of the films, a Cr mask that
consisted of the same pattern as Figure 27 was used to finally pattern each device area through
photolithography and thereby, define the active region of the device. Each substrate contained 46
circular shaped devices of various sizes. The largest cell area was 0.95 cm? while the smallest

cell area was 0.01 cm?.

4.4  Integration of Thin-Film and ZnO Nanowires

This section presents data that were analyzed to form conformal deposition of p-i-n a-
Si:H layers over ZnO nanowires to form hybrid 3-D solar cells. Although a PECVD process is
used to conformally deposit thin-film over ZnO nanowires, if a sample of high density grown
nanowires is used to fabricate the hybrid 3-D solar cells, then subsequent deposition of the p-i-n
thin-film layers and top electrode will coat poorly along the vertical sidewalls of each nanowire
as illustrated in Figure 28. Instead, only regions that contain considerable space between
nanowires would show conformal coatings of the film deposited.

Figure 28 (a) and (b) are tilted and cross-section images of uncoated ~ 2 um height and
80 nm diameter ZnO nanowires, respectively, grown using a 27 nm thick ZnO film seed layer.
The tilted and cross-section SEM micrographs of the nanowires coated with 430 nm of a-Si:H
thin-film are shown in Figure 28 (c) and (d), respectively. Figure 28 (d) shows poor thin-film
coverage on the sidewalls of the nanowires although the top surfaces are covered with a-Si:H
thin-film. This poor thin-film coverage on the vertical nanowire sidewalls is because the

calculated nanowire density is ~1.6x10™ cm™, which is too high for conformal coverage of a-
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Si:H thin-film to fabricate truly 3-D NWSCs. The nanowire density was calculated by examining
SEM micrographs of the coatings with a post-processing image analyzer (ImageJ) to calculate a
percentage of white-to-black pixels covered in the image whose white areas were quantified and

divided from the total area of the micrograph to generate a density calculation.

Uncoated Zn0O nanowires 430nm aSi:H on nanowires
2 um leng; 70-100 nm wide 2.5 um long; 390 nm wide

T r YIS

Figure 28. (a) Tilted and (b) cross-section images of uncoated ZnO nanowires; (c) tilted and (d)
cross-section SEM images of 430 nm a-Si:H coated on the ZnO nanowires shown in (a) and (b).

4.4.1 Conformal Thin-Film Coverage on ZnO Nanowires

To ensure NWSCs that would produce the optical and electrical enhancements
described in Chapter 2 are fabricated, each nanowire must be conformally coated with the thin-
film that constitutes a solar cell. For this purpose, since the thin-film stack (that is, p-i-n a-Si:H
and AZO thin film) adds to a total thickness of ~ 480 nm, the spacing of the nanowires was
increased to ~ 1 um + 200 nm by using a ZnO nanoparticle seed layer. Each thin-film was coated

separately on the ZnO nanowires to assess the conformity of the films on the 3-D structures.
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Figure 29 depicts SEM micrographs of ~ 2 um = 220 nm height and 200+100 nm diameter
uncoated ZnO nanowires along with 45 nm of n* a-Si:H, 300 nm of intrinsic a-Si:H, and 50 nm
of p* a-Si:H thin-film deposited on the ZnO nanowires, revealing the morphology and thin-film

coverage over the 3-D structures.

Figure 29. (@) Uncoated ZnO NWs. (b) 40 nm coated n* a-Si:H thin-film, and (c) 300 nm intrinsic a-
Si:H coated on the NWs; Inset: facets of the ZnO NWs visibly noticed after the a-Si:H coating, and
(d) 50 nm p* a-Si:H thin-film coated on the ZnO NWs.

The six-fold symmetry of the hexagonal ZnO nanowires was observed along the tops
and sidewalls of the a-Si:H layers from SEM micrographs, verifying the conformal nature and 3-
D structure of the thin-film on the nanowires. To further verify the conformal thin film coverage
over the ZnO nanowires and its uniformity over a 3-inch substrate, the substrate was dipped in
hydro-chloric (HCI) acid. Since acidic solutions like HCI selectively etch ZnO compared to a-

Si:H, poor coverage of the a-Si:H or pin-holes in the thin film can result in etching of the ZnO
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and breaking down the 3-D structures. However, SEM micrographs of samples that were
submerged in HCI did not show any structural or morphological change to the coated nanowires.

Chapter 5 of the thesis discusses the planar and hybrid 3-D solar cells fabricated in this manner.
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Chapter 5

Planar and Nanowire Solar Cell Fabrication and Characterization

Section 5.1 of this chapter discusses the fabrication process of planar solar cell devices
and 3-D disordered hybrid NWSCs. Section 5.2 analyzes the performance differences of the
planar and 3-D NWSCs in terms of their optical and electrical characteristics. The section also
explores process limitations when sputter-coating the AZO top electrode on the disordered 3-D
devices and provides a potential solution by including ITO nanoparticles to the top electrode.
Using the improved device fabrication process, optimum nanowire lengths and densities that led
to maximum optical and electrical characteristics from the hybrid NWSCs are studied. The
chapter concludes by noting the limitations of the ITO nanoparticle layer specifically, with

respect to cracking upon bending.
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5.1 Fabrication of Solar Cell Devices
5.1.1 Planar Solar Cell Device Fabrication

RCA1-cleaned glass and flexible substrates were sputter-coated with 100 nm of Cr as
the back electrode of the solar cell devices. A 13.56 MHz PECVD cluster system was used to
deposit 40 nm of n* a-Si:H thin-film at 200°C immediately followed by a 300 nm thick a-Si:H
absorber layer deposited at the same temperature and finally, 50 nm of p* a-Si:H deposited at
170°C. A final top contact of 80 nm thick AZO thin-film was sputter-coated at 150°C. The
substrate was subsequently patterned using photo-lithography to form active device areas and
expose the bottom electrode. A top metal grid consisting of 50 nm of Cr was deposited using e-
beam evaporation. Figure 30 depicts a cross-section schematic illustration of the planar a-Si:H

thin-film solar cell device.

Transparent Electrode (80 nm)
p+ a-Si:H (50 nm)

Absorber (a-5i:H)
(300 nm)

n+ a-Si:H (40 nm)

Bottom Electrode (100 nm)

substrate

Figure 30. Schematic diagram of the planar a-Si:H thin-film solar cell structures fabricated.
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5.1.2 Hybrid Nanowire Solar Cell Device Fabrication

ZnO nanowires were grown on substrates that consisted of a ZnO nanoparticle seed
layer, which was synthesized from a 25 mMol zinc acetate dihydrate aqueous solution. The
solution was spin-coated on a 100 nm thin Cr-coated substrate, which was placed in a
hydrothermal bath for nanowire growth. The hydrothermal bath consisted of 25 mMol equimolar
aqueous solution of zinc nitrate hexahydrate and HMTA, and was heated to a bath temperature of
88°C. The synthesis process resulted in the growth of ZnO nanowires with a diameter of 200 +
100 nm and a height of ~ 2 um % 220 nm after a 2-hour regrowth period.

Following the hydrothermal growth process, the ZnO nanowires were photo-
lithographically patterned such that the nanowires would exist only in the circular device regions
(see Figure 27). This process step occurred as a precaution to minimize the possibility of
shunting that may occur to the solar cells with nanowires in areas outside the device region.
Positive photo-resist was coated multiple times (2x =~ 2 um) to ensure the nanowires in the
device regions would be protected from the pattern step and were subsequently wet-etched using
HCI acid. Once completed, the photo-resist was removed and the sample was examined using
SEM. The remaining nanowires on the substrate showed no change to their morphology. The
sample was then placed in a 13.56 MHz PECVD cluster system for the deposition of the n-i-p a-
Si:H thin-film layers over the ZnO nanowire structures. The nanowires were conformally coated
with ~ 40 nm of n* a-Si:H thin-film at 200°C, immediately followed by ~ 300 nm of a-Si:H
absorber layer deposited at the same temperature and ~ 50 nm of p* a-Si:H at 170°C. Top contact

to the 3-D disordered nanowire devices was made with ~ 80 nm of sputter-coated AZO thin-film
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at 150°C. Figure 31 (a) illustrates two schematic diagrams of a planar p-i-n solar cell device and
a disordered NWSC array. Figure 31 (b) depicts a cross-section SEM micrograph of the ZnO
nanowires coated with ~300 nm of a-Si:H thin-film, revealing the disordered nature of the

nanowire array.
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Figure 31. (a) Schematic drawings of the reference planar solar cell and hybrid NWSC structures
and (b) Cross-section SEM image of ZnO nanowires coated with 300 nm a-Si:H. Inset: plan-view
SEM image of the coated 3-D hybrid structures (SEM image credit to Mr. B. ITheanacho) [33].
5.2 Solar Cell Device Characteristics

This section discusses the performance of the two different solar cell structures
fabricated. Optical characteristics of the planar and hybrid nanowire structures were obtained in
the visible spectrum using a Lambda 1050 Perkin Elmer UV/visible/NIR spectrophotometer.
Current density-voltage (I-V) measurements were performed under standard AM 1.5G
illumination conditions at 100 mW/cm? (ABET Technologies Sun 2000 solar simulator) and

external quantum efficiency (EQE) was measured using a monochromatic light source (PV

Measurements) calibrated with a reference silicon solar cell.
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5.2.1 Optical Characteristics of Hybrid NWSC Structures and Planar Structures

To determine the optical characteristics of the nanowire network, reflectance (R) and
transmittance (T) measurements were obtained with an integrating sphere in the
spectrophotometer to collect scattered light from the samples. From these measurements, the
optical absorption (A) of the device structures was calculated by | = T(A) + R(A) + A(A) where | is
the total incoming light. Transmittance measurements from each of the diode structures were ~
0% due to the thin-film stack and 100 nm thin Cr back contact residing underneath the structures.
Therefore, a reduction in reflectance from the device structures indicates an enhancement in the
absorption of light within the structure.

Figure 32 depicts the reflectance spectra of a planar solar cell structure alongside the
spectrum of a 3-D hybrid NWSC structure. For the planar solar cell device, an average
reflectance of ~34% was observed at wavelengths < 550 nm while interference peaks were
detected at wavelengths > 570 nm, contributing to a maximum reflectance of ~80%. The hybrid
NWSC structure showed an average reflectance of 16% in the measured wavelength spectrum.
Suppression in reflectance throughout the broadband visible spectrum was observed compared to
the planar solar cell device, suggesting a strong light trapping effect occurs within the 3-D hybrid
nanowire device structures that provide greater optical absorption in the 3-D device structures in

comparison to the planar device structures.
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Figure 32. Optical reflectance spectra of planar and 3-D hybrid nanowire solar cell structures.

Furthermore, due to the insulating properties of the ZnO nanowires [93], the light trapped
inside the nanowire network is likely absorbed by the 3-D a-Si:H p-i-n solar cell device as was
presented in the numerical simulations of the 3-D hybrid NWSC devices in Chapter 2 of this
dissertation. Street et al. had reported similar behavior with disordered c-SiNWSs, noting
enhanced absorption in the visible and near infrared (IR) spectrum from c-SiNW structures
coated with ~20 nm of a-Si:H thin-film compared to c-SiNW structures without the thin-film
coating [13]. An increase in the optical absorption of the 3-D hybrid nanowire device structures
indicates that the NWSCs would experience an increase in the generation of charge carriers,

which can be quantified through electrical measurements of the devices.

5.2.2 Electrical Characteristics of the Solar Cell Devices
I-V measurements were used to determine the effect of light scattering from the
disordered hybrid NWSC array. The hybrid 3-D solar cell generated an average Jsc of 11.9

mA/cm? compared to 10.6 mA/cm? obtained for the planar solar cell device as depicted in Figure
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33 and tabulated in Table 4. The 12.3% increase in Jsc for the hybrid NWSC array compared to

the planar solar cell is attributed to the enhanced light absorption throughout the visible spectrum

measured, from 300 nm — 800 nm.

12

Planar

Nanowire

Current density [mA/fcm?]
[o)]

0 T T T T T T

0 0.2 0.4 0.6 0.8
Voltage [V]

Figure 33. I-V characteristics of planar and 3-D hybrid NWSC devices.

Table 4. Electrical characteristics of planar and hybrid NWSC devices.
JSC VOC FF PCE Rseries Rshunt
[mAem?  [mV] [%] [%] [Qem?]  [Qem?]
Planar solar cell 10.6 708 54 4.1 9.1 386

Hybrid NWSC array 11.9 683 52 4.3 13.9 347

While the hybrid NWSC array showed enhanced optical absorption and higher PCE due

to the increase in Jsc compared to the planar solar cell, a slight decrease in FF to 52% was
detected from the hybrid cell due to a high Rsgries and low Rgpynt 0f 13.88 Q-cm? and 347.3 Q-cm?,
respectively. Furthermore, the diodes’ dark I-V characteristics at reverse bias were measured
from which the ideality factor, n, and saturation current density, Jo, were calculated. Extracted n
was 2.73 for the hybrid NWSC compared to 1.4 for the planar solar cell, while Jo increased from
1x10* A/em? for the planar cell to 9x10° A/cm? for the hybrid nanowire device. These non-
ideal electrical characteristics achieved from the hybrid NWSC device suggest very high carrier
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recombination from the 3-D structures. A closer look at SEM micrographs of the hybrid NWSC
arrays indicated a potential reason for the limited device performance: non-conformal top
electrodes.

Figure 34 shows an SEM micrograph that depicts the discontinuity of the sputter-coated
AZO thin-film top electrode on a hybrid NWSC array. Since the sputter-coating method is a
PVD process that depends on a line of sight deposition, nanowires that overshadow neighbouring
wires may cause the discontinuous sputter-coating of thin-film. Two issues arise from the poor
TCO coverage that may contribute to degraded device performance:

1. Exposure of the underlying p* a-Si:H semiconductor surface and,

2. Poor charge collection.

AZO film coating

Figure 34. Discontinuity of the top AZO thin-film electrode sputter-coated on the 3-D NWSCs.

By exposing the underlying p* a-Si:H surface to air, a native oxide on the p* layer may
form with time, increasing the number of surface trap states and resulting in increased carrier
recombination, which has resulted in the degraded Jo, n, and Rsnynt Calculated from the NWSCs.

Moreover, the discontinuity of the top AZO thin-film results in poor collection of the

generated charge carriers within the 3-D nanowire array and therefore, limit Jsc and increase
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Reeries, Turther degrading the FF. With these issues, the optical advantages achieved would be
futile for the limited electrical enhancements gained from the 3-D solar cell devices. Thus, it is
imperative to determine methods to overcome the current discontinuous deposition of the
sputter-coated AZO thin-film top electrode on the 3-D device structures.

Two alternate approaches were investigated to improve the coverage of the top contact
onto the disordered hybrid devices. One method deposited 80 nm of ITO thin-film on the hybrid
devices via sputter-coating by rotating the substrate during the entire deposition process to
minimize the shadowing effect and reach all areas of the disordered nanowire array. Electrical
characteristics obtained from the hybrid NWSC arrays whose top contacts were deposited in this
way showed reduced Rgeies (5.59 ©-cm?) and n (2.11) compared to TCOs deposited with
stationary substrate and target, resulting in an increase in FF (55%), Jsc (13.2 mA/cm?), and PCE
(4.6%). However, SEM micrographs of the devices showed top electrode non-uniformity with

areas of uncovered regions on the NWSCs.

5.2.3 Addition of ITO nanoparticles as Top Electrode

In order to alleviate the poor thin-film coverage of the sputter-coated TCOs, a
composite film was considered, which was fabricated with 80 nm of sputter-coated AZO thin-
film followed by spin-coating a suspension of ITO nanoparticles dispersed in ethanol (VP ITO
TC8 DE, Evonik) at 500 rpm for 1 minute and curing the layer for 1 hour at 120°C for a uniform

top electrode coverage on the 3-D devices as illustrated in Figure 35.
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ZnO NW p-i-n AZO ITO nanoparticles

Cr back contact

Substrate

Figure 35. Schematic diagram of the 3-D solar cells with the composite AZO/ITO nanoparticle
layer.

The thickness of the composite layer was decreased to maximize the conformal coating
on the disordered 3-D nanowire array to retain the 3-D morphology of the solar cell devices. The
concentration (by volume) of ITO nanoparticles was decreased by diluting the solution with
ethanol. Figure 36 depicts the changes that were observed when the concentration of ITO
nanoparticles was decreased from (a) 95% to (b) 80%, (c) 60%, (d) 40%, (e) 20%, and (f) 0%
(i.e. all ethanol).

With a concentration of 95% to 60% ITO nanoparticles in ethanol, the film completely
embedded the NWSCs with only the tips of the nanowires observed protruding from the layer
(Figure 36 (a) to (c)). At 40% ITO nanoparticle concentration, the 3-D structure of the NWSCs
was observed, indicating a more conformal coverage (Figure 36 (d)). Decreasing the
concentration of ITO nanoparticles to less than 40% showed gaps in the film (Figure 36 (g)),
indicating that the electrical contact was too thin for the nanowire array. Furthermore, I-V
characterization of the hybrid nanowire devices with the composite film at this concentration

showed a 15% decrease in FF due to a lower Rgnynt and increased Rseries, indicating poor contact
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of the top electrode. Therefore, the ITO nanoparticle concentration in ethanol was increased to
40% and a ~ 80 nm thick film was deposited by spin-coating the liquid suspension over the
NWSC devices followed by a wet etch and anneal treatment at 120°C for 1 hour to form a
blanket transparent electrode whose optical transmittance and reflectance data are presented
along with that of AZO and the ITO nanoparticle film alone in Figure 37 (b). The average
transmittance between 400 nm and 800 nm were 92.8%, 86.8%, and 87.0% for the ITO
nanoparticle layer, AZO, and composite AZO/ITO nanoparticle layer, respectively, with an

optical reflectance of up to 10% near 470 nm for the composite film.

) L
Figure 36. Hybrid nanowire solar cells coated with (a) 95% to (b) 80%, (c) 60%0, (d) 40%, (e) 20%o,
and (f) 0% ITO nanoparticles in ethanol.
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Flgure 37. () T|Ited SEM image of composite AZO/ITO nanoparticle layer showing conformal
coverage over the nanowire structures; inset: cross-section SEM image of composite layer coated on
NWSCs and (b) optical characteristics of ITO nanoparticle film, AZO film, and composite layer.

5.2.3.1 Device Characteristics with AZO/ITO Nanoparticle Composite Top Electrode
The optical properties of the hybrid 3-D devices with the composite layer were obtained

to determine the effect of this layer on the light scattering properties of the nanowire network.
Here too was the transmittance measurements from the device structures ~ 0% due to the Cr back
electrode deposited under the thin-film structure and thus, a direct correlation between
suppressed reflectance and enhanced absorption was measured. Optical reflectance spectra of the
hybrid nanowire device structure with sputter-coated AZO thin-film and a similar device
structure with the composite film were measured as depicted in Figure 38. For comparison, the
reflectance spectrum of a planar reference solar cell structure has also been added. Compared to
the planar structure, both hybrid nanowire devices show greatly suppressed reflectance across the
visible spectrum. The device structure with the nanoparticle composite film shows more
interference peaks than the device structure with only AZO thin-film. This increase in the

number of interference peaks is due to the blanket coating of the nanoparticle composite film as
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observed from the SEM images in Figure 37, which slightly reduces the 3-D morphology of the
nanowire network, resulting in some constructive and destructive light interference within the

nanowire network.
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Figure 38. Optical reflectance measurements of planar solar cell and hybrid nanowire/thin-film
device structures coated with and without the ITO nanoparticles top contact.

I-V characteristics revealed that improved electrical contact was achieved with the ITO
nanoparticle film. The Jsc of the 2 um in height hybrid nanowire devices with the nanoparticle
composite electrode increased to 13.7 mA/cm?; a 15% improvement compared to the hybrid cells
with only sputtered thin-film contacts and a 22% improvement compared to the planar cell,
resulting in an overall PCE of 6.5% in the best case. Comparing the nanoparticle composite
electrode to the sputtered AZO thin-film contacts alone, a drop in series resistance from 13.88
Q-cm? to 1.41 Q-cm? and an increase in the shunt resistance from 347 Q-cm? to 474 Q-cm? were
achieved, raising the FF from 52% to 69% as shown in Figure 39 and tabulated in Table 5; the
highest electrical characteristics achieved for either planar and nanowire devices. However, a

slight degradation in Voc compared to the planar cell persisted in the hybrid cells, where greater
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carrier recombination is anticipated due to an increased density of interface states along the
length of the radial junction hybrid cell compared to the planar cell [31]. Together with a
separate set of disordered hybrid NWSCs with average heights of 5 um indicated that decreasing
Rshunt results as a function of increasing nanowire height. The dark 1-V characteristics obtained at
reverse bias of the 5 um long NWSCs also showed increased current (Figure 40), indicating
greater leakage occurring from the longer hybrid NWSC devices. Although the diameter ranges
of the ZnO nanowires tend to change by ~ 2x with respect to the seed layer used as shown in
Figures 18 and 20 and tabulated in Table 3 (~ 60£14 nm diameter for ZnO nanowires grown on
27 nm thin-film and 130+20 nm diameter of nanowires grown on ZnO nanoparticles), these sets
of diameters are still within the same range and thus, a major change to the device performance
IS not observed. The nanowire separation between neighboring nanowires and height are more
important here because these parameters are directly associated to the interface states and thus

defect density of the NWSCs fabricated as pointed to above and in Figure 40.
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Figure 39. (a) I-V measurements and (b) EQE characteristics obtained of the different solar cell
structures [33].
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Figure 40. Dark reverse-biased I-V characteristics of the different structured solar cells.

As shown in Figure 37 (b), light transmission through the ITO nanoparticle film over an
underlying AZO thin-film layer was attenuated by approximately 6.7% between 400 nm — 620
nm with no attenuation detected in the longer wavelength regime (> 620 nm). This attenuation of
higher energy light correlated to a decrease in the EQE response for the nanoparticle-coated
hybrid cells compared to the sputter-coated devices with only AZO thin-film or ITO thin-film
(Figure 39 (b)). For the longer wavelength light (> 620 nm), improved EQE performance was
observed due to increased transmission of the lower energy light through the TCO layer,

resulting in increased light scattering and optical absorption by the hybrid nanowire devices.

Table 5. Highest performance characteristics of planar and hybrid nanowire solar cell devices.

Planar 10.6 .
Nanowire: sputter-coated AZO top 11.9 683 52 4.3
electrode

Nanowire: AZO/ITO nanoparticle 13.7 683 69 6.5
composite top electrode
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Most of the advantages in light trapping and photo-carrier collection are at the long
wavelength light (> 600 nm) by the high density 3-D nanowires while at shorter-wavelengths (<
450 nm), a near-one-to-one relationship exists in enhancement of carrier collection in the

nanowire array as observed in the EQE spectra depicted in Figure 39.

5.2.4 Performance Optimization of Hybrid Nanowire Devices

To further enhance the optical and electrical characteristics of the hybrid NWSC devices
ZnO nanowire heights and densities were studied. Conditions of these parameters that produced
highest optical absorption and highest electrical performance from the NWSC array were

considered optimal and used for all subsequent 3-D solar cell fabrication.

5.2.4.1 Performance Changes of NWSCs based on ZnO Nanowire Heights

Numerical simulations of periodic Si NWs have shown that increasing the height of the
nanowires can help enhance light absorption within the solar cell device by increasing chances of
trapping low energy light rays more efficiently [11]. Figure 41 depicts optical reflectance
measurements obtained from arrays of NWSCs that possess average heights between 6 um and
600 nm. These reflectance spectra indicate that increasing the nanowire heights decreases the
optical reflectance due to the increased ability to trap incoming light more effectively. The
average reflectance obtained for a 600 nm nanowire array was 22.4%, decreasing to 4.6% for a 6
pm long nanowire array. Because the optical transmittance of the NWSC array is ~ 0%, the
results indicate increasing absorption of the incoming light as the nanowires increase in height.
As the NWSC height increases, interference peaks are quenched in corresponding reflectance

spectra, indicating strong light trapping within the NWSC array.
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Figure 41. Reflectance measurements of hybrid NWSCs labeled with different average heights.

The NWSC arrays of varied heights were electrically characterized and are depicted in
Figure 42. Although the larger height NWSC arrays showed greatly suppressed optical
reflectance (Figure 41), their corresponding electrical characteristics had degraded. The Voc and
FF of the NWSCs steadily decreased although, up to 2% of an increase in Jsc was observed in
the 4 um and 5 pm long NWSC arrays compared to that of the 2 um long NWSC array. The
degraded Voc and FF are caused by the increased interface states that exist in the larger aspect
ratio NWSCs (similar to what was observed between the planar cells and the 2 pm height
NWSCs). The increased Jsc observed initially in the 4 um and 5 um height NWSC arrays is due
to the improved light trapping that resulted in enhanced carrier generation, which was efficiently
collected; however, further increasing the heights to 6 um, significantly affected the carrier
extraction efficiency to also hinder any achievable improvements in Jsc from the 6 um height 3-
D NWSCs, which showed greatly degraded Voc and FF to ~ 275 mV and 30%, respectively, and

severely degrading the carrier collection efficiency. Thus, although 6 um long NWSCs showed
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lowest optical reflectance, their poor electrical characteristics deemed the larger height NWSCs
unsuitable for solar cell devices. The 2 um long NWSCs showed highest PCE values, obtaining

4.5% on average (from 42 devices) with the largest cells achieving PCE ~ 6.5%.

& 14 -

S

L 12 - 2 um

E 10 -

2 8

e 6

S

g 4

@ 2 4 6pum 5 pm

8 0 T | T | T |
0 0.2 04 0.6

Voltage [V]

Figure 42. 1-V characteristics of NWSCs of varied lengths.

5.2.4.2 Performance Changes of NWSCs based on ZnO Nanowire Density

The density of NWSCs was also altered to assess the optical and electrical effects the
parameter would have on the 3-D solar cell characteristics. The NWSC density was altered by
adjusting the amount of ZnO nanoparticles spun-coated on the substrate by repeating the spin-
coating process to add more nanoparticles. Grown nanowire densities were calculated from SEM
micrographs of bare ZnO nanowires using a post-processing image analyzer (Imagel), which
converts the micrographs into white/black-contrast pixelated images (white for the nanowires,
black for the background), whose white areas are quantified and divided from the total area of
the micrograph to generate a density calculation. Figure 43 (a) depicts the optical reflectance
obtained from each of the NWSC arrays with varied densities while Figure 43 (b) depicts
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corresponding |-V characteristics obtained from the NWSC arrays. Increasing the NWSC
densities up to approximately 4x10® cm™ showed to further suppress the optical reflectance from
~ 27% to 8% between 300 and 800 nm from the NWSC arrays. However, as the NWSC density
increased to 2x10° cm, the reflectance spectrum moved upward again with increasing long
wavelength interference peaks observed, too. At this density, the ZnO nanowires were so dense
that the a-Si:H thin-film that was coated over the wires encapsulated the wires and continued to
deposit over the wires, similar to the hybrid textured diodes discussed in Chapters 2 and 4. Thus,
the incoming light was poorly coupled in the device at the very high nanowire density (2x10°
cm™); thus, an optimum ZnO nanowire density exists in suppressing the optical reflectance,
which was 4x10® cm™ from the disordered NWSCs obtained in these experiments. Despite the
suppressed optical reflectance at 4x10°® cm™, I-V characteristics of the NWSCs were negatively
impacted by the degraded Voc; the increased nanowire density increased the interface states

within the array, resulting in increased shunting as shown in Figure 43 (b).
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Figure 43. (a) Reflectance spectra and (b) I-V characteristics of hybrid NWSCs with different
nanowire densities.
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These experimental results indicate that light absorption can be controlled by changing
average nanowire heights and densities. By increasing the nanowire height, light absorption was
enhanced and led to an increased Jsc of up to ~ 14 mA/cm? until the device Voc and FF
significantly degraded. Increasing the nanowire density in the array also degraded the Voc and
FF but, helped to increase optical light absorption within the nanowire array. This increase in
light absorption with a dense nanowire array occurred until the 3-D morphology of the NWSCs
did not exist (i.e. when a thin-film textured structure formed). Thus, the optimum nanowire
height and density under the process conditions used to gain highest optical and electrical
characteristics of the hybrid devices were ~ 2 pm and ~2x10% cm™, respectively.

To estimate the effective thickness of the intrinsic a-Si:H thin-film, d, that the hybrid
NWSC devices (2 pm height and 2x108 cm™ density) possess from strong light trapping, their
values were calculated and compared with that of the planar cell by fitting experimental I-V

characteristics at reverse bias to the Hecht formula [94]:

I V, -d?
_ph _ &) ]
Isat ( d? ll =P <HTVb>l ' (9)

where V,, = V + Vyc where V is the applied bias, I,y is the photocurrent, I, is the saturation

current density, d is the absorber layer thickness, and ut is the mobility-lifetime parameter of a
carrier generated in the diode. The Hecht model also helps understand the defect density within
the device as the defect density is inversely proportional to ut. Extracted photoconductivity plots
in reverse bias are depicted in Figure 44 for the planar and hybrid NWSCs consisting of different

thicknesses of intrinsic a-Si:H thin-film. Figure 44 compares the photocurrent obtained for 300
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nm thick a-Si:H deposited in a planar solar cell and a NWSC array as well as the
photoconductivity of 900 nm a-Si:H film in a planar cell and NWSC array. The Hecht model was
fitted to the plots obtained from experimental results of the planar and NWSC devices. By fitting
the theoretical plot to the experimental one achieved, values for the parameters such as ut and an
effective d for the NWSCs were found. Resulting d from the planar solar cells remained at the
deposited values (i.e. 300 nm and 900 nm) while the effective d of the intrinsic a-Si:H film from
the NWSC array was 1.35 pum despite an actual deposition of 300 nm of a-Si:H over the 3-D
devices. This effective thickness of the absorber layer in the NWSCs is due to the enhancement
in light trapping that the 3-D array generates, leading to a significant impact on the carriers
generated within the cell.

The minority carrier mobility-lifetime product, ut, was also extracted from the Hecht
model by fitting the theoretical plot to the experimental one achieved in order to characterize the
defect density in the devices. The ut is inversely proportional to the defect density because a
highly defective a-Si:H film consists of dangling bonds, which act as trap states that would lower
the carrier mobility and quench the carriers much faster. The ut achieved for a planar solar cell
with 300 nm intrinsic a-Si:H thin-film was 6.2x10° cm?/V while that for a 900 nm thick planar
a-Si:H solar cell was within the same range of ~ 2.2x10° cm?/V. Street et al. reported similar ut
values obtained from their low-temperature fabricated planar a-Si:H p-i-n diodes of similar
ideality factors of n = 1.5 [45]. The hybrid NWSC array with an effective thickness of 1.35 um
a-Si:H, possessed a ut ~ 1.2x10°® cm?/V; however, if the light trapping enhancement factor was

not considered in the calculations and the NWSCs were considered as just planar film, ut =

83



6.0x10™"* cm?/V, indicating ~ 2-3 orders of magnitude greater defect density than the 300 nm and

900 nm thick a-Si:H planar solar cells.
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Figure 44. Photocurrent measurements obtained at reverse-bias and fitted to the Hecht formula for
NWSCs and planar cells with 300 nm and 900 nm absorber film. The lines of each curve are fitted
using the Hecht model and the points along the curves represent experimental measurements.

To further assess the defect density of the a-Si:H thin-film solar cells, transient dark
current measurements of the planar cells and NWSCs were obtained at reverse bias. Figure 45
depicts spectra at varying bias conditions for (a) planar solar cell and (b) NWSC devices. In the
planar solar cell, the dark current decreases monotonically at low bias. Above 2 V however, the
dark current gradually increases with time. The dark current is proportional to the defect density,
increasing with bias. Street et al. suggest that two mechanisms are responsible for the different
behaviour that occurs at different bias conditions: namely, decrease in thermal generation at the
deep defect states in the a-Si:H film and injection by tunnelling through the barrier between p*-i
and i-n” interfaces [45]. Initially at low bias voltages, the charge carriers trap in localized deep
defect states in a highly defective a-Si:H film. By increasing the voltage (in this case > 2 V), the

depleted carriers at the deep states are injected back and tunnel through the barrier width. The
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increased defect density results in a narrower barrier width, making it easier for carriers to be
injected and thus, from 2 V to 3 V bias conditions, the change between decreasing and increasing
dark current are observed, respectively. This change in the dark current is sometimes noted in the
same spectrum but, was not found in the fabricated planar devices. This behaviour in the dark
current was observed in the NWSC devices that were biased at 4 V (Figure 45 (b)); initially, the
dark current steadily decreased but, after 40s at 4 V bias, a slight increase in current was
detected; after this point, even more dark current was measured at the same bias condition,

indicating continuous trapping and de-trapping occurring at the defect states in the a-Si:H thin-

film.
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Figure 45. Transient measurements at different reverse bias dark conditions obtained for (a) planar
solar cell and (b) NWSC devices.

The thermal dark current at 2V when the i-layer is fully depleted is ~ 3.5x10™° A/cm? and ~
1.8x10® A/cm? for the planar and NWSC devices, respectively. Using these measurements, the

defect density was calculated using,
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where A is the area of the device, d the thickness of the i-layer, 7, lifetime of the minority

carriers, kT the thermal energy at room temperature, and Qp,, the depleted charge from the i-

QDep
qAER

layer ( = N(Er); N(EF) is the density of defect states near Eg). The calculated defect density

was ~ 2.0x10" cm?eV™ and 1.2x10% cm™eV* for the planar and NWSC devices, respectively.
The large defect density values calculated for these devices are due to the increased thermal dark
currents obtained, likely due to the unpassivated nature of the devices. These results indicate that
the defect density in the NWSCs is increased by 3 orders of magnitude compared to that of the
planar thin-film, resulting in the ~100 mV lower Voc in the NWSCs than the planar cells under
AM 1.5G illumination.

Despite these conditions of greater defect density, which have resulted in reducing the
Voc of the 3-D devices, the NWSC array have generated greater photocurrent to increase the
total Jsc from the 3-D devices. This electrical effect is due to the larger surface area of the 3-D
devices while maintaining a large drift length (Lg.ie = utE; E is the electric field) of ~ 333 nm
within the cell; because of the 3-D effect, the amount of charge generated within the NWSC
array is much greater than that from a planar cell. Therefore, despite the increased interface
states, which result in an increased defect density by 3 orders of magnitude, the contribution of
photocurrent obtained from the hybrid NWSCs is still ~ 36% greater than that obtained from the
planar a-Si:H solar cells, resulting in a superior optical and electrical performance device

structure.
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5.2.5 Limitations of ITO nanoparticles for Solar Cell Devices

Although the top AZO/ITO nanoparticle composite layer has shown to provide
improved contact to the 3-D nanostructures compared to sputter-coated AZO thin-film alone, the
ITO nanoparticle film tended to be similarly brittle as the AZO thin-film. The composite film
easily cracked and delaminated from the substrate surface during handling. This poses an issue
for flexible electronics as the brittleness of the top electrode would affect the ability to bend the
devices without negatively affecting device functionality and performance. Thus, a different top
electrode is required for the flexible 3-D solar cells and is discussed in the following chapter.

In summary, disordered ZnO nanowire arrays were conformally coated with a-Si:H p-i-
n thin-film to form radial junction 3-D NWSC arrayed devices. The combination of the light
scattering enhancement due to the 3-D hybrid structures and an improved conformal coverage of
the top transparent contact resulted in a highest PCE of 6.5% on glass substrates. The results
reported here demonstrate the feasibility of integrating randomly ordered nanomaterials with

amorphous thin-films to form efficient 3-D photovoltaic device structures.
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Chapter 6
Hybrid Nanowire Solar Cell Top Electrode Enhancements using Ag

Nanowires

Chapter 5 identified key issues related to poor sputter-coating of the top electrode on
disordered 3-D NWSCs. Since developing flexible and conformal TCO electrodes is difficult
with conventional PVD techniques such as sputtering due to shadowing effects from the
neighbouring nanowires, an alternative method was investigated, in which an ITO nanoparticle
layer was coated over the discontinuous AZO thin-film to create an AZO/ITO nanoparticle
composite layer. However, its limited ability to remain contiguous under mechanical strain has
made it difficult to fabricate reliable flexible electrodes.

This chapter furthers the discussion by providing another alternative solution, which
uses silver nanowires (Ag NWSs) to address the discontinuity with the sputter-coated AZO thin-
film and improve the flexibility of the top contact. Section 6.1 introduces Ag NWs that have
been used in solar cells as a viable transparent, conductive, and conformal electrode layer by

others. After a discussion in Section 6.2 of the materials properties of the Ag NWs used in this
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research, device characteristics are further analyzed in Section 6.3, which includes both rigid and

flexible nanowire solar cell devices.

6.1 Ag NWs as the Top Electrode of 3-D Solar Cell Devices

Ag NWs have gained considerable interest due to their high optical transparency in the
visible spectrum, low Rgheer (< 40 €/sq.), mechanical flexibility, and potential for enabling simple
process integration [95]-[99]. They have been seen in the past few years as a viable alternative to
conventional ITO thin-films due to the associated increased costs with the latter and the scarcity
of indium. Since they possess similar electrical characteristics to sputter-coated ITO thin-films,
Ag NWs have already been employed as an alternative electrode in planar organic [95], [99],
[100] and inorganic [101], [102] devices. Their application in 3-D device structures, however,
has been far more limited. A flexible Ag NW top electrode for 3-D c-Si NWSCs was reported
[36] but, only meagre PCEs (2.8%), FF (55.5%), and Jsc (4.5 mA/cm?) were achieved. Due to
poor wetting of Ag NWs on the Si, the authors used Ni nanoparticles, which generated Rgeries Of
14 Q-cm?.

Additionally, poor contact with the hybrid NWSC devices was observed when Ag NWs
were coated directly over the a-Si:H devices without the sputter-coated AZO. Thus, to improve
the contact between the top electrode and the NWSCs, sputter-coating AZO thin-film over the 3-
D devices was continued with the Ag NWs coated after, as depicted in Figure 46, forming an
AZO/Ag NW composite top electrode. The composite layer maintained > 85% optical
transparency and similar Rsneet When compared to AZO thin-film alone. The composite electrode

assists in the collection of carriers that would otherwise trap and recombine in areas that are

89



poorly sputter-coated with AZO thin-film. Given the relatively low melting point of Ag NWs
(Tm ~ 190°C) compared to the bulk (T, = 960°C), a low temperature anneal was used to allow
the metallic nanowire layer to soften and consequently coat the sidewalls of the disordered 3-D
solar cell array more conformally to efficiently collect minority charge carriers generated in the
3-D devices [98].

ZnO NW p-i-n AZO Ag NW coating

Cr back contact

Substrate
Figure 46. Schematic diagram of the 3-D hybrid NWSCs with Ag NWs.

6.2 Ag NW Material Characteristics

The Ag NWs used were 10 mg/mL (10 pum length, 35 nm diameter) in ethanol (Blue
Nano Inc). To control the optical and electrical properties of the material, the Ag NWs were
diluted with ethanol to achieve 4 mg/mL concentrated Ag NWs per layer. The Ag NW layers
were increased by adding multiple coatings onto the AZO surface using the Mayer rod coating
technique [103]-[105]. SEM images revealed that the 3-D device structures remained intact with
no observable structural degradation after the coating process. The devices were subsequently
annealed for 1 hour between 120°C to 240°C. Here, NWSCs with an 80 nm thick sputter-coated

AZO top electrode only (i.e. without Ag NWSs) were used as reference cells.
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In order to improve the coverage of the top electrode, multiple coatings of Ag NWs
were applied on the surface. However, to also maintain high transparency, an optimal amount of
Ag NW coatings is required. Thus, the coatings were dispersed on separate glass substrates,
annealed at 200°C for 1 hour and subsequently measured for both optical transmittance and Rgpeet
prior to coating the 3-D devices. Figure 47 shows the optical transmittance from 390 nm to 800
nm for multiple coatings of Ag NWs, and an 80 nm thick AZO film. The amount of Ag NWs
that covered the surface after each coating cycle was calculated by examining top-down SEM
micrographs of the coatings with a post-processing image analyzer (ImageJ) to calculate a
percentage of white-to-black pixels covered in the image (Table 6). A 3x increase in Ag NW
coverage resulted in an approximately 10% drop in optical transmission and more than 10x
decrease in Rsheet. Here, a figure of merit, opc/0,,, [103] [96], [106] is used to directly compare
the Ag NW samples in terms of their optical and electrical characteristics. A high apc /0y,
corresponds to a condition where the incoming light is minimally obstructed before reaching the
underlying layer while also possessing a oW Rsneet. 0pc /0,y is derived from the Beer-Lambert
law, I+/lo = exp(-ov2), where It is the transmitted light, Ip the incident light, « the absorption
coefficient and t the thickness of the TCO thin-film in combination with Rsheet = p/t, Where p is
the resistivity of the TCO thin-film. The average optical transmission in the visible spectrum is

represented as:

P -2
T(Agy) = (1 + 122 %ple)) (12)

Rs opc
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The opc/0,, Of the Ag NWs is shown as a function of the number of Ag NW coatings in the
inset of Figure 47. The maximum op¢/0,, Was obtained for a Ag NW surface coverage of 23%

(i.e. Ag NWs coated 2x on the substrate). Figure 47 depicts the transmittance spectrum of this
resulting AZO/Ag NW composite film, which achieved an average transmittance of ~ 85%

between 393 nm — 800 nm.

100
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e 0 97.60 g9 13
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20 i \ | |
390 490 590 690 790

Wavelength (nm)

Figure 47. A comparison of the transmittance spectra of Ag NWs with various coating layers,
sputter-coated AZO thin-film, and the composite AZO/Ag NW film with Ag NWs coated 2x. Inset:
figure of merit of the Ag NWs.
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Table 6. Characteristics of the Ag NW coatings, AZO film, and composite film. Rge Was obtained
after annealing the samples at 200°C for 1 hr in N,.

Material Taverage Areal Rsheet

[90] Coverage [Q/sq]
[%0]

AZO thin-film 87

Ag NWs 1x 95 13 560k
Ag NWs 2x 91 23 40
Ag NWs 3x 86 44 27

When the Ag NWs were coated on the 3-D NWSCs at room temperature, SEM

micrographs revealed that the Ag NWs were rigidly positioned on the tips of the 3-D devices.
Given the relatively low melting-point temperature (T, = 190°C) of the Ag NWs, a low-
temperature anneal is expected to soften them, allowing the nanowires to conform to a non-
planar and high aspect ratio structure. SEM micrographs in Figure 48 depict the morphological
changes of the Ag NWs over the 3-D structures as a function of temperature. At 120°C, the Ag
NWs still appeared as rigid structures spanning only the tips of the NWSC structures. By
increasing the temperature to 140°C, the formerly rigid Ag NWSs began to soften and droop
allowing the Ag NWs to contact the sidewalls and top surfaces of the NWSC structures. At
200°C, 10°C above the melting point temperature, the Ag NW mesh had improved wetting the
surface, and formed a conformal Ag thin-film coating over the surface of the 3-D NWSCs.
Further increasing the temperature to 240°C showed the Ag NWs to dewet and agglomerate into
small clusters of well-separated islands (inset of Figure 48 (d)) because, the high surface energies
of the Ag metal facilitate atomic diffusion with a limited kinetic motion for reconstruction [107],

[108]. As a result, disconnected droplets emerged, similar to that observed by Lee et al. [95].
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A

density (2x) at anneal temperatures of (a) 120°C, (b) 140°C, (c) 200°C, and (d) 240°C. Inset of (d)
shows a magnified SEM image of disconnected droplets of Ag on the sidewall of a 3-D nanowire
after the anneal. Unlabeled scale bars are 1 um.

Changing the morphology by annealing the composite film at different temperatures also
affected the film’s electrical (contact) performance. The Rsheet Of the AZO/Ag NW composite
film and the corresponding Rseries from the 3-D NWSC devices with the composite top electrode
at each of the anneal temperatures have been plotted in Figure 49. Rqheet decreased as a function
of increasing temperature with a minimum of 48 Q/sq. at 200°C, correlating to the improved
coverage on the contacts to increased electrical contact between the nanowires and the AZO film
to the underlying NWSC device. The drop in Rt at elevated temperatures is also due to a
sintering process, which reduces junction resistance by improved wetting between overlapping
Ag NWs. Both competing phenomena may be cause for the reduced resistance. At 200 °C, the

observed Ag NWs begin to thin their diameter, fragment, and coalesce into separate islands. As
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the Ag contact dewets from the NWSCs’ surface, an increase in Rgheet to ~ 250 Q/sq. at 240°C is

observed.

Rsheet (Q/sq)
Rseries (Q-cm?)

0 T T T T T T T T T T T O
120 140 160 180 200 220 240

Temperature (°C)

Figure 49. Ry Of the annealed composite AZO/Ag NWs layer and series resistance values of the
corresponding 3-D NWSCs with the AZO/Ag NW composite top electrode annealed at different
temperatures.

To quantify the enhancements to the performance with the composite layer electrode after
annealing, the Reeries from each of the NWSC devices was extracted after each anneal. The Reeries
of the NWSCs showed similar dependence to the anneal temperature as the Rgpeet Of the
composite electrode. A high Reeries of 22.8 Q-cm? was measured at 120°C, correlating to the poor
Rsheet measurements due to the poor physical contact to the 3-D NWSCs. At 140°C, the Rgeries
decreased to 14.6 Q-cm? as a result of the improved conformal coverage of the Ag NWs. At
170°C, the Regries further decreased to 10 Q-cm?, as the Ag NWs further wetted onto the NWSCs.
Reeries 0f 4.7 Q-cm? was achieved at 200°C due to complete wetting onto the NWSC sidewalls, as
shown in Figure 48 (c), covering the regions that may have been uncoated by the sputtered AZO.
At 240°C, the Reeries increased again to 25 Q-cm?, due to the dewetting of the Ag from the NWSC
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surface, resulting in discontinuous Ag island formation (inset of Figure 48 (d)). Therefore, a
post-process thermal anneal at 200°C was used after coating the Ag NWs over the 3-D NWSCs

to form a low-resistance top electrode.

6.3 Hybrid Nanowire Solar Cell Characteristics with AZO/Ag NW Composite Top

Electrodes

To ensure that the composite layer has a minimal effect on how the incoming light
interacts with the 3-D NWSCs, optical reflectivity measurements were obtained from the
devices. Reflectivity spectra are depicted in Figure 50 (a) for each 3-D NWSC structure along
with a planar solar cell fabricated with the same p-i-n diode structure and thin-film thicknesses
with sputter-coated AZO as the top electrode for comparison. Light absorption within the devices
is calculated as A(1) =1(1) —T(1) — R(A) where A1), I(A), T(A), and R(A) denote total
absorption, incoming illumination, transmittance, and reflectance as a function of wavelength,
respectively. Since T(4) through the solar cell is negligible due to a 100 nm back Cr electrode
deposited under the thin-film layers, measured R(4) indicates a direct loss in light absorption
from the device structures. R(4) was suppressed by 4-8% up to 650 nm and again near 850 nm
for the NWSCs with the composite top electrode compared to the NWSCs with only AZO top
electrodes. This reduction is because the incoming light is scattered by the Ag in the composite
electrode as it penetrates through to the 3-D structures and is further scattered by the NWSCs,

increasing its path-length for enhanced light absorption in the region.
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Figure 50. (a) Optical measurements obtained from the device structures on glass substrates. (b) I-
V characteristics obtained of each of the devices on glass substrates.

Corresponding to the enhancements measured in the optical absorption from the 3-D
devices, the electrical characteristics of the NWSCs with the composite layer showed a gain in
the total PCE measured (Figure 50 (b)). Largest total PCE calculated for the NWSCs with the
composite top electrode was 6.3% while that for the AZO-only NWSCs was 3.9%, resulting in a
PCE enhancement of 62%. To understand the electrical enhancements measured from the
devices, the Reeries and Rshunt Values were found and are tabulated in Table 7. In comparison, the
planar devices and the NWSCs with only AZO top electrodes showed a 48.5% and 74.4%
greater Rgries, respectively, than the NWSCs with the composite top electrode. A similar trend
was measured for Rsnunt, Which was 65% and 69% lower for the planar and AZO-only top
electrode 3-D devices, respectively, compared to the NWSCs with the composite top electrode.
The change is attributed to improved generation and collection of minority charge carriers from

the disordered 3-D NWSC structures that are reflected from the higher Jsc and FF values.
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Table 7. Device characteristics of the NWSC with and without the AZO/Ag NW composite top
electrode. Planar device characteristics are also shown for comparison.
JSC VOC FF Rseries Rshunt

[mA/cm?]  [mV] | [%] [Q-cm?] [Q-cm?]
Planar — AZO only 708 54 9.2 386

NWSC — AZO only 12.7 653 47 18.4 347 3.9

NWSC - composite film 13.9 653 69 4.7 1117 6.3

Comparing device characteristics of the NWSCs fabricated with AZO/ITO nanoparticle
top electrodes to the NWSCs fabricated with an AZO/Ag NW composite top electrode, an
improvement in the Jsc is noted and can be inferred that the enhanced conformal coating of the
latter improves the efficiency in collecting charge carriers than the former. Although the FF and
highest PCE gained were similar to both NWSC device structures, their Reeries and Rgspunt Were
different. The improved Rgnynt in the NWSC with AZO/Ag NW top electrode is attributed to the
conformal coating, which led to coverage of the 3-D semiconductor structures. The AZO/ITO
nanoparticle layer is more rigid than the AZO/Ag NW layer, making it more difficult for the
former to reach regions of the disordered NWSC sidewalls that are closer to the substrate base.
However, the ~ 50 nm increased thickness of the AZO/ITO nanoparticle layer helped in
decreasing its Rgsneet, Which resulted in a lower overall Rggies Of the device. The ~ 30 mV lower
Voc in the NWSC with AZO/Ag NW top electrode than of that with the AZO/ITO nanoparticle
layer is related to the individual differences in the p-i-n a-Si:H NWSCs between the sampled

devices.
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6.4 NWSC Characteristics with AZO/Ag NW Composite Electrodes on Flexible
Substrates

The conformal and transparent AZO/Ag NW composite electrode was used to fabricate
3-D NWSCs on flexible PEN substrates as depicted in the schematic diagram in Figure 51 (a). A

cross-sectional SEM micrograph of the 3-D devices is presented in Figure 51 (b).

(a) p-i-n B AZO/Ag NWs
c B zZnONW

PEN

Figure 51. (a) Schematic diagram of NWSCs fabricated directly on PEN substrate and (b) Cross-
section SEM image of the NWSCs.

The flexible 3-D device characteristics with AZO/Ag NW top electrodes were compared
to the 3-D NWSCs fabricated with the AZO thin-film top electrode and is depicted in Figure 52.
Devices that achieved the highest PCE of 5.5% showed Jsc values of approximately 13.1
mA/cm?, similar to that obtained from the NWSCs on glass (Table 8). It is worth noting that
these results obtained from the disordered hybrid NWSCs are greater than some of the earlier
reports that fabricated crystalline Si NWSCs on flexible substrates [20], [29], [36]. The I-V
characteristics presented here of the flexible NWSCs with the AZO/Ag NW composite top

electrodes show the feasibility of fabricating 3-D NWSCs on arbitrary substrates.
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Figure 52. 1-V characteristics of flexible 3-D NWSCs with AZO/Ag NW composite top electrode
and AZO thin-film only as top electrode.

Table 8. Electrical characteristics of flexible 3-D NWSCs with the AZO/Ag NW composite film
electrode and AZO thin-film electrode.

Jsc Voc FF PCE
[mA/em?]  [mV]  [%]  [%]
NWSC — AZO only on 12.0 656 51 4.0
PEN
NWSC - composite film 13.1 662 63 5.5
on PEN

To summarize, a conformal and transparent AZO/Ag NW top electrode was used to
improve electrical contact for 3-D NWSCs while maintaining 85% optical transmission. The
efficacy of the Ag NW contact was found to be a function of the annealing temperature. An
annealing temperature of 200°C was found to be optimal to conformally coat the 3-D structures
and minimize Rgneet. Table 9 summarizes the average performance of planar and nanostructured

solar cells fabricated to this point.
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Table 9.

Solar Cell
Type

Planar

Planar

Textured

NWSC -
sputtered
J.VA0 R {s]]
electrode
NWSC -
with
AZO/ITO NP
composite
NWSC -
with
AZO/Ag NW
composite
NWSC -
with
AZO/Ag NW
composite

Summary of average performance of 2-D and 3-D thin-film solar cells fabricated.

Substrate

ZnO Nanowire
Dimensions
[km]

N/A

p/i/n a-Si:H
Layer
Thicknesses
[nm]
50/300/40

-ISC
[mA/cm?]

Voc
[mV]

708+100

FF
[%]

50+5

PEN N/A 50/300/40 6.5+5 700453 50+3  2.0+1.7
Glass Height: 0.5+0.1 50/300/40 7.2+2.8 680168 50+8 2.0+2.3
Diameter:
0.06+0.01
Glass Height: 2+0.22 50/300/40 8.5+3.4 600+33  48+10 2.7+1.2
Diameter: on each
0.2+0.1 NW side
Glass Height: 2+0.22 50/300/40 114423 67030 5712 4.7+1.8
Diameter: on each
0.2+0.1 NW side
Glass Height: 2+0.22 50/300/40 11.6+2.7 664+35 55+16  4.5+2
Diameter: on each
0.2+0.1 NW side
PEN Height: 2+0.22 50/300/40 11.3+2.2 650450 50+15  4.5+1
Diameter: on each
0.2+0.1 NW side

The composite top electrode from the NWSCs fabricated on glass substrates helped improve the

total PCE to 6.3% compared to 3.9% from the NWSCs that only used AZO electrodes. The 3-D

devices on PEN substrates showed PCE improvements to 5.5% with the top composite film

compared to 4.0% with only AZO electrodes. The increased PCE values achieved is attributed to
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the increased absorption that occurred by enhanced light scattering from the Ag NWs and more

efficient carrier collection by the composite electrode.
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Chapter 7
3-D Nanowire Solar Cell Characteristics under Applied Mechanical

Bending

Now that disordered radial-junction hybrid NWSCs have been successfully fabricated
onto flexible PEN substrates, the devices can be mechanically strained to assess the performance
of these flexible 3-D devices under bending. After introducing the thin-film mechanics involved
when bending the structures in Section 7.1, changes observed when the top electrodes were
mechanically strained under bending are described in Section 7.2. The section also presents
results obtained from the flexible hybrid NWSCs, which were mechanically bent and are
compared to planar solar cell devices to understand what may be causing the changes observed
in the optical and electrical characteristics. A geometric model is also presented to understand
the physical movement and separation distance between neighbouring NWSCs and is used to
determine its effect on the number of light scattering events in the nanowire array. The chapter
ends by discussing the influence that the mechanical strain may have on the electrical
characteristics of the NWSCs when the devices are bent through numerical simulations and

attempts to solve the issues related to bending.
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Experimental optical characteristics of the thin-film and device structures were obtained
using a Lambda 1050 Perkin Elmer UV/visible/NIR spectrometer. Thin-film thickness
measurements were completed with a Dektak stylus profilometer while structural
characterization of the NWSCs was performed using a Zeiss LEO field-emission SEM. Electrical
characterization of the NWSCs was performed under standard AM 1.5G illumination conditions

(ABET Technologies Sun 2000 solar simulator).

7.1 Mechanics of Bending Thin-film Structures

Consider a rectangular thin-film with dimensions ¢, W, and t; for length, width, and thin-

film thickness, respectively, as shown in Figure 53.

iy
e

A

Figure 53. A thin-film under applied tension.

If a force is applied to either side of the thin-film along its cross-sectional area, A (= W = t¢),

then the thin-film would stretch in both directions, causing internal stress. Since this film is thin,

the stress can be assumed to be uniform across the thickness of the film. This stress is defined as,

|

o0=—=Eey; (12)

(13)



where E is Young’s modulus, and &5 is the induced strain, which is the change in length over the
original length of the substrate. Equation (12) is referred to as Hooke’s law. Young’s modulus is
an indicator of how elastic a material is. For example, glass possesses a very high Young’s
modulus (~72 GPa) compared to that of a rubber band (~7 MPa). Together with Young’s
modulus, the other parameter that characterizes the elastic behavior of a film is called, Poisson’s

ratio and can be related as,

where v is Poisson’s ratio of the material. A negative sign in this relationship indicates a
reduction in size in both t; and W directions as the film is stretched along . In other words,
Poisson’s ratio is the ratio between the transverse and longitudinal strains when a material is
elastically stretched.

During the fabrication phase, thin-film that is deposited on a thick substrate, t;, (i.e. t; «
ts), may cause internal stress on the film-substrate pair. To ensure the net force acting on the thin-
film is zero and mechanical equilibrium in the duo is reached, the film may cause the duo to
warp, if the substrate is compliant (typically true for flexible substrates) as shown in Figure 54.
This is known as the built-in stress of thin-film and has been discussed by several others [109]-
[112]. The built-in stress of thin-film in this study is negligible as major warping effects were not
found after device fabrication and is thus outside the scope of this study. However, in the same
manner, thin-film on a substrate surface can be strained by externally applied bending of the

substrate. In Figure 54 (a), the film-substrate duo is bent concave-down, causing tensile stress on
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the thin-film while Figure 54 (b) presents a schematic diagram of the thin-film under
compression when the duo is bent concave-up. When moving along the z-axis of this film-
substrate duo, a plane exists where the system changes in orientation from being in tension to
being compressed. This plane is called the neutral axis, which is typically near the mid-point of
the duo (or middle of the substrate if t; « ts) and is ideally where a thin-film should reside to face

zero strain from mechanical bending.

@) . (®) 1
Thin-film _ _ & B e ~ X _ZQ__::_::\ =X
_ = — .

Neutral axis

PEN

R radius of curvare

Figure 54. Mechanical bending of a thin-film on a PEN flexible substrate in a (a) concave-down
(under tension) and (b) concave-up (under compression) orientation.

The lateral strain caused in the thin-film by mechanically bending the substrate to a known
radius of curvature, R, can be directly calculated if R is known as,

ts

=—. (15
€y R (15)
To determine the amount of energy that is involved along this uniform film that would produce

strain, which is denoted as strain energy (E,;), the following equation can be used:
2

1 , o
Est=Jads=§Es =5 (16)

106



Strain energy is important in cases where solid films are near equilibrium because, at equilibrium
the forces acting on the film are balanced but, a small additional force (e.g.: by physically
bending the film) can tilt the balance and remove the film from equilibrium, providing insight
about how much external force the material can bear before mechanical failure. At equilibrium,
the moment, My, produced by the stress in the thin-film must be equal to that obtained in the
substrate, Ms. This moment produced by the linear stress in the substrate is,

Y = EwWte? 17

By equating Ms with My, the Stoney formula can be achieved:

Et,?

7T 8A-WtR

(18)

The Stoney formula can be used to calculate the average thin-film stress that occurs from the
measured R in Figure 54, with only the film-substrate properties, assuming t; is much smaller

than t, (as is the case in this work).

7.2 Bending Characteristics of the NWSCs
7.2.1 Flexible Top Electrodes

Ag NWs were coated on the samples with the help of Mr. H. Hosseinzadeh-Kaligh. Dr. 1.
A. Goldthorpe and Mr. H. Hosseinzadeh-Kaligh assisted in the analysis of the data collected
from the samples pertaining to the use of Ag NWs.

Since the ceramic nature of many TCO films such as ITO and AZO lead to fracture of the
thin-film under mechanical strain, a property that is undesirable for flexible electronics [113],

[114], a vacuum exists to help create more mechanically flexible film electrodes for flexible
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devices [36], [115]. Due to the enhanced charge collection and conformal coating achieved from
the AZO/Ag NW composite layer on the 3-D devices, the layer’s flexibility upon mechanical
bending was also assessed in order to use them for flexible 3-D NWSCs. The samples were
mechanically strained by attaching the structures with an adhesive onto curved static test fixtures
in concave-up and concave-down orientations. The radii of curvature, R, tested using the fixtures
were 38 mm, 32 mm, 16 mm, 6 mm, and 4 mm.

Rsheet O the AZO/Ag NW composite layer was measured and compared to that of AZO
thin-film while flat and under mechanical bending on PEN flexible substrates. Ag pads were
coated on two opposite sides of each sample to probe the films of a known surface area using a
Keithley 4200-SCS parameter analyzer while four-point probe and profilometry measurements
were used to determine the conductivity and thickness of the AZO thin-film, respectively.

The results of Rgneer from the two electrodes under mechanical strain are depicted in
Figure 55. Before and after SEM micrographs revealed that the AZO thin-film had fractured due
to the strain-induced cracking at R = 16 mm. Assuming the substrate thickness is 125 pum, a
lateral strain of 1% was found in the AZO film electrode using Equation (15) at R = 32 mm
while that in the composite electrode at R = 6 mm was 0.195%. Given the Young’s modulus, E,
of the films (Eagnw ~ 2.64 GPa [116]; Eazo ~ 106.7 GPa), the strain energy per unit volume was
found using Equation (16). These strain energies for crack formation in the Ag NWs and AZO
thin-film were calculated to be 5.9 MJ/m® and 0.2 MJ/m?®, respectively. The ~ 29x more strain
energy for crack formation in the composite layer than the AZO film is due to the multi-layers in

the composite film, which patches areas that may be strained in the AZO. This stress-induced
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cracking resulted in an increase in Rgpeet of up to 1.1 kQ/sq. at R = 6 mm in the composite film
when it was mechanically bent. Despite potential damage to the AZO under-layer, the regions
covered with the Ag NWs in the composite layer provide carrier pathways throughout the
electrode. Flexing the samples further to R = 4 mm resulted in a significant increase in Rgpeet t0
12.5 kQ/sq in the AZO thin-film while that for the composite film remained constant at ~ 1.2
kQ/sq. The lower Rgheet When the composite film was flexed is likely due to the wetted Ag NWs
being well-attached to the AZO, enabling a conductive path as the substrate was flexed,
indicative of a ductile material while the crack-generation in the sample containing only AZO

thin-film increased as R decreased.

14000 ———— —

12000 Composite film, concave up
~8—AZ0, concave down
10000 - —+—AZO, concave up

8000
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flat 38 32 16 6 <
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Figure 55. Rqheet Values for the samples when flat and under different R for each orientation. The
films were attached onto the test fixtures using a double-sided adhesive.

7.2.2 NWSC Device Performance with Mechanical Bending

The unbent NWSCs used in the mechanical bending experiments achieved on average a
Jsc of ~ 14.2 mA/ecm?, Voc of ~ 603 mV, FF of ~ 47%, and PCE of ~ 4% under AM 1.5G

illumination. The devices were flexed into a concave-up and concave-down orientation to the
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incoming light (Figure 56) by mounting the cells on fixed sample holders of various radii of

curvature, R, from 38 mm to 6 mm.

.18,
\("‘,\l
Concave up Concave down

Figure 56. Schematic diagram of the bent NWSCs in (a) concave-up and (b) concave-down
orientations; ® shown is the degree of curvature from bending the substrate and (c) close-up
illustration of the NWSCs and their orientation to the flexible substrate.

Figure 57 presents the electrical characteristics achieved of the NWSCs under different
bending conditions. Device characteristics under flat and flexed to different R are plotted as a
function of each device parameter in three separate plots. The plots show that a trend exists with
increasing Jsc and PCE as the NWSCs are bent concave-up to reducing R from their unbent state
while the opposite is true when the NWSCs are bent concave-down. The Voc and FF slightly
degrade as R decreases. Rsries and Rshunt Values degrade at decreasing R too, due to the increasing
stress within the films and is the reason as to why the PCE does not increase at the same rate as

the Jsc.
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Figure 57. Electrical characteristics of the NWSCs measured while flat, mechanically bent to
different R, and flat again.

Specifically, the Jsc of the NWSCs showed to increase by 15% when the substrates were

oriented concave-up to the incident light at an R = 38 mm, while a decrease of 12% in Jsc was

observed when the nanowire array was oriented concave-down at the same R (Figure 58). This

change in device performance resulted in an increase (decrease) in PCE by +7.3% (-7.9%) for

the concave-up (concave-down) orientation. In contrast, the Jsc did not change with bending in

the reference flexible planar solar cells (inset of Figure 58), similar to results reported by Ng et

al. [34]. This observation suggests the variations in Jsc may be from changes in light scattering

due to the effective changes in the nanowire position during applied bending and will be

discussed in more detail in the following section.
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Figure 58. Electrical characteristics upon bending the NWSCs to R = 38 mm. Inset shows I-V
characteristics of mechanically bent and unbent planar a-Si:H solar cells.

7.2.3 Light Trapping Analysis and its Correlation to NWSC Electrical Behavior

To test if the variations in Jsc are from changes in light scattering due to the effective
changes in the nanowire position during applied bending, the optical reflectance of the nanowire
mat was measured as a function of bending. Figure 59 (a) compares the total reflectance of the
NWSC structures under flat (or unbent), concave-up, and concave-down orientations with R = 38
mm. For these optical measurements, an integrating sphere was used to collect the light reflected
from the NWSC structures where a Cr back contact deposited on the PEN substrate prevented
optical transmission, allowing direct measurement of the reflectivity of the structures. The
average reflectivity was measured to be ~11% when flat and dropped to ~8.3% when the

substrate was concave-up, while increasing to ~12% when the substrate was concave-down at
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wavelengths > 400 nm. For wavelengths < 400 nm, attenuation of the incoming light was
dominated by the top TCO and p* layers [49] and was observed for all bending orientations.

The observations may be due to the effective motion of the NWSCs when the PEN
substrate is flexed. The spacing between the nanowire structures decreases such that non-
overlapping neighbouring nanowires begin to cross during bending in the concave-up
orientation, increasing the effective density of the nanowire mat. This movement of the NWSCs
towards each other also increases the disorder within the nanowire array, enhancing the light
scattering and consequently, Jsc. For the concave-down orientation, the nanowires move further
apart, which decreases the light trapping effect in the NWSCs, and thus, decreasing Jsc. Further
bending of the PEN substrate in the concave-up (concave-down) orientation showed increasing
(decreasing) Jsc as a function of R. This change in Jsc can be compared to the optical effect from
the NWSCs using the average spectral absorption (Abg,%), which was calculated for each

wavelength of light as follows:

[250T™ 3 A(DI(A)dA
Abg,% = =220 (19)

A(A)dA

f300 nm

Here, I(A) is the solar spectrum at AM 1.5G illumination and A(A) is the absorption gained from
the NWSCs at each wavelength, calculated from the reflectance measurements. Figure 59 (b)
depicts the change in Jsc from the NWSCs while flat and under mechanical bending and
compares the behavior to the average optical gain in terms of the average spectral absorption.
Tamang et al. reported that an ~ 8.7% increase in Jsc may be obtained by decreasing the

separation distance between radial-junction NWSCs by ~ 12.5% for nanowire mats with periods
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of ~ 1 um and less [32]. For the hybrid nanowires on PEN, the effective change in distance
between two neighbouring nanowires can be determined by considering the mechanical
manipulation of the substrate. This displacement was found geometrically using parameters such
as average NWSC height, diameter, and period in the unbent case, extracted from SEM
micrographs of the NWSCs (see Appendix Il for details). The tilt of the nanowire due to
bending, £, can be found as a function of the distance of the nanowire from its original position,
x, (where x = 0 is the substrate center, Figure 56 (c)) and R as,
X
B = sin! (E)' (20)
Maintaining a pivot at the center of the substrate, the effective distance of each nanowire from
the substrate center after bending, x’, can be calculated as,
X,y = x — hsin(B + y); concave up (21)
Xgown = X + hsin(B —y); concave down (22)

where h is the nanowire height and y = 90 — a, where « is the original angle between the
nanowire and the substrate (see Figure 56 (c)). The geometric relationships can be used to
determine the effective changes to the separation distance between two adjacent nanowires under
substrate bending; for example, a decrease of ~ 98 nm was calculated at R = 38 mm for a NWSC
with a = 72° while a ~ 3 nm decrease was calculated for a NWSC normal to the substrate. These
results were confirmed through numerical simulations (COMSOL Multiphysics 5.2) for a range
of R. For the reported devices, SEM micrographs showed adjacent disordered nanowires with a
~ 72° to be ~ 1 pum apart and during bending at R = 38 mm, a ~ 10% change in the separation

correlates well to the predicted Jsc enhancement of ~ 9% by Tamang et al. Numerical
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computations that simulated the mechanical bending of the NWSCs at decreasing R showed that
the NWSCs steadily decreased in separation (Figure 59 (d)), further confirming the effect that
mechanical bending of the NWSCs could have on the nanowire network. The trend and values
obtained for the pitch distance were very similar for the numerically simulated array and
analytically calculated NWSC array. To further improve the mechanical flexibility of the
devices, using a thinner substrate will ensure that the substrate-film interface reaches the neutral

axis where minimum stress would be exerted on the film.

115



@ (b)
24 | § -_,’—I——%‘. S oot
21 | £z s - S
—t=—Concave Down { E 4 89 'E'
?18 = ——Unbent o 15 - r’/‘ﬁ_. ]
S == Concave Up a 41 87 &
@ 15 € 5 - o
2 @ | | I
@© = ‘ f 4 85 &
t" 12 =5 -5 - <L
2 v g =
= £ 183 £
& 9 o B g
= Concave Down o
6 F S e
== Concave U
3 T T T T T T T v _35 p 79
360 430 500 570 640 710 780 850 38 22 6
Wavelength (nm) Radius of Curvature (mm)
C
(©) 4 (d_l 100
13 Xy > X S 98
F] Y )
5 12 - 3 96 -
=
an 11 - ; 9
£ [
a 10 - (V] 92 i
b o
S 9+ 2 |
7] "u-" 90
Y 8 i
5 = 881
= 7 - 0 - .
£ 2 86 - @ Numerical
2 6 = ) = Analytical
g 84460
5 |
o
4 i i ; w 82 T T T T T T T T T T T T T T T
unbent 38 22 6 5 10 15 20 25 30 35 40
Radius of curvature (mm) Radius Of Curvature (mm)

Figure 59. (a) Optical measurements of the bent and unbent NWSC to R = 38 mm; (b). Change in
current density of the nanowire cells as a function of the radius of curvature. The secondary axis
shows the spectral absorption in the NWSC for each bending case; (c). Calculated scattering events
in the NWSC array as a function of radius of curvature; x’, x’;, x’, and x’; denote x’ for NWSCs
unbent, and under R= 38 mm, 22 mm, and 6 mm, respectively; (d) Numerical simulations and
analytical calculations of periodic NWSCs normal to the surface decreasing in NWSC separation as
R decreases.

Furthermore, Figure 59 (b) shows that the Jsc begins to saturate with decreasing radii for
both bending orientations, suggesting a gradual decrease in the optical scattering as R decreases.

The effect may be explained by considering the number of scattering events as a function of the

116



density of the nanowire mat as first presented by Street et al. [13], [49] where the effective
absorption depth of the nanowire array can be calculated from,
1=RA)+AQ) (23)
R(A) =1 —exp(—al), (24)
where R(A) is the reflectance of photons at each wavelength, A(A) is the absorption of photons
from the a-Si:H thin-film, « is the absorption coefficient of a-Si:H, and L is the total thickness of
the thin-film a photon encounters before it scatters out of the film. Given that the NWSCs
possess a diameter of ~ 600 nm of coated a-Si:H film, ~ 7 scattering events were calculated
before an incoming light ray was reflected for the unbent orientation. As the separation distance
between the NWSCs (i.e. x') is reduced due to bending, more scattering events are expected. At
R = 38 mm, the number of scattering events increases to 11 for the concave-up orientation
compared to 6 when the structure is concave-down. As R in the concave-up orientation
decreases, the nanowires begin to separate in the opposite direction and x’ increases due to the
NWSCs crossing and moving further apart from each other (Figure 59 (c)), reducing the
effective density of nanowires. As a result, the number of scattering events reduced to ~ 9 and

the effect of bending on the light absorption is reduced.

7.2.4 Mechanical Strain on NWSC Device Characteristics

The numerical simulations were generated with the assistance of Mr. P. Gavirneni.
While the out-of-plane nanowires dominate the electrical and optical characteristics of

the solar cell, the in-plane thin-film layer of the a-Si:H parallel to the PEN surface should be also

117



considered. Numerical simulations (COMSOL Multiphysics 5.2) of 2 pm in height ZnO
nanowires coated with 300 nm thick a-Si:H were created. An assumption made to simplify the
numerical models and provide a general understanding of the 3-D network when mechanically
bent was that the NWSCs are periodic and normal to the substrate. The models have shown that
the a-Si:H thin-film had strained in regions parallel to the substrate in the orientation that the
substrate was bent while the out-of-plane thin-film, that is, along the nanowire sidewalls and top

surfaces, showed no strain (Figure 60).
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Figure 60. Numerical simulations of periodic NWSCs that were bent (a) R = 38 mm concave-up, (b)
R =38 mm concave-down, (c) R =4 mm concave-up, and (d) R =4 mm concave-down.

The simulations indicate a compressive strain of 0.1% when the substrate is bent concave-up to R
= 38 mm while increasing to 1% at R = 4 mm (Figure 60 (a)). When bent concave-down, a

tensile strain of the same values (0.1% and 1%) were observed for both R =38 mm and R = 4
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mm (Figure 60 (b) and (d)). This bending-induced strain in the planar thin-film could lead to
electrical changes in the NWSC. Experimental results indicated a AVoc of ~20 mV in both the
NWSC and the planar solar cell samples at R = 38 mm (Figure 58) and has been attributed to this
horizontal strain, which increases with decreasing R (Equation (15)). The effect of this strain
may induce bond breaking of weak Si-Si bonds in the planar a-Si:H regions during bending
[118]. For R = 38 mm, a g5 of 0.132% was calculated using Equation (15) while a e = 1.25%
was calculated at R = 4 mm where the NWSCs failed under mechanical strain, corresponding to
the values obtained from the numerical simulations (Figure 60) and similar to that reported by
Gleskova et al. for planar flexible a-Si:H p-i-n devices [109]. In contrast, Fan et al. calculated the
out-of-plane strain in the nanowires embedded in PDMS to be ~ 0.01% when the PDMS carrier
was strained to 8%. This motion should not affect the surface recombination of the NWSC
structures since it is outside of the plane of bending. The results suggest that the absolute density
of the hybrid nanowire devices could play an additional role in the design of the flexible hybrid
NWSCs. Assuming that the ZnO nanowires would be conformally coated with an increased
nanowire density, increasing the nanowire density would decrease the planar regions between the
nanowires. The effect of the in-plane strain would then reduce and result in less change to the
Voc during bending. It is also expected that increased NWSC heights would result in greater
optical absorption during bending at the expense of increased shunting due to higher interface
states along the nanowire sidewalls (as discussed in Chapter 5). A compromise would be to use
nanowires < 2 pm with densities between 2x10% cm™ and 4x10® cm™ in order to minimize the

planar regions while increasing the optical absorption by bending the NWSCs in a concave-up
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configuration. Future work of systematic studies that verify these effects may help lead the field
of hybrid NWSCs with increasing device performance through mechanical bending and is
discussed further in Chapter 9.

To summarize, the optical and electrical effects of mechanically bending flexible 3-D a-
Si:H nanowire solar cells were reported. An increase of 15% and decrease of 12% in Jsc were
measured for NWSCs on PEN substrates that were flexed to a concave-up and concave-down
orientation, respectively. The difference in Jsc was found to be a function of the change of the
optical reflectivity due to the movement of the nanowire devices during mechanical bending.
Orientations where the nanowires are effectively brought closer together by flexing the PEN
substrate resulted in reduced reflectivity and higher optical absorption. The AZO/Ag NW
composite top electrode showed enhanced flexibility over the sputter-coated AZO thin-film as
the latter electrically degraded with increasing strain-induced cracking while the composite film
minimized the effect down to a radius of curvature of 4 mm. The heterogeneous integration of
flexible substrates with nanowire structures provides an alternative approach to manipulating the
effective density and aspect ratio of the nanowire arrays in order to enhance the performance of
NWSCs, demonstrating the efficacy of employing mechanical manipulation to alter the optical

properties of nanowire arrays for solar energy conversion.
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Chapter 8
Water-Resistant and Self-Cleaning Hybrid Nanowire Solar Cell

Devices

When operating in outdoor environments, solar cell devices are likely to accumulate
dust particles and other debris on their surfaces over-time, blocking incoming sun-light and
potentially reducing their PCE values. Integrating water-resistant and self-cleaning surfaces on
the solar cells could help mitigate this issue. This chapter discusses the fabrication of such self-
cleaning hybrid NWSC arrays by forming super-hydrophobic top surfaces. By exploiting its 3-D
disordered nanostructure, the surface can be altered to increase in hydrophobicity by modulating
the surface energy of the nanowires. PDMS is a silicon-based polymer that is used in both
biological and medical applications because of its superior elasticity, optical transparency, non-
toxicity, and thermal stability from -50°C to 200°C; desired attributes, which differentiates itself
from other polymeric materials. This elastomer can be easily molded to desired shapes, which is

advantageous to conformally coat disordered 3-D NWSCs structures.

After an introduction to PDMS in Section 8.1, Section 8.1.1 discusses the experimental

methods used to synthesize the PDMS films in this work. Section 8.1.2 analyzes the surface
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conditions that were coated with and without PDMS and their associated hydrophobicity.
Mechanical strain induced to the NWSC arrays with the added PDMS layers are numerically
simulated and discussed in Section 8.1.3. The chapter ends by demonstrating the electrical
characteristics of the PDMS-coated hybrid NWSCs by using the wide bandgap polymer in

Section 8.2.

8.1 Using PDMS as a Self-Cleaning Layer

PDMS has been used by many groups for enhanced device functionality and for device
fabrication itself such as being an alternative flexible substrate [30], [38], [79], [119], mask or
mold for nanowire growth [59], nanowire transfer and replication [37], [120], [121], and as a
transparent protective/passivation layer [17], [30], [122]. Most reports that use PDMS as
protective layers completely encapsulate the devices, which have included both planar and
nanostructured surfaces, forming planarized surfaces with microns to millimeters thick coatings.
Such thick PDMS coatings enable easy handling of the devices, especially if the PDMS film
becomes the new substrate of the device. Its low elastic modulus (360 kPa) allows PDMS to be a
suitable alternative flexible substrate, too (Figure 61 (a)).

Similar to grass and lotus leaves, the surface energy of 3-D device structures can be
altered to increase the hydrophobicity of the top surface and harness a water-resisting surface
where water droplets can roll-off the device as shown in Figure 61 (b). The methyl (CH3) bonds
of PDMS (Figure 61 (c)), which comprise of ~ 20 mN/m in surface energy, is comparable to that
of a lotus leaf (30 mN/m) [123]. This characteristic together with a 3-D array surface can help

lower surface energies and thereby, enable superhydrophobic surfaces.
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Figure 61. (a) Optical image of a flexible NWSC array embedded in PDMS [21]. (b) Water droplets
falling down grass [124]. (c) Unit molecular structure of PDMS.

8.1.1 Forming PDMS Films

The PDMS films were synthesized and contact angles of water droplets were measured
with the assistance of Mr. P. Gavirneni.

PDMS (Sylgard 184, Dow Corning) was mixed with toluene to dilute the solution
before curing the mixture. Thus, decreasing the PDMS:toluene ratio helped bend the film more
easily around the NWSCs. A PDMS curing agent was added to the mixture to help speed the
cross-linking process of PDMS. Prior to spin-coating, the solution remained on the nanowire
surface for approximately 2 minutes to allow for the PDMS to penetrate in between the
nanowires. The solution was subsequently spun-coated and cured at 80°C for 1 hour in an oven.

Different PDMS:toluene ratios (by weight%) and coating conditions were studied on the
3-D surfaces. A ~ 2 mm thick film was obtained after drop-casting a 1:1 ratio solution. The thick
PDMS film resulted in encapsulating the NWSCs completely in the layer. Spin-coating the
PDMS solution at 5000 rpm resulted in a uniform ~ 2.5 um thick film that still completely
encapsulated the nanowires underneath. However, as the toluene concentration increased, the
viscosity of the solution was reduced and the PDMS film decreased in thickness. Figure 62
presents SEM micrographs of morphologies obtained when the coating conditions were altered
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from (a) 33% PDMS to (e) 7% PDMS in solution. Protruded nanowires underneath the PDMS
film were observed after spin-coating the PDMS solution (Figure 62 (b)), which was uniformly
dispersed, forming a rough surface across the sample compared to a bulk film coated on the
nanowires (Figure 62 (a)). As the concentration of PDMS was further reduced to 20% (Figure 62
(c)), the underlying nanowires protruded through the thick film. As the PDMS concentration was

again reduced to 10% (Figure 62 (d)) and 7% (Figure 62 (e)), the base of the hybrid NWSC array

appeared and a thin-film of PDMS was conformally coated over the wires.
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Figure 62. 45° tilted SEM micrographs of PDMS coated NWSCs with (a) 1:2 PDMS:toluene drop-
casted (33% PDMS), (b) 1:2 PDMS:toluene spin-coated (33% PDMS), (c) 1:5 PDMS:toluene spin-
coated (20% PDMS), (d) 1:10 PDMS:toluene spin-coated (10% PDMS), and (e) 1:15 PDMS:toluene
spin-coated (7% PDMS). (f) Optical transmittance of the PDMS film spun-coated in (e); Inset:
Bandgap calculation of synthesized PDMS film.

The conformal PDMS-film was ~ 40 nm and was > 92% transparent with ~ 7%

reflectance between 400 nm to 850 nm (Figure 62 (f)) due to its low refractive index of ~ 1.4
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[119]. Optical measurements obtained from the PDMS film coated in Figure 62 (e) show a

bandgap of 3.6 eV, which corresponds to a band-edge near 344 nm.

8.1.2 Hydrophobicity of Hybrid Nanowire Structures

The hydrophobicity of the PDMS-coated NWSC arrays was assessed to determine the
water resistant behaviour and self-cleaning properties of the device surfaces. Droplets of water
were released through a syringe onto the NWSC arrays and their contact angles formed with the
surface were measured using an Asymmetric Droplet Shape Analyzer (ADSA), which uses a
charge-coupled device (CCD) camera to collect optical side-view images of the droplets on the
surface (Figure 63). A post-processing image analyzer (ImageJ) was used to measure the contact
angles formed by the droplets on the surface.

Flat a-Si:H thin-film obtained a contact angle, 0, of = 65°, as depicted in the optical
image shown in Figure 63 (a); in contrast, the NWSC array (without PDMS) formed a contact
angle, 0, of ~ 98° (Figure 63 (b)) due to the rough 3-D surface underneath, which enables the
droplet to de-wet the surface. When 40 nm of PDMS thin-film was conformally coated on the
NWSC array (1:15 PDMS dilution), 6 increased to 155 * 5.5°, creating near spherical droplets on
the surface (Figure 63 (c)) and resulting in a superhydrophobic surface [120]. On this surface, the
water droplets rolled-off to less hydrophobic areas as soon as they were dropped (i.e. very low
roll-off contact angle), creating an ideal case to collect dust particles and debris on the surface as

a self-cleaning solar cell.
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Figure 63. Contact angles (0) from water droplets on different surfaces such as (a) flat a-Si:H thin-
film, (b) NWSC array without PDMS coatings, (c)1:15 diluted PDMS coated conformally on NWSC
array, and (d) NWSC array encapsulated in 2.5 um thick PDMS.

The PDMS encapsulated NWSC sample showed 6 of 112° (Figure 63 (d)) due to surface

planarization, which resulted in a more hydrophilic surface. Similarly, the 1:5 diluted PDMS
(Figure 62 (c)) had a contact angle of 120° which is still lower than that obtained for the 1:15
PDMS conformally coated over the NWSC array. Here, the Wenzel model can be used to
quantify the wetting properties,

cos 6, =rcos0, (25)
where 6, is the Wenzel contact angle formed on the surface with the NWSCs present, 6,. is the

Young contact angle (= 65° on the flat solar cell surface, and r is the roughness ratio (=

NWpitch | NWheight

1+ ﬁ; B= ). Decreased a (~ 2) and B (~1), as is the case here,

NWiameter s NWiameter
results in a 8, of ~ 52° indicating a more hydrophilic surface. Thus, from this model, it is
deduced that the PDMS-encapsulated NWSC arrays with reduced 3-D surfaces, possess high

surface wettability.

The results presented thus far suggest that in order to form a hydrophobic surface, the
surface geometry is important. Truly 3-D structures with a conformal coating of PDMS help

enhance the hydrophobic behaviour of a surface because, the rough texturing from the 3-D
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structures create air-filled voids in the spaces between the nanowires, limiting the water droplet
from wetting the regions and resulting in the large 6.

Another key criterion for superhydrophobic surfaces is the hysteresis, H, involved
between the advancing angle, 04, and receding angle, O, of a water droplet. This parameter
determines the roll-off angle of the droplet on the wet surface. Ideally, the water droplets should
roll-off immediately once released on the surface to collect dust and other debris that may block
light from passing into the solar cell devices. A low H value (< 15°) indicates that a small droplet
roll-off angle would exist on the surface, indicating superhydrophobicity. To measure 64 and 6g,
the syringe was moved parallel to the substrate surface, attempting to move the droplet on the
surface. When the droplet stuck to the syringe and did not move with it but instead disconnected
forming multiple droplets on the surface, the H was large (> 15°), which was the case in the flat
a-Si:H films. However, in the PDMS-coated NWSCs, H was calculated to be 12.5 £ 2° which is
considered superhydrophobic.

Mechanically flexing the NWSC array did not show a large change in the original
values of the contact angles as the 3-D effect was retained during bending. The contact angles
varied within £3° as the hybrid NWSC was bent to R = 38 mm (150°), 22 mm (157°), and 11 mm
(160°) in both concave-up and concave-down orientations, suggesting that bending the NWSC
array does not affect the hydrophobicity of the device surface so long as the 3-D structure is
intact and that the nanowires are conformally coated with PDMS to ensure a methyl-filled

surface.
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Additionally, the optical characteristics of the sample of NWSCs that was conformally-
coated with PDMS were measured while the 3-D devices were mechanically bent. An average
optical reflectivity of ~ 8% was measured when the devices were flat and increased to 9% when
the substrate was bent concave-down while decreasing to ~ 6% when bent concave-up. These
results are similar to the optical reflectance measurements achieved for the sample of NWSC
arrays with no PDMS, indicating that the high optical transmittance (~ 91%) of the PDMS film

does not adversely affect the optical characteristics of the devices.

8.1.3 Mechanical Strain in PDMS-Coated Hybrid NWSC Arrays

The numerical simulations were generated with the assistance of Mr. P. Gavirneni.

Numerical simulations (Figure 64) showed that a conformal coating of PDMS on the
NWSCs induces no stress even when the devices are mechanically bent. As previously stated, an
assumption made to simplify the numerical models and provide a general understanding of the 3-
D network when mechanically bent was that the NWSCs are periodic and normal to the
substrate. Changing the simulations to increase disorder in the mesh exponentially increases
build time. Furthermore, the parameters for the p-i-n a-Si:H were grouped together as 400 nm of
intrinsic a-Si:H film to further simplify computation.

The final simulations show that when the encapsulated NWSCs were mechanically bent
concave-up from R = 38 mm to R =4 mm, 0.01% to 1% of strain was observed, respectively, and
was contained predominantly in the PDMS while the out-of-plane NWSCs showed no strain as
shown in Figure 64 (a) (grey-purple regions of NWSCs). This is because the high ductility of

PDMS (E ~ 360 kPa), allowed the encapsulate layer to easily compress (or “squish’) from the
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inward movement of the neighbouring nanowires when the substrate was bent, resulting in
increasing compression away from the NWSC base in the regions of PDMS that coat the
sidewalls of the NWSCs. Furthermore, the top region of the PDMS encapsulate conforms to
create ~ 1% compression (bright blue region of Figure 64 (b)). Less than 0.25% strain in the a-
Si:H film was observed parallel to the substrate due to the compressive plane-strain induced in
breaking weak Si-Si bonds in the a-Si:H, confirming the strain calculations of 0.125% from this
region as was discussed in Chapter 7. When the PDMS conformally coated the NWSCs as
depicted in Figure 64 (c), only strain near the base of the NWSCs was observed while the out-of-
plane NWSCs showed no strain. These results indicate that the mechanical properties of PDMS

do not obstruct the movement of the NWSCs when the substrate is mechanically bent.
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Figure 64. (a) Labeled schematic diagram of the simulated NWSCs. NWSCs bent concave-down to
R =4 mm that were (b) encapsulated with PDMS and (c) conformally coated with PDMS.
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Similarly, when the 3-D hybrid devices were bent concave-down to R = 4 mm, the
NWSC array that was encapsulated in PDMS showed < 0.5% tensile strain in the PDMS
between the NWSCs (magenta region in Figure 65 (a)) due to the out-ward movement of the out-
of-plane wires. This region of PDMS increases in strain away from the NWSC base as greater
movement occurs in the top regions of the wires when the substrate is bent. The top surface
consists of the most tension (~ 1%) as the substrate is bent concave-down. When the NWSC
array was conformally coated with 40 nm of PDMS, the strain induced in the PDMS was
negligible and only the film parallel to the substrate near the base of the nanowires showed
tensile strain of up to ~ 1%. Since the strain induced in the NWSCs by incorporating the
additional PDMS layer is negligible, the NWSCs can freely move according to the movement

that is dictated by the mechanical bending movements of the substrate.
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Figure 65. NWSCs that are (a) encapsulated with PDMS and (b) coated conformally with PDMS
and bent concave-down at R =4 mm.

8.2 Electrical Characterization of PDMS-Coated Hybrid NWSC Arrays

Experimental 1-V characteristics of the PDMS coated NWSC arrays were measured. The

electrical performances of the 3-D device before and after the PDMS coating are depicted in
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Figure 66. A slight 2.2% decrease is noted in Jsc due to the additional film coated on the NWSCs
while the Voc (~ 613 mV) and FF (57%) remained relatively similar to before the PDMS coating
and the PCE was constant at ~ 4.7% in both cases, suggesting that the PDMS coating does not
impede device performance while adding hydrophobic surface functionality as a self-cleaning

solar cell device.
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Figure 66. I-V characteristics of the NWSC before and after PDMS coating.

In summary, superhydrophobic surfaces were achieved by modifying the surfaces of the
disordered NWSC array by using PDMS films. The contact angle was increased to 155° with a
low hysteresis of 8° on the conformal PDMS-coated NWSC array. Therefore, the surface had
very low wettability, which is ideal to collect dirt and dust debris with water droplets on the
surfaces. The induced strain was negligible, indicating the ability of the NWSCs to effectively
freely move with the additional PDMS layer as the substrate mechanically bends. Electrical
characteristics of the PDMS-coated NWSCs do not show significant changes to the overall PCE

by adding the transparent film; thus, enabling self-cleaning solar cell devices.

131



Chapter 9

Conclusion and Future Work

9.1 Conclusion and Contributions to Nanowire Solar Cells

The following is a list of summarized novel contributions of this PhD research to the
field of 3-D photovoltaics:
1. Fabrication of conformal hybrid 3-D ZnO nanowire/a-Si:H p-i-n thin-film solar

cell arrays
2. Direct fabrication of 3-D NWSC arrays on low melting-point flexible substrates
3. AZO/Ag NW composite top electrode formation for disordered 3-D devices

4. Optical and electrical enhancements by mechanically bending flexible 3-D

devices

5. Formation of self-cleaning properties on 3-D devices
Conformal coatings of a-Si:H p-i-n thin-film were deposited on disordered ZnO
nanowire arrays to form radial-junction 3-D NWSC devices. The process steps occurred at

temperatures below 200°C to enable 3-D device fabrication directly on flexible PEN substrates
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and thereby, minimize additional processing. The combination of enhanced light scattering due
to the 3-D hybrid structures and the improved conformal coverage of the top transparent contact
resulted in an overall highest PCE of 6.5% using 2 pum in height ZnO nanowires of a nanowire
density of 2x10® cm™. These results demonstrate the feasibility of integrating randomly ordered
nanostructures with amorphous thin-films to form 3-D photovoltaic device structures.

Both the AZO/ITO nanoparticle composite layer and AZO/Ag NW composite coatings
were used as top electrodes for the 3-D hybrid structures. Although good contact and efficient
charge collection were detected using the former, the film cracked and delaminated due to its
brittle nature upon mechanical bending. The AZO/Ag NW composite coating conformally
covered the 3-D nanowire array at 200°C, enabling efficient charge collection while staying
intact during mechanical bending down to R = 4 mm. The results reported here demonstrate the
efficacy of the disordered hybrid NWSC devices for enhancing light scattering and, combined
with conformal top contacts, are an alternate approach to efficient power generation using
flexible solar cells.

When the flexible NWSCs were mechanically bent concave-up to R = 38 mm, an 8%
increase in Jsc was detected while a 12% decrease was detected in the same 3-D devices when
bent concave-down. These 3-D devices showed an optical absorption enhancement by 4% and
degradation by 8% when the substrate was bent concave-up and concave-down, respectively.
These experimental results indicate that light trapping within the 3-D nanowire network can be
altered by changing the period of neighbouring nanowires, resulting in changes to the amount of

light rays absorbed by the NWSCs. A change to the device’s Voc resulted due to lateral strain of
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0.132% along the a-Si:H thin-film that was parallel to the substrate surface, indicating a density
of nanowires between 2x10° cm™ and 4x10® cm™ could reduce the contribution of lateral strain
to the electrical performance of the 3-D devices. These results show the viability of enhancing
the device’s current collection through mechanical bending of 3-D devices.

An effect similar to that of an electronic lotus leaf with self-cleaning properties was
achieved by coating the 3-D hybrid NWSCs with PDMS to alter the surface energy and create
super-hydrophobic NWSCs. Incorporating a conformal PDMS layer on the NWSCs helped
increase the contact angle of the wetting surface to increase up to 155°-160°. By encapsulating
the NWSCs in PDMS and creating a planarized film, the contact angle was decreased to 112°. I-
V characterization showed no major changes to the NWSCs with the PDMS coating due to the >
90% optical transparency in the visible spectrum. These results show the efficacy of fabricating

high efficiency, self-cleaning NWSCs directly on flexible substrates.

9.2 The Future of Flexible 3-D Hybrid NWSCs

Areas for future study include:

1. Treatment of the ZnO/n" interface to reduce localized interface states and increase

conductivity to enhance the electrical characteristics of the hybrid nanowire devices

2. Improve the PCE of the solar cell by incorporating intrinsic nc-Si:H thin-films between

the n*/i and i/p” interfaces

3. Mechanical bending of NWSC arrays (with improved interfaces) of varied lengths and

densities
134



4. Mechanical bending of ordered NWSCs with controlled angles to the substrate

Point #1 above is two-fold: 1. Treatment of the ZnO/n" interface to reduce localized states
could enhance collection of minority carriers that diffuse through the n* a-Si:H layer in the solar
cell for collection at the Cr electrode and minimize the chances of losing the carriers to these
localized trap states; 2. A treatment prior to depositing the n* a-Si:H film could also improve
collection of the generated carriers by increasing the conductivity of the ZnO nanowires and
reducing the total series resistance in the 3-D device. Currently, the conformal deposition of n+
a-Si:H is critical to ensure the carriers would have a path to the bottom Cr electrode while the
ZnO nanowires act only as a pillar support to ensure a 3-D structure. But, by including the ZnO
nanowires as an active part of the device, the collection of carriers could be more efficient. One
possible method might be a pre-anneal treatment of the ZnO nanowires.

Point #2 may help reduce the shallow defect states at the n*/i and i/p* interfaces,
increasing the Voc and Rghne OF the planar solar cell by expanding the quasi-fermi energy levels
of the p* and n* films, and thereby increasing the built-in energy of the solar cell. Using these
films to fabricate hybrid NWSCs would facilitate use of longer NWSCs and greater nanowire
densities without compromising device performance.

Points #3 and #4 are follow-up studies to points #1 and #2; the NWSC array with reduced
interface states should be characterized under applied bending to further assess the electrical
enhancements that may be gained by increasing the heights and densities of the nanowire array.
Bending NWSC arrays with increased densities from 2x10% cm™ to 2.8x10% cm™ at R = 38 mm,

helped reduce the effect of AVoc While enhancing the Jsc achieved through bending the substrate
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due to the reduced area of a-Si:H thin-film that is parallel to the substrate. Thus, the contribution
of plane-strain from bending the NWSCs was reduced by increasing the density of NWSCs.
More experiments at different radii would provide further insight to the 3-D device
performances.

To ensure a systematic study, the ZnO nanowire arrays employed should be ordered upon
growth and possess pre-determined tilts that each wire makes to the substrate to better assess and
compare the improvements detected between the NWSCs and disordered NWSC arrays. The
study can also use the analytical model that was presented in Chapter 5 of this dissertation to

further assess the experimental results.

9.3 Published Articles and Conferences Presented

9.3.1 Journal Articles and Conference Proceedings

PEER REVIEWED JOURNALS

M. K. Pathirane and W. S. Wong, “Optical and Electrical Characteristics of Nanowire

Solar Cells under Applied Bending”, Small, just accepted, 2016

e N. Dhindsa, J. Walia, M. Pathirane, |I. Khodadad, W. Wong and S. S. Saini, “Adjustable
Optical Response of Amorphous Silicon Nanowires Integrated with Thin Films”,
Nanotechnology, just accepted, 2016

e M. Pathirane, B. lheanacho, A. Tamang, C.-H. Lee, R. Lujan, D. Knipp, and W. S. Wong,
“Hybrid ZnO nanowire/a-Si:H thin-film radial junction solar cells using improved
nanoparticle front contact”, Applied. Physics Letters, 107, 14, 2015

e A. Tamang, M. Pathirane, R. Parsons, M. M. Schwarz, B. Iheanacho, V. Jovanov, V.

Wagner, W. S. Wong, and D. Knipp, “Zinc oxide nanowire arrays for silicon core/shell solar

cells”, Optics Express, 22, 2014, pp. A622-A632
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MANUSCRIPTS UNDER REVIEW OR IN PROGRESS

« M. K. Pathirane, H. Hosseinzadeh-Kaligh, I. A. Goldthorpe, and W. S. Wong, “Conformal
and Transparent Silver Nanowire Electrodes for 3-Dimensional Solar Cells on Flexible
Substrates”, in submission, 2016

9.3.2 Oral and Poster Presentations

ORAL

« Pathirane M., Hosseinzadeh H., Goldthorpe 1., and Wong W. S., (2015) “Transparent Ag
Nanowire Electrodes for 3D Structured Solar Cells”, Electronics Materials Conference
(EMC), Columbus, OH (International conference)

e Pathirane M., lheanacho B., Lee C-H., and Wong W. S., (2015) “Amaorphous Silicon
Nanowire Solar Cells on Flexible Substrates”, TechConnect World Innovation, Washington,
DC (International conference)

e Pathirane M., (2014) “Hybrid Nanowire/Thin-Film Solar Cells”, Waterloo Institute for
Nanotechnology, Waterloo, ON (Invited talk)
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139



Appendix |

Material Properties

PEN substrate
Glass transition temperature: 260°C
Young’s modulus: 5 GPa
Poisson’s ratio: 0.35 [125]

Glass (Corning) substrate
Glass transition temperature: 600°C

Young’s modulus: 70 — 80 GPa [126]

Cr thin-film
Glass transition temperature: 600°C
Young’s modulus: 279 GPa

AZO thin-film
Young’s modulus: 106.7 GPa

Poisson’s ratio:~ 0.3
PDMS

Young’s modulus: 360 kPa [127]

Poisson’s ratio: 0.5
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Appendix Il

Geometric Model of Nanowire Displacement

The distance from the substrate center (assuming a nanowire exists in this location) for each
nanowire after bending, x’, was found using geometric analysis. The solid blue line in the figure
below represents a nanowire and the dotted line indicates the substrate center when the substrate
is flat and bent concave up.

i h: height of the nanowire; R: radius of curvature

@) x: distance of the nanowire from the center of the
device where x =0

D: Device length

B: Resulting nanowire tilt from its original position
upon substrate bending

6: Degree of curvature

=

o=
>
=1
0O
I

(b)
Limits:
At x =0, § = 0.
LR At all other points of x, B = sin™! (%)

{,'J'____'_________________:m];—_"'

Figure A67. (a) A nanowire of height h and distance x from the substrate center; (b)
The nanowire (in blue) moved toward the substrate center as the substrate (blue) is
bent concave-up with respect to its original form (in grey).
When the device is bent concave-up:
x=x"+x"
x'=x—hsin(B +vy)
where y is the original angle of the nanowire with respect to the substrate surface (shown
oriented + to substrate in the figure above). Similarly, when the device is bent concave-down:
x' = x + hsin(B — y).
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