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Abstract

Harnessing solar energy has become a promising clean and renewable energy
source alternative to fossil fuels since the development of low-cost dye sensitized solar
cells (DSSC) and organic photovoltaic solar cell devices. Their power-conversion
efficiencies, below 13% and 9% respectively, still limit the economic viability of these
technologies. The geometry and optical properties of photonic crystals can be used to
improve the absorption and charge collection efficiencies of these devices. This thesis
describes the fabrication of TiO, DSSC and ZnO-polymer solar cell devices based on a
three-dimensional photonic crystal structure. Photonic crystal polymer structures were
produced by holographic lithography and thermally stabilized in order to be used as
templates for atomic layer deposition (ALD) of various metal oxides. For this purpose,
an ALD apparatus was built and ALD processes for the growth of TiO,, Zn0O, Al,Os,
ZnO:Al, and ZrsN, were established and deposited on photonic crystal templates.
After ALD, the template was removed by calcination at 500°C, at which ZnO:Al films
lost their conductivity of 250 S/cm preventing their use as transparent conducting
oxide (TCO) electrodes. The produced 90 nm TiO, photonic crystal shell DSSC and
TiO, inverse replica devices based on the dye N-719 and I'/I; electrolyte provided
power-conversion efficiencies of 0.9% and 0.49% respectively and their diffusion lengths
were 2x and 3x longer than that of a nanocrystalline reference device respectively.
ZnO-polymer devices, comprising a P3HT layer as absorber and PEDOT:PSS film as

hole-transporter, were also investigated.
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Introduction

The total annual world power demand of human civilization is currently 16 TW [1], of
which 81% is provided by fossil fuels [2]. Neglecting the continuous growth of global
power demand, fossil fuel reserves would be sufficient to meet only 54, 64, and 112 years
of global production of oil, natural gas, and coal respectively [1]. Thus, in order to
progress, our civilization requires renewable energy sources.

The sun provides earth with as much energy every hour as civilization uses each
year [3]. Solar energy is perpetual and non-polluting, and consequently an attractive,
alternative energy source to fossil fuels. Technologies such as concentrating solar
thermal power and solar photovoltaics have been developed in order to exploit solar
energy by transforming it into heat and electrical energy respectively. However, the
present global power capacity of both technologies, 1.8 and 70 GW respectively [2], is
still far from meeting global energy demand. This is mainly because of their incapability
of competing with the the cost of conventional grid electricity [3]. Solar photovoltaic
cell devices in particular offer great prospects to become economically viable due
to their potential for decentralized energy generation and low-cost manufacture by
processes such as high-throughput roll-to-roll processing. The feasibility of this type
of processing results from the use of soluble molecules and conjugated polymers in
the device. Despite the processability and low cost of these materials, their large
band-gaps, limited charge carrier mobilities, and indirect conduction pathways still
limit device performance. As a consequence, in order to reach their full potential these
low-cost solar cell technologies need to become more efficient in converting sunlight

to electricity by increasing their absorption and charge collection efficiencies. These
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factors can be controlled either by material design, optimizing the device geometry, or
by moulding the flow of light in the device.

The aim of this thesis is to develop a solar cell device, with a new geometry
that provides direct conduction pathways, using existing photovoltaic materials that
allow high-throughput manufacture. The proposed device geometry has the form
of a three-dimensional photonic crystal structure. Photonic crystals are composite
materials embodying a periodically modulated refractive index distribution with a
periodicity comparable to the wavelength of light [4]. The refractive index distribu-
tion of photonic crystals determines their optical properties including transmission,
reflection, diffraction, group velocity, and localization of the incident light. Hence
photonic crystals have the potential to control the light distribution in a solar cell
device in order to increase light-matter interactions and thus increase effective optical
absorption path lengths. The proposed photonic crystal geometry can potentially
increase the power-conversion efficiency of a solar cell device by reducing the lengths
of its conduction pathways and simultaneously improving its absorption by photonic
design. However, even though the device targeted in this thesis is named a photonic
crystal solar cell, its photonic properties have not been optimized to increase the
absorption or power-conversion efficiency as outlined above. Instead this work intends
to show the feasibility of the technique holographic lithography to create such a device
on an industrial scale. This thesis shall therefore lay the groundwork for a photonic
crystal solar cell device that can potentially be designed with an increased optical path
length or minimized radiative recombination losses.

The thesis is structured as follows. The following chapter introduces the optical
properties and possible applications of photonic crystals, the basic designs and limita-
tions of existing types of solar cell devices, and different strategies for increasing the
power-conversion efficiency of solar cell devices using photonic crystals (Chapter 2).
The chapter concludes with a scheme of the proposed solar cell device and a plan
to realize it. The project plan involves the fabrication of photonic crystal polymer

structures by holographic lithography and their use as templates for the growth of
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metal oxide films by atomic layer deposition (ALD). For this purpose the holographic
lithography technique was modified to produce more uniform and thermally stable
polymer templates (Chapter 3). Chapter 4 demonstrates the construction of an ALD
apparatus, the completion and characterization of the necessary ALD processes, and
use for deposition on photonic crystal polymer templates. The resulting metal oxide
photonic crystal structures were implemented in solar cell devices. The fabrication
processes and characterization of these photonic crystal solar cell devices are described
in Chapter 5. The last chapter summarizes the produced solar cell devices and their
characteristics, explains the deviations from the proposed device, and presents ideas

for future work (Chapter 6).



2 Photonic Crystal Solar Cells

2.1 Solar Cells

In 1839, nineteen year old Edmund Becquerel immersed a silver coated platinum
electrode in an electrolyte under illumination with visible light and detected an electric
current—he discovered the photovoltaic effect [5]. The same effect occurs in a solar
cell which is a photovoltaic semiconductor device that converts light energy (from the
sun) into electrical energy. For this purpose the device absorbs photons and produces
electrons and holes. In order to perform work in an electrical load the charge carriers
need to be separated and driven out of the device along different paths to separate
terminals by an internal force. The general mechanism of a solar cell device will be
explained in the following section, then different established device structures will be

introduced and their limitations discussed.

2.1.1 General Mechanism of a Solar Cell Device

A solar cell device is a structure in which illumination produces an electrical current
of electrons and holes, along with an electrical voltage at its terminals [6; 7]. Its
mechanism is best illustrated on a heterojunction that comprises an absorbing material
sandwiched between an n-type semiconductor (left) and a p-type semiconductor (right)
with larger energy band-gaps (E,) and electron affinities (x.) (see Figure 2.1a on the
following page). The absorber produces electron-hole pairs under illumination which
are separated by the n-conductor and p-conductor. The reason that n-type and p-type

conductors are permeable to majority carriers but impermeable to minority carriers is
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Figure 2.1: Conduction bands (CB), valence bands (VB), Fermi levels (Er), and
vacuum energy (Ey,. =—e@, where ¢ electrical potential) of absorbing, n-type,
and p-type semiconductors used in a heterojunction solar cell device (a). Electron
affinities (x.) and band-gaps of n and p-conductors are different from the absorber.
Metal contacts with Fermi levels Ep jofp and EF yight and work functions peg and
Hright serve as terminals. Band diagram of the same device disconnected from
an external load (open-circuit) in the dark where Fermi levels merge at Er (b).
Under illumination (assuming homogeneous intensity distribution in absorber)
the Fermi energies of electrons (Erc) and holes (Ery) emerge (c). The resulting
chemical energy per electron-hole pair e, = Erc — Epy is the maximum energy
that the device can utilize per absorbed photon in order to perform electrical
work in the external load. (d) shows band diagram of the illuminated solar cell

device but at short-circuit condition EFf jeft = EF right-
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that they provide a large conductivity for majority carriers and a small conductivity
for minority carriers. The larger band-gap of n and p-conductor compared with the
absorber ensures that photons can reach the absorber and that the conductivity of
minority carriers is further reduced. In the dark the magnitude of the electro-chemical
potential for electrons in a semiconductor, 1, = . — ep, equals the electro-chemical
potential for holes, m, = un + ep, where pu;, ¢, and +e¢ are the chemical potential,
electrical potential, and vacuum energy for electrons and holes. The Fermi energies
(Ep =ne=—mny) for the conduction and valence bands of the n-type and p-type materials
merge into the Fermi energy of the absorber and the metal terminals, E jef, and E'p yight

(Figure 2.1b).

Illuminated Solar Cell Device

Under illumination and provided that the light energy is larger than the band-gap of
the absorber, the electro-chemical potentials of electrons is raised and of holes lowered.
The distribution function of electrons in the conduction band and holes in the valence
band become quasi-Femi distributions with Fermi energies Frc=n, and Fpy =—n,

respectively (Figure 2.1¢,d). The difference between these Fermi energies

feh = Epc — Epy = Ne + 1 = e + fin (2.1)

is the chemical energy per electron hole pair gained by the absorbed photon [7]. As a
result a voltage V' develops from the difference of the Fermi energies at the left and
right terminal [7]

eV = Ep ett — EF right- (2.2)

Two forces act on the photo-generated electrons and holes simultaneously. One
force is the electric field, £ = —grad(¢), acting on the charge, ¢ = z;e (2, = —1 for
electrons and z, =1 for holes), and the other force is the gradient of the chemical
potential, grad(u;), acting on the charge carrier concentration n;. The net force of

both forces is the gradient of the electrochemical potential, grad(n;), that drives the
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electrical current of each charge carrier

Ji = —%{grad(m) + grad(qo)} = —%gfad(m) ) (2:3)

where o; = en;b; is the conductivity, which depends on the density and mobility b; of

the charge carrier [7]. The total photo-generated current in the device is
. . . Ue Uh
Jo =Je+jn = ?grad(EFc) - ?grad(EFV) : (2.4)

If the device is disconnected from a load (Rjoaq =00) no charge current can flow,
Jo = 0. In this open-circuit condition the voltage at the terminals reaches its maximum,
i.e. the open-circuit voltage V =V,. (Figure 2.1¢). By connecting a circuit with a
resistive load (Rjoaq < 00), the voltage between the terminals is reduced (V <V,.). The
onset of the driving forces grad (Frc) and grad(Epy) on the majority carriers in the
n-type and p-type semiconductors respectively results in an electric current, jo >0
(Equation 2.4), flowing into the external circuit [7]. If both terminals of the device are
shorted (Rjoaq =0 and V' =0) the produced charge current is referred to as short-circuit
current js. or more conveniently as short-circuit current density Jy. (current per unit
area) (Figure 2.1d).

In the case the electric field is small compared to the chemical potential gradient,
—grad(¢) < grad(u;), charge carriers rely primarily on Brownian motion in order to
reach the n-type or p-type material and become separated. Hence it is practical to
specify a mean path length for the diffusion of a charge carrier during its lifetime 7.
For a Brownian charge particle with diffusion coefficient D, this path length is the
diffusion length [7]

L, =+/D.7, . (2.5)

If the path of a charge carrier to the charge-separating n-type or p-type material is
larger than L. then an electron-hole pair will be lost by recombination before it can

be separated.
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Energy Delivery to a Load

The maximum energy delivered to an external load by a number of N, electrons and

0Ny, holes flowing in and out of the device is given by the Free energies
(5Fe = ’f]e(”\[e and (5Fh = 77h6Nh . (26)

With the flow of an electric current an equal number of electrons and holes are removed
or added, i.e. N =0N.=0Ny,. Thus the maximum chemical energy of 0 N generated

electron-hole pairs is the total Free energy
0F =0F, + 0F, = (e + mn)ON = tiend N (2.7)

that an ideal solar cell device (for which eV,. = pen) can utilize in order to perform
electrical work in the external load [7].

In order to use the full Free energy 6 F the device needs to provide a maximum
energy current density JiaxVimax (power output density) that is close to ~Ji.V,.. Thus,
a measurable efficiency for how much of the Free energy is delivered to a load is

conveniently expressed by the Fill Factor

_ Jm ax Vm ax

FF = 2.8
JSC‘/OC ( )

In real devices, losses occur in form of radiative and non-radiative recombination losses,
resistive losses, and current leakage so that V.. < Ve and Jpax < Jse, and consequently
FF < 1. These losses can be reduced by material design and the geometry of the solar

cell device, which will be discussed in the remaining part of Section 2.1 and Section 2.2.

2.1.2 Design Requirements and Efficiency Limit of a Solar Cell

The challenge for reducing losses in a solar cell device is to find suitable materials that

lead to maximum conversion of light energy into chemical energy and to simultaneously
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assemble these materials in a design that enables efficient charge separation and

transport to the load.

Requirements for the Solar Cell Design

The requirements for a solar cell design with minimal energy-conversion losses can
be summarized as follows. First, the solar cell needs to absorb all incident light with
energy larger than the band-gap of the absorbing semiconductor and generate electron-
hole pairs. Second, all generated charge carriers need to reach the heterojunction
during their lifetime. Third, all electron-hole pairs need to be separated at the
heterojunction. Fourth, all separated charge carriers need to be collected at the
terminals and transported to the load.

Losses occurring in a solar cell device with respect to each of these four conditions
are conveniently addressed by the quantum efficiency (QE), often called internal
quantum efficiency. The QE states the fraction of charge carriers that the solar cell

device delivers to the external load as a function of energy of the incident photons (F),

QE(E) = (1 = R(E))A(E) xans (E) 1lsep(E) 1ol (E) (2.9)

where R(E), A(E), and the efficiencies Niyans(E), Nsep(£), and neq1(E) correspond to
the probability of photon reflection at the device, photon absorption, charge carrier
transfer to the heterojunction, charge separation, and charge collection at the terminals
respectively [6; 8]. In a solar cell design each of these efficiencies need to be considered—
a reduction of one of them due to device limitations or losses results in an overall
reduction in the QE. For measurements (as described in Section 5.2.2), it is convenient

to define the external quantum efficiency

EQE(E) = —— - (2.10)
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Theoretical Limit of Energy Conversion Efficiency

The efficiency of how much of the power density of the incident light, P, is maximally
converted into electrical power density, Pyax, by the solar cell device is given by its

power-conversion efficiency

Pmax _ Jmaxvmax . JSC‘/OCFF
P, P P '

n= (2.11)

The theoretical limit of the obtainable power-conversion efficiency of a solar cell is
determined by the detailed balance limit, first established by Shockley and Queisser in
1961 [9]. The detailed balance limit states that the spectral solar photon flux f(FE)
through a solid angle €2(6;,) into the solar cell device is balanced by the spectral

spontaneous-emission photon flux,

2 2
2n; gl

h3c? exp (M) 1

fV(E) Ta7 V) -

ks Th
through the solid angle €2(6,,) out of the device into its surroundings, where nyeq, Oin,
and 6, are the refractive index of the incident medium and the acceptance angles
(half of the apex angle) of the incident and emitted light cone respectively [10]. The

detailed balance limit also assumes complete absorption of incident light,

1 if E>E,

0 if E<E,,

and that the solar cell is in thermal equilibrium with the ambient, radiating like a
black body at ambient temperature 7, with a spectral photon flux, determined by

Plank’s radiation law,
2n? L E?

h3c? exp (L> -1

f(E,T,) =
kpTa
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Figure 2.2: (a) Diagram of the acceptance angles of the incident (6;,) solar light cone
(0s=0.26°) and emitted (foyt) radiation cone for a solar cell device. (b) Spectral
irradiance of the sun measured at sea level with a solar zenith angle of 48.2°
(AM1.5) and at an extraterrestrial position (AMO) for comparison (Data from
ref. [11]). (c) Theoretical limit for energy conversion efficiency of a single band-
gap solar cell under AM1.5 sunlight plotted against band-gap of the absorber
(Adapted from ref. [12]).

[6]. The balance of the photon flux in and out of the device results in a net current

density generated by the device

Oin o0
JV) =e [ [ AB)F(B) - (B, T.)] cos 0 dVdE
T (2.12)
—e AE)[fo(E, Ty, V) — f(E,T,)] cos 0 dQdE

where the first and second integral describe the contributions from the net absorption
and the net emission (or radiative recombination) current densities in excess to that
at thermal equilibrium, respectively [10]. The theoretical limit for n (in Equation 2.11)
results from calculating P, = fooo Ef(E)dE and Pyax = J (Vinax) Vinax, where Vi, is
obtained from the relation 0= dP/dV =J(Vinax) + Vinax| dJ/ dV ] max [10].

For the acceptance angle of the incident solar light cone (6;, =0.26°), emission
into the hemisphere (0, = 7/2), and the spectral irradiance Efi(E) of AM1.5
sunlight, the theoretical limit of the energy-conversion efficiency of a single absorber

solar cell device is ~33%, at an optimum band-gap E, ~ 1.4eV of the absorbing
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semiconductor [6] (Figure 2.2). A method to further increase this n limit is to reduce
radiative recombination losses by matching the acceptance angles 6;, =6,.. This can

be illustrated by rearranging the integrals in Equation (2.12) so that

Oin o0

(2.13)
—e f jA(E)[fV(E,Ta, V) — f(E,T)] cos§dQdE .
Oin Eg
If 6;, = 0oy then the second integral vanishes and J(V') is maximized, leading to 7
above 40% [10]. If charge-carrier thermalization losses would be reduced in e.g. tandem
devices with multiple band-gaps or hot-carrier solar cells, which have lower cooling
times of charge-carriers, the theoretical limit of the power-conversion efficiency could
be even further raised above 86% by using 6, =0, [10; 13; 14].

As Figure 2.2c¢ shows, the theoretical limit of the device efficiency sets the
requirement for the optimum band-gap of the absorbing material. State of the art
materials that provide a band-gap close to the optimum of 1.4 eV are scarce. Inorganic
materials include e.g. gallium arsenide (GaAs, E, = 1.42¢eV), indium phosphide
(InP, E,=1.35€eV), cadmium telluride (CdTe, E,=1.44€V), copper indium gallium
diselenide (CulnGaSe,, E;=(1.0-1.7)eV), and silicon (Si, E;=1.1eV) [6]. Organic
materials with band-gaps close to the optimum are even scarcer, band-gaps are usually
above 1.9eV. But this class of materials has the advantage of being chemically designed
so that their band-gap can be tuned (more details on organic materials in Section 2.1.4

on page 16).

2.1.3 Inorganic Solar Cells

From 1876 the first solid state photovoltaic devices were developed when William
Adams and Richard Day measured a photocurrent between two heated platinum

contacts on a sample of selenium [6]. More solid thin-film devices followed that were
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n-type E.1 p-type «

Figure 2.3: Band diagram of a p-n junction.

based on semiconductor-metal (Schottky) barrier contacts (not further discussed here).

However the power produced of these structures was insignificantly low.

Crystalline Devices

Not until the 1950s were potentially useful quantities of power produced by photovoltaic
devices in crystalline silicon [6]. In 1954 Chapin, Fuller, and Pearson developed the
first silicon solar cell device that converted sunlight energy at 4.5% efficiency [15]. This
device was based on a homojunction between phosphorous doped (n-type) and boron
doped (p-type) silicon, called p-n junction, which produced much better rectifying
action than the previous Schottky barriers (see Figure 2.3). Since then the solar
cell industry has been dominated by inorganic solid-state devices, mainly based on
crystalline silicon.

The highest energy conversion efficiency to date of a silicon solar cell device
with a single p-n junction is nearly 25% under un-concentrated sunlight [16; 17—
already close to the theoretical limit of 29% for Si [6]. Such a silicon p-n junction
consists of a 22300 wm thick moderately doped p-type absorber (acceptor concentration
10" < np < 10" ecm™2) that is sandwiched between a less then 1pum thick, highly
n-doped (np = 10' cm™3), electron collecting layer on the illuminated side and a
micrometer thin, highly p-doped, hole collecting layer on the rear side [7].

However silicon is an indirect semiconductor which requires a phonon for the

absorption transition between the valence and conduction bands under illumination
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due to the requirement for conservation of momentum. As a result, the absorption
length of silicon is 100 pm. Hence the diffusion length of photogenerated charge carriers
has to be at least 200 um or at least twice the silicon thickness so that the charges
can reach the p-n junction. But grain boundaries in the material possess defect states
in the forbidden energy gap and reduce minority carrier lifetimes and therefore their
diffusion lengths. Hence the grain size needs to exceed the device thickness so that
the effect on the diffusion length remains small. For that reason crystalline silicon
solar cell devices are used which typically suffer from energy-consuming fabrication
and high production costs [18; 19].

Gallium arsenide (GaAs) is another material that is used for p-n homojunction
solar cell devices. Alta-devices fabricated a crystalline device with 28.3% efficiency—
the highest efficiency to date for a single junction device exposed to 1sun [20]. The
n-type region of GaAs can be doped with silicon or tin and the p-region with carbon or
beryllium [6]. Because GaAs is a direct semiconductor the absorption length of GaAs
is two orders of magnitude smaller compared to silicon so that devices can be made
a few micrometers thin. The disadvantage is that production of high purity GaAs
cells is 5-10 times more expensive than pure silicon cells [6]. The solution for the
reduction of device production costs is to use materials from an ample supply without

the requirement of long and demanding fabrication processes.

Poly-crystalline and Amorphous Thin-Film Devices

The mechanism of a thin-film solar cell device is based on a heterojunction between
an absorber, n-type and p-type materials (similar to Figure 2.1 on page 5). In order
to compete with crystalline silicon (c-Si) devices the absorbing material of thin-film
devices requires direct transitions between the valence and conduction bands, which
results in absorption lengths (La) of a few wm (Table 2.1). This length scale relaxes
the demands of the diffusion length L. of generated charge carriers so that defects,
impurities, or grain boundaries may exist to a higher degree compared to the above

crystalline devices.
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n-type p-type La (um) o (cm™ ') npce (%) References Year

CdS  CdTe 10 10° 17.3 [21; 22] 2011
CdS  CIGS 0.1 10° 20.3 [22; 23] 2011
GaAs  GaAs 1 10% 18.4 [22; 24] 1996
nc-Si:H  a-Si:H 20 500 12.5 [20; 22] 2007

Table 2.1: Efficiency (npcg), absorption coefficient («) at 1.5eV, and absorption
length (La =a~!) of most efficient poly-crystalline thin-film solar cells based
on the materials: Cadmium sulfide (CdS), cadmium telluride (CdTe), copper
indium gallium diselenide (Culn,Ga,_ Se,; CIGS), gallium arsenide (GaAs), and

hydrogenated nano-crystalline Si (nc-Si:H) and amorphous silicon (a-Si:H).

In contrast to ¢-Si, amorphous silicon (a-Si) is a direct semiconductor and was
successfully used in combination with nano-crystalline silicon (nc-Si) in thin-film
devices with efficiencies above 12% [20]. However in a-Si dangling bonds of the silicon
atoms lead to energy states for electrons and holes that are not confined to bands and
fill the entire forbidden gap, resulting in recombination centers for minority carriers.
In order to dope a-Si and nc-Si to produce a p-n junction in these devices, the dangling
bonds are saturated by the inclusion of about 10% hydrogen. But the defect density of
the hydrogenated amorphous (a-Si:H) and nanocrystalline (nc-Si:H) silicon increases
with light exposure resulting in a (10-30)% efficiency drop during the first six months
of device operation [6].

Unfortunately many other direct semiconductors with favorable energy gaps
cannot be doped equally well n-type and p-type, which demands the construction of a
heterojunction [7]. The most efficient poly-crystalline thin-film devices to date that
are based on poly-crystalline direct semiconductors with power-conversion efficiencies
up to 20% are summarized in Table 2.1. Thin-film solar cell devices are based on
poly-crystalline materials with less stringent purity demands compared to crystalline
solar cells and make large scale productions feasible [25; 26]. However, material and
manufacturing costs of these inorganic material devices are still too high for wide

acceptance [26].
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2.1.4 Organic Solar Cells

Organic solar cell devices are based on carbon-based molecules with semiconducting
properties. These organic semiconductors owe their properties to electron delocalization
along their conjugated backbones that mainly consist of alternating C—C and C=C
bonds [8]. In contrast to most of their inorganic counterparts organic materials
provide large absorption coefficients 2 10° cm™ in the visible, i.e. absorption lengths
(Ly=a"!') on the 100 nm length scale, and allow adjustment of their band-gap by
molecular design [27]. Due to inexpensive synthesis and solution processability in a
roll-to-roll fashion with high throughput, these organic materials potentially fulfill the
technological criterion for low-cost photovoltaic devices that can compete with current
grid electricity.

However, the highest reported power-conversion efficiency of organic solar cell de-
vices to date still remains below 9% [28].! This is a large difference from the theoretical
Shockley-Queisser limit (in Section 2.1.2) as a result of recombination losses inherent
in organic solar cells. One reason for these losses is that charge carrier mobilities in
organic semiconductors are generally in the range of (1077-1073) cm?/ V's [27], which
is many orders of magnitude less than in inorganic solar cells [30; 31]. The other reason
for recombination losses in organic solar cells is that electron-hole pairs experience
higher Coulomb attraction than in inorganic solar cells, which can be explained as
follows. If an absorbed photon excites an electron from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of an organic
semiconductor, it generates a bound electron-hole pair (exciton) instead of free charge
carriers (Figure 2.4 a,b). The exciton binding energy is between (0.1-1.4) eV in contrast
to a few millielectron volts in inorganic semiconductors [27]. The larger binding energy
arises from the fact that electrons and holes in organic semiconductors are localized
and the low dielectric constant (usually ¢, ~3—4) enhances the Coulomb attraction

between them [32; 33]. Thus the organic solar cell device requires a mechanism to

IThis applies to organic solar cells with a single heterojunction. A tandem solar cell with multiple
heterojunctions reached more than 10% recently, as reported in ref. [29] and later on page 22.
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Figure 2.4: Energy level diagram illustrating charge separation in organic solar
cells. Photon absorption excites an electron into the LUMO level of the donor
(a) and forms a bound electron-hole pair (exciton) with the hole in the HOMO
level (b). Excitons that manage to diffuse (c) to the donor-acceptor interface
before they decay then form a localized interfacial electron-hole pair (d). The
energy of the formed charge-transfer state (CT) illustrates the mutual Coulomb
attraction of electron and hole. This Coulomb attraction must be overcome by
the chemical potential gradient at the donor and acceptor interface so that the

interfacial electron-hole pair can dissociate (e) in its lifetime.

dissociate generated excitons into free charge carriers before they undergo radiative or

non-radiative decay, i.e. before electron-hole pairs recombine.

Mechanism of Organic Solar Cells

Organic solar cells involve a heterojunction between n-type and p-type organic semi-
conductors with different electron affinities, which serve as electron acceptor and
electron donor material respectively and can both take the function of an absorber
(Figure 2.4). Electron donor and acceptor materials are in contact with two charge
collecting electrodes, anode and cathode respectively. Each electrode can be supplied
with an additional semipermeable p-type and n-type interface layer, which selectively
conducts holes and electrons to the anode and cathode respectively (Figure 2.4).
The dissociation of photo-generated excitons in the donor and acceptor mate-
rial requires that excitons diffuse to the donor-acceptor interface before they decay
(Figure 2.4¢). Once arrived at the interface, excitons tend to remain localized in

a charge-transfer state because the ~(0.5-1) nm wide separation of adjacent donor
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and acceptor molecules leads to a Coulomb attraction between localized electron and
hole (Figure 2.4d) [32]. The magnitude of the Coulomb attraction is in the range
(0.1-0.5) eV and exceeds the thermal energy (0.025¢eV) of both charges [32]. Hence the
chemical potential gradient at the donor-acceptor interface must be sufficient to drive
the charge carrier separation before the geminate electron-hole pairs recombine at the
interface (Figure 2.4¢). Dissociated electrons and holes then need to travel through
acceptor and donor respectively so that they can be collected at the electrodes before

they recombine.

Planar Bilayer Organic Solar Cell

The first organic solar cell device was patented in 1979 [34] and developed in 1986 [35]
by Ching W. Tang in form of a planar bilayer heterojunction with 1% power-conversion
efficiency. The bilayer was produced by thermal evaporation of a p-type copper
phthalocyanine molecule and a n-type perylene tetracarboxylic derivative under low
pressure on the transparent conducting oxide indium doped tin oxide (ITO). Not
until 1992 a 50-100fs fast electron transfer between a buckminsterfullerene (Cg)
derivative and the conjugated polymers poly(3-hexylthiophene) (P3HT) [36] and poly-
[2-methoxy,5-(2’-ethyl-hexyloxy)-p-phenylene vinylene] (MEH-PPV) Sariciftci et al.
[37] was demonstrated and led to the first solution processed polymer based solar
cell device, reported by Sariciftci et al. [38] (structural formulas in Figure 2.5). This
polymer solar cell device had a power-conversion efficiency of only 0.04% and its
heterojunction was based on a planar bilayer morphology like the small molecule
device from Tang. The reason for the modest power-conversion efficiency of planar
organic solar cells is that the absorption length of organic semiconductors is about
two orders of magnitude longer than their exciton diffusion length, which is usually in
the range ~(3-10) nm [27] (Figure 2.6a). Consequently only a small fraction of the
absorbed light generates excitons that can reach the interface of the heterojunction
and dissociate. Thus the effective thickness of the absorbing material in the planar

heterojunction is limited to the exciton diffusion length.
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Figure 2.5: Structural formulas of common materials used as donors, acceptors,
and interface layer in organic solar cell devices [8; 39-41]. Abbreviations are
listed in Appendix A on page 112.

a Transparent electrode b Transparent electrode
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Figure 2.6: Heterojunctions in organic solar cell devices. The limited performance of
devices based on a planar bilayer heterojunction (a) results from the short exciton
diffusion (3-10nm) compared to the absorption length. The bulk-heterojunction
of blended donor and acceptor materials (b) results in better device performance.
Device performance is further enhanced by the use of additional electron (p-type)

and hole (n-type) blocking layers.

Organic Bulk-Heterojunction Solar Cell

A solution to the limitation of a planar heterojunction is to introduce a bulk-heterojunction
which consists of donor and acceptor domains where excitons are generated in the prox-
imity of the charge separating junction. Hiramoto et al. [42] first realized this concept
through co-evaporation of donor and acceptor molecules at low pressures. Inspired by
the established research on organic LEDs, the concept of a bulk-heterojunction was
independently introduced in form of the solution processed polymer-polymer blend
of MEH-PPV:CN-PPV [43] and fullerene-polymer blend of PCy,BM:MEH-PPV [44].
The organic blends in these devices consist of an interpenetrating network, formed from

a phase-segregated mixture of the donor polymer and acceptor polymer or fullerene,
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p-type Donor Acceptor n-type Cathode 1npceg Year Ref.
a PEDOT:PSS MDMO-PPV PC.,,BM LiF Al 3.0% 2003 [51]
b - MDMO-PPV  PCyzBM LiF Au 3.3% 2002 [52]
c PEDOT:PSS P3HT PCy,BM - Al 5.0% 2005 [53]
d PEDOT:PSS PCPDTBT PC,BM - Al 5.5% 2007 [54]
e PEDOT:PSS PCDTBT PC,,BM  TiO, Al 6.1% 2009 [55]
f PEDOT:PSS PTB7 PC.,BM - Ca Al 74% 2010 [56]

Table 2.2: Highest efficiencies (npcg) and materials used for cathodes, electron
donor, electron acceptor, and n-type p-type interface layers of most efficient
organic bulk-heterojunction solar cells. All devices had indium tin oxide (ITO)
as transparent anode in common. Please find abbreviations of materials in

Appendix A.

which forms the bulk-heterojunction. Compared with a planar heterojunction, the
internal surface area of these bulk-heterojunctions was greatly increased (Figure 2.6 b),
resulting in a larger photo-induced current density of the solar cell device. In particu-
lar heterojunctions based on PCy BM:polymer blends have been intensively studied
to date. The phase-segregation of these blends was shown to be in the range of
(10-100) nm [43; 45-49]. Moreover, experiments on PCy,BM:polymer devices demon-
strated that better device performance resulted from a higher exciton dissociation
rate at the donor-acceptor interface and enhanced electron mobilities in the PCyBM
domains [49; 50].

The relatively low hole mobility and narrow light absorption range of poly(p-
phenylene vinylene) derivatives (PPV) limited further improvement of PPV-based solar
cell devices to npcp~3% [8] (Table 2.2a,b). This led to a number of different polymer-
fullerene blends, such as PCqBM:P3HT [40]. Optimizations of this blend led to great
improvements in power-conversion efficiency, in the range of (4-5)% [8; 53] (Table 2.2 ¢).
These optimizations were largely based on annealing the PCy,BM:P3HT blend, which
further improved crystallinity and phase-segregtion of the blended domains [53].

Researchers found also in other PCy ,BM:polymer blends that an improved mor-
phology and crystallinity of the blended donor-acceptor domains lead to higher photo-
induced charge generation and higher power-conversion efficiency [32]. The resulting

increase in device performance was attributed to larger charge mobilities in the higher
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ordered domains and optimized domain size, which in turn enables excitons to diffuse to
the donor-acceptor interface more efficiently. However studies on polymer:polymer [57]
and PCBM:P3HT blends [58] showed that a too small domain size (<16 nm) leads
to higher recombination rates of the electron-hole pair at the donor-acceptor inter-
face. This suggested that the optimal domain size of (10-20) nm in a donor-acceptor
blend is established by a balance of two requirements which are, first, efficient exciton
dissociation and, second, exciton diffusion to the donor-acceptor interface [32].

Apart from optimizing the morphology and crystallinity of blended bulk-hetero-
junction solar cells, the efficiency of these devices was additionally improved by adding
n-type and p-type layers in between the photoactive film and the cathode and anode
respectively (as depicted in Figures 2.4 and 2.6 b). These interface layers transport holes
and electrons selectively from the donor and acceptor materials to the electrodes [39].
The most common material used as p-type interface layer is poly(3,4-ethylenedioxy-
thiophene):polystyrene sulfonate (PEDOT:PSS) [structural formula in Figure 2.5;
established in devices (a,c—f) in Table 2.2]. But PEDOT:PSS is acidic and deteriorates
the electrode contact over time so that it is often replaced by transition metal oxides,
such as nickel oxide (NiO), molybdenum oxide (MoO,), vanadium oxide (V,05), and
tungsten oxide (WO,) [39]. Typical n-type interface layers, that can be grown by
sol-gel methods, consist of titanium oxide (TiO,) [55; 59] and zinc oxide (ZnO) [60; 61]
layers, or lithium fluoride (LiF) [51; 52], from thermal evaporation (Table 2.2a,b.e). If
these interface layers are thick enough they additionally enhance the light intensity
distribution in the photoactive film [62] (e.g. Table 2.2¢). Park et al. [55] reported
an 70% increase in power-conversion efficiency by the use of a TiO, interface layer
compared to the device that provided direct contact between photoactive film and
metal electrode [63].

However most of the polymers used for organic solar cells have a band-gap
larger than 1.9eV [8]. As a result, the solar cell device suffers from transmitting
a large fraction of the solar spectrum and, therefore, low photocurrent densities

Jse. This issue was addressed by the development of low band-gap polymers, such as
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PCPDTBT [54; 64] and PTB7 [56; 65] with band-gaps of 1.46 eV and 1.6 eV respectively
(see abbreviations in Appendix A). In addition PCgBM was replaced with PC,,BM
which features a broader absorption range [51]. Solar cell devices with optimized blends
of PCPDTBT and PTB7 as donor polymer and the electron acceptor PC,,BM resulted
in a considerable improvement in power-conversion efficiency (Table 2.2d,f) [56]. The
performance of organic solar cells can be further improved by combining polymers with
different band-gaps in one device. This was realized in a tandem solar cell where two
bulk-heterojunctions with different absorption ranges are stacked on top of each other
and connected in series [8; 66]. Recently power-conversion efficiencies of an organic
tandem solar cell exceeded 10% [29].

However, the benefit of larger Js. in a single junction solar cell by lowering
the band-gap of polymers is at the expense of the open-circuit voltage, because V.
depends on the offset between acceptor LUMO level (E;,0) and donor HOMO level
(Efomo) [32; 67],

Voo < Efluno — Eriono - (2.14)

Moreover, engineering the energy levels of organic semiconductors is not sufficient for
attaining high J;.. Parameters, such as intermolecular interactions, molecular chain
packing, and carrier mobility, affect J. too [8]. All these parameters are correlated.
Optimizing them all in a single polymer represent a significant challenge [8].

Up to now, the bulk-heterojunction based on organic donor-acceptor blends
features the best performing organic solar cell devices. Despite their good performance,
the main limitation of these devices is their vulnerability to charge recombination which
is caused by the low charge carrier mobilities inherent in organic semiconductors and
indirect conduction pathways to the electrode in each donor and acceptor domain [27; 32;
68]. Consequently these limitations are associated to a morphology issue. Unfortunately
the domains in donor-acceptor blends form autonomously during solvent evaporation

so that the morphology of these bulk-heterojunctions is difficult to control.
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Figure 2.7: Schematic of a structured bulk-heterojunction illustrating exciton

diffusion length Ly and absorption length La of the absorbing donor (a). By
keeping donor and acceptor material thin (b), the conduction pathway to the

electrode is further reduced, resulting in less recombination losses.

Structured Bulk-Heterojunction in Organic Solar Cells

The limitations of organic heterojunction blends can be addressed by systematically
structuring their morphology (Figure 2.7). The requirements on the morphology of a
structured bulk-heterojunction in organic solar cells are as follows.

() Mazimum absorption: The thickness of the absorbing donor and acceptor material
distributed throughout the bulk of the heterojunction should be on the order of
the absorption length.

(1) Charge separation: The size of donor and acceptor domains should be on the
order of the exciton diffusion length, i.e. typically ~10nm.

(1) Charge transport: Donor and acceptor domains should provide direct and contin-

uous conduction pathways to the electrodes.

Attempts to meet these requirements include structured organic heterojunctions
and organic-inorganic hybrid heterojunctions. Mainly these structured bulk-hetero-
junctions consist of rod or ridge-like features in the donor or acceptor that are vertically
aligned to the substrate (Figure 2.7a). But only a few of these heterojunctions were
reported with a feature size comparable to the exciton diffusion length and a feature
height comparable to the absorption length of the absorbing domain.

A suitable method to structure the bulk of organic heterojunctions involves the
self-assembly of block copolymers, in which repeat units of donor and acceptor are
covalently bound to each other via a linker unit [69]. Upon solvent evaporation these

copolymers self-assemble and form highly ordered architectures. The morphology of
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these structures is controlled by the weight fractions of donor and acceptor oligomers
and the size of the linker unit. Since this concept was applied to semiconducting
copolymers by Sun [70] a variety of other donor and acceptor moieties were developed
and implemented in heterojunctions. But efficiencies of these solar cell devices remains
limited (npcp<1%) due to substantial recombination at covalent bonding sites at the
polymer backbone [69; 71].

A more established technique for producing structured organic solar cells is
nanoimprint lithography. This technique involves a mold which is used to imprint
a structured pattern in the donor polymer of the heterojunction [72-75]. He et al.
[76, 77] established nanoimprinted P3HT:PCy,BM, and other heterojunctions, with
a feature size of 25 nm, which is closest to the exciton diffusion length produced by
this technique so far. The power-conversion efficiency of the structured devices was
fivefold larger than the planar control device and comparable to a polymer blend
device. However only a fraction of the incident photons are harvested, because the
thickness of the embossed polymer films was at maximum 80 nm, which is only a third
of the absorption length of P3HT [31].

Inorganic materials provide the most flexible control on morphology and interface of
structured bulk-heterojunctions. Metal oxide structures with pores [78-80], pillars [81],
rods [82], and tubes [83-86] with diameters in the range of (10-100) nm were realized in
organic-inorganic hybrid solar cell devices. An additional benefit of using metal oxides is
that charge separation and open-circuit voltage in these structured hybrid devices can be
increased by adjusting the chemical potential with various surface modifications. This
was demonstrated on ZnO-P3HT heterojunctions by grafting carboxylated PCy,BM
(PCy,BA) on ZnO films [87], doping ZnO films with magnesium [88], or depositing
thin TiO, films on ZnO nanorods (core-shell structure) [89].

Apart from influencing conduction pathways and charge separation at the donor-
acceptor interface, the morphology of structured heterojunctions also affects the charge
carrier mobility in conjugated polymers [31]. Coakley et al. [90] and Aryal et al. [91]

showed that the polymer chains of P3HT aligned vertically in pores with a (75-80) nm
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diameter, resulting in a twentyfold enhancement of hole mobility compared to the
coil conformation of P3HT in pores on the 10nm length scale [79; 90]. But the hole
mobility in P3HT and other conjugated polymers ($107*cm?/V's) remains several
orders of magnitude below that of inorganic materials such as metal oxides [90; 92].
In spite of the large electron mobilities, direct pathways in the structured metal
oxides, and an improved performance compared to bilayer devices, the power-conversion
efficiency of structured hybrid solar cell devices with a donor material (such as P3HT)
remains below 1% [78; 81; 86-89]. Metal oxide structures used as electron transporter in
combination with fullerene-polymer blends showed power-conversion efficiencies in the
range of (2-4)% [82; 93]. This is still very low compared to the theoretically achievable
efficiency. The reason for this is recombination losses. These losses occur because
of the low hole mobility in the organic donor materials and long charge collection
pathways. In the organic donor material holes need to travel a long way to the
collecting electrode, on the order of several 100 nm, which makes them susceptible to
recombination. An additional source of recombination losses is the difference in mobility
of polymeric donor and metal oxide acceptor. As a result electrons are transported
more quickly away from the junction than holes, which leads to the build-up of positive
space charge in the donor [69; 90; 92]. This effect promotes recombination of charge
carriers and saturation of the photocurrent of the device, referred to as space-charge
limited current [92]. Consequently the structured solar cell devices to date suffer from
significant recombination losses. A way to resolve this problem would be to make the
donor material as thin as possible in order to facilitate fast collection of holes at the

electrode or p-type interface layer (depicted in Figure 2.7b).

2.1.5 Dye-sensitized Solar Cells

Different from the above solar cell designs, the dye-sensitized solar cell (DSSC) device
is a photoelectrochemical system, pioneered by O’Regan and Grétzel in 1991 [94]. The
DSSC comprises an inorganic n-type semiconductor, which acts as electron transporter

and is sensitized with chemisorbed dye molecules. This sensitized n-conductor is
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surrounded by an electrolyte or p-type polymer that serves as hole transporter in
form of a redox couple. The n-conductor and redox couple are in contact between two
electrodes, usually a transparent conducting oxide (TCO) electrode and a platinum
(Pt) counter electrode respectively. In comparison with the above inorganic solar
cell devices, the main advantage of the DSSC heterojunction is the large choice of
light absorber and charge transport materials, which can be applied by simple screen
printing methods and do not rely on costly purification or doping processes.

The mechanism of the heterojunction is as follows (Figure 2.8). Absorption of a
photon leads to excitation of the dye by promoting an electron from the ground state
(DY) to the excited state (D*). The dye is then oxidized (state D) by injecting an
electron into the n-type material where it diffuses to the TCO electrode. Subsequently
the photo-oxidized dye is reduced by the reduced part of the redox couple. The formed
oxidized redox species diffuses to the platinum counter electrode where it is reduced
again. Because of the large charge density in the redox couple, the redox potential
FEeqaox determines the electrochemical potential at the counter electrode in DSSCs.
The redox couple also affects the electrochemical potential of the n-type semiconductor
through the recombination kinetics between electrons in the n-conductor and oxidized
redox species. Hence the redox couple is the key component of the DSSC setting
the voltage between both electrodes of the device [95]. The open-circuit voltage in
illuminated DSSCs is

Voe = é(EFC — Eredox) 5 (2.15)

where Erc is the quasi-Fermi energy of the n-conductor that merges into the Fermi
energy of the TCO electrode.

The energy conversion efficiency of a DSSC depends strongly on the kinetics of
all involved reactions (1-7 in Figure 2.8 a). Charge separation can only occur if charge
injection into the TiO, conduction band (1) is faster than the dye excited-state decay
(2) to the ground state (D°). Efficient hole transfer to the electrolyte requires the dye
cation reduction by the redox couple (3) to be faster than recombination with injected

electrons (4). Additionally efficient charge collection demands a faster charge transport
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Figure 2.8: (a): Energy levels and kinetic processes of a dye-sensitized solar cell
(DSSC). Possible transitions (1-7) with associated injection and recombination
times are indicated for a DSSC comprising a nanocrystalline TiO, n-conductor,
N-719 dye (b), I' /I3 redox couple, and Pt counter electrode at open-circuit
(Vocm=T700mV). Adapted from refs. [96; 97]. (c): Schematic of nano-structured
dye-sensitized solar cell consisting of n-type nano-particles (blue), dye molecules

(green), hole transporter (red), and electrodes (grey).

to the working (6) and counter electrodes (7) than interception by the oxidized redox
ion in the electrolyte (5).

Because of the moderate extinction of a dye molecule monolayer, the dye-sensitized
n-conductor requires a bulk structure which provides a large interfacial area and allows
chemisorption of a large density of dye molecules per projected area [98] (Figure 2.8 ¢).

The surface area enhancement is represented by the roughness factor

Ain erfacia
RF = Zinterfacial (2.16)

Apro jected

which is the ratio of interfacial surface area of the heterojunction to the projected
surface area.

DSSC devices that yield the highest power-conversion efficiencies to date above
11% consist of a nanocrystalline titania (TiO,) n-conductor, with RF > 1000, produced
from a colloidal paste. Dye-sensitization of the resulting porous TiO, film with a

ruthenium metal ligand complex and use of the liquid iodine-iodide (I'/I3) electrolyte
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as redox couple resulted in the highest device efficiencies up to 11.4% since the
invention in 1991 [20; 94; 99; 100]. Only recently the use of two porphyrin dyes in
combination with a new cobalt-tris(bipyridyl) redox electrolyte led to a DSSC record
power-conversion efficiency of 12.3% [101]. This perfomance was mainly attributed
to the broad absorption spectrum of the incorporated dyes and a retarded electron
back-transfer from the TiO, to the oxidized cobalt species in the redox couple. However
solvent based electrolyte devices are not practical for long-term applications due to
concerns about corrosion and solvent-leakage [102]. Devices involving solid organic
hole transporters, such as spiro-MeOTAD, or solvent-free ionic liquids—often referred
to as quasi-solid redox couples—are more promising for practical applications. Their
efficiencies however remain modest compared to liquid electrolyte devices and have

been reported between 5-8% depending on the type of materials used [103-107].

Limitations of DSSCs

In the more efficient electrolyte DSSCs the primary recombination process is from
electrons in the nanocrystalline n-conductor to the cation in the solution. In case of
devices with I'/T; electrolyte, Law et al. [108] and Kuang et al. [109] identified this
recombination process as reason for a thickness limitation of the colloidal n-type film.
They showed that nanocrystalline films had an optimal thickness, above which the
device efficiency and photo-induced charge current decreased, in spite of containing
a larger amount of dyes. The reason for this is that the nanocrystalline material is
prone to surface defects which lead to sub-band gap energy states [7]. If electrons
are trapped in these states, they need to be thermally released in order to continue
their path to the electrode. This trap and thermal release process between sub-band
gap states is referred to as hopping and reduces the electron diffusion constant in
nanocrystalline TiO,, by three orders of magnitude in contrast to single-crystalline
anatase [96]. Transient photocurrent decay measurements revealed a charge carrier
mobility of ~107° cm?/ Vs in nanocrystalline TiO, structures [110], which is six orders

of magnitude smaller than in a single crystal of anatase [30]. Electron diffusion
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times in 10 pm thick nanocrystalline dye-sensitized films can be up to (1-10) ms [111]
so that electrons become susceptible to a back-transfer to the dye or to the redox
couple [96; 109; 112]. This is the main limitation of device performance with most redox
couples in DSSCs [109]. The superior performance of devices with the I'/I5 electrolyte
is mainly because the recombination time between injected electrons and oxidized
redox species I3 is ~1 ms which is very long compared to other redox couples [95].

The Durrant group found that the device performance can be enhanced by
passivating the surface defects of DSSCs with an insulating material layer (shell)
between the n-conductor and the dye [113-115]. This shell increases the separation
between the materials and thereby reduces the Coulomb attraction between charge
carriers across the interface. Suitable insulators have been proposed in form of alkyl
chains on the dye molecule [114]. Palomares et al. [113] followed a different route and
deposited various insulating metal oxide layers onto the n-conductor which resulted in
a 35% increase in power-conversion efficiency of the DSSC.

Haque et al. [116] introduced this concept in form of minimizing the kinetic
redundancy between the rate of charge injection into the n-conductor (1) and the rate
of the dye’s excited-state decay (2) (in Figure 2.8 a on page 27). Since electrons need
to tunnel through the insulator, the injection from the excited dye into the n-conductor
is impeded, but simultaneously the back-transfer to the dye or to the redox couple
is retarded. This means, if the charge separation kinetics are just fast enough to
compete with the decay of the dye excited-state then a minimum kinetic redundancy
is obtained and leads to minimal charge recombination losses and consequently to
maximum electron injection yield and better device performance. However the device
performance is still limited by the poor charge transport through the nanocrystalline

n-conductor and the open-circuit voltage.

Structured Bulk Architecture

One way to enhance V. is to raise the quasi-Fermi level in the n-type semiconductor.

Feng et al. [117] reported a larger open-circuit voltage due to an increase in the
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Figure 2.9: Structured DSSC provides direct conduction pathways and faster charge
transport (a). By incorporating an electrode layer in the bulk of the structure,

the conduction pathway is further reduced (b).

quasi-Fermi level of TiO, by doping TiO, with tantalum. Another way to increase V.
is to find another redox couple with a lower redox potential Fieqox [96]. But at the
same time the new redox couple requires that rates of recombination, between redox
cations and electrons in the n-conductor, match the (1-10) ms duration of electron
transport to the electrode. A way to relax these requirements for new redox couples is
to improve the charge transport through the n-conductor.

Analogously to organic solar cells, the charge transport in DSSCs is improved by
structuring bulk-heterojunctions so that they provide direct conduction pathways from
the dye to the electrode (Figure 2.9a). Structured metal oxides were realized in DSSC
heterojunctions in form of nanorods [118], nanowires [119], a nano-forest [120], nan-
otubes [84; 121-123], and mesoporous block-copolymer assembled networks [124-127].
Transmission electron micrographs [126] and transient photocurrent measurements [127]
on mesoporous TiO, networks confirmed that a larger crystallite size and direct conduc-
tion pathways result in faster charge transport and higher power-conversion efficiency
compared to conventional nanocrystalline DSSC devices. By comparing a nanocrys-
talline DSSC to a ZnO nanotube DSSC, researchers showed that the charge transport
in the nanotube devices was two orders of magnitude faster as a result of direct
conduction pathways [128].

A method to further reduce the conduction pathway for electrons to the collecting
electrode is to incorporate a transparent electrode into the bulk of the n-type semi-
conductor structure (Figure 2.9b). This reduces the diffusion path for electrons to

the electrode without sacrificing interfacial surface area of the heterojunction. The
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most convenient way to include a transparent electrode layer in the bulk of a DSSC
is to build this electrode and the n-type semiconductor on a template. Ideally this
template possesses a roughness factor similar to the one of the above colloidal DSSCs,
RF>1000. Martinson et al. [129] produced DSSC devices based on a template in form
of a mesoporous membrane with 200 nm wide and 60 um long wells (RF~300). They
made DSSC I'/I; electrolyte devices by incorporating a transparent electrode layer of
indium tin oxide (ITO) into the template and adding a few nanometer thick titania
layer onto the ITO electrode. In comparison to the same device without ITO film,
the device including the electrode layer already enhanced the photo-induced charge
current by more than an order of magnitude, which was attributed to more efficient
charge collection [129]. These experiments demonstrate that the geometry of the
DSSC can compensate for material properties that are disadvantageous for the device
performance. The approach of depositing materials onto templates, such as the above
tube framework, offers more freedom to choose the geometry for a heterojunction.
The versatile deposition technique atomic layer deposition is particularly well suited
for this purpose (see Chapter 4 on page 63). But compared to the colloidal based
DSSC architectures above, the power-conversion efficiency of this template DSSC
remains low. This is because of its low absorption efficiency (A) resulting from the low
roughness factor (RF<1000) of the nanotube geometry. Thus a design with a larger
roughness factor is required. Alternatively, A can be improved by photon management
as indicated in Chapter 1. This means, instead of implementing a larger density of
dye molecules in the device, the absorption efficiency is increased by controlling the

light distribution in the bulk of the DSSC.

2.2 Combining Photonic Crystals and Solar Cells

There are different photonic concepts for increasing the absorption efficiency of a solar
cell device without increasing the amount of absorbing material. One is based on
light trapping in order to increase the matter-radiation interaction time and hence

the optical path length in the device. Another aims to further increase the power
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conversion efficiency by reducing radiative recombination losses with the acceptance
angles of the incident and emission light cones. The optical properties of photonic
crystals are advantageous to achieve these goals. The light trapping concept and light
trapping solar cell devices established to date will be introduced in Section 2.2.1. The

method to change the acceptance angles will be presented in Section 2.2.2.

2.2.1 Light Trapping

a \ b \ c \ d \
—.—k. /\
—— e S
Figure 2.10: Absorption of a solar cell (a) can be improved by various light trapping

concepts, such as a back-reflecting layer (b), structuring of front-surface and

back-reflector (c), or randomly roughening of front-surface and back-reflector (d).

Various light trapping methods for increasing the optical path length in a solar
cell device have been explored in the past (Figure 2.10). The simplest method is to
include a back-reflector in form of a metal film or a Bragg stack [130; 131]: both
increase the light path in the device by a factor of two (Figure 2.10b). Structuring
the front surface and back-reflector of the device [6], e.g. in the form of an array of
pyramidal structures [132] (Figure 2.10¢), leads to reflection at angles larger than the
critical angle for total internal reflection at the front surface and thus further increases
the optical path length. Randomly roughened surfaces provide an even larger optical
path length enhancement, limited to 4n? [133] (Figure 2.10d), i.e. ~#50x for a silicon
device with the refractive index of n=3.5. But the best realized enhancement factor is
about 10 times [6].

Periodic gratings at the front [134] or rear surface [135; 136] of a solar cell device
can further increase the optical path length in the device (Figure 2.11a). The upper
limit of the optical path length enhancement is 91n (= 318 for silicon) at nearly
normal angle diffractions [137]. But periodic gratings suffer from significant reflection

losses. Zeng et al. [138] developed a structure that combines the high reflectivity of a
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Figure 2.11: Absorption enhancement in a solar cell device due to reflection (black
arrows) and diffraction (white arrows) at periodic gratings (a) or at a combination
of a grating with a Bragg reflector (b). A photonic crystal can be utilized as
a back-reflector (c) too or as a solar cell device itself (d) by providing in-plane

and slow light Bloch modes (yellow arrows) to which incident light can couple.

Bragg-reflector with the diffraction properties of a grating and which is able to increase
the EQE of a device more than tenfold over a spectral width of 100 nm (Figure 2.11b).
The narrow spectral widths of binary diffraction gratings can be further increased by
designing more complex two-dimensional gratings [139; 140].

Another convenient structure, which allows complete control over reflectivity and
diffraction properties is a three-dimensional photonic crystal. The first solar cell device
with a three-dimensional photonic crystal was made by Nishimura et al. [141] who
placed a titania inverse opal in contact with a nanocrystalline titania film of a DSSC
(Figure 2.11¢), which led to a 26% increase in photo-current compared to a reference
DSSC device. Mihi and Miguez [142] attributed this enhancement to optical coupling
between the nanocrystalline titania layer and the photonic crystal, which resulted
in standing waves in the absorbing nanocrystalline film, occurring in the spectral
region of the opal structure’s photonic band-gap [143]. Other nanocrystalline and
inverse opal bi-layer DSSC devices followed [144-147], including designs that involved
a stack of multiple inverse opals with different lattice constants in order to extend
the spectral region of the resonant modes over the full absorption spectrum of the
solar cell absorber [148; 149]. Up to 60% enhancement in absorption efficiency can be
achieved this way [148].

In addition to utilizing the reflected and diffracted light of photonic crystals,
refracted modes can be used for light localization within the photonic crystal structure
itself [150] (Figure 2.11d). The control over the photonic band-structure (see Section ?7)

enables incident light to couple to in-plane modes within the photonic crystal film [151],
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Figure 2.12: For a solar cell device, the acceptance angles of the incident (6;,) solar
light cone (6s=0.26°) and emitted (foy) radiation cone can be adjusted with a

concentrator (a) and an angle-selective filter (b) respectively.

including modes with a slow group velocity (slow light modes) resulting from a flat
dispersion curve [152]. Duché et al. [153] proposed a two-dimensional photonic crystal
slab of a P3HT:PCyBM blend in which the incident light can couple to slow Bloch
modes within the absorbing slab. They optimized the absorption enhancement of the
structure to 36% in the spectral region of 600-700 nm where the absorption spectrum
of P3HT tails off. The three-dimensional photonic crystal DSSC devices established so
far are mainly based on titania inverse opals [154-158]. Only one group identified the
EQE enhancement caused by the photonic crystal structure, which amounted to 8%
in the spectral range of 550-650 nm and which was associated with optical coupling to

slow group-velocity modes in the inverse opal DSSC device [156].

2.2.2 Concentration and Angular Confinement

Instead of increasing the optical path length in the device, a different method to enhance
its power conversion efficiency is to concentrate the incident sunlight or angularly
confine the emitted radiation. As demonstrated in Section 2.1.2, ) is maximized if the
acceptance angles of the incident (6;,) and emitted (0yy) light cones match.

There are two ways in order to achieve this. One is to use a concentrator that
increases 0y, [159] (Figure 2.12a). Concentrators were developed as nonimaging

optics with refractive and reflective components such as lenses or mirrors [160-162]
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Figure 2.13: Isofrequency surfaces of a Rugate filter (a) and a three-dimensional
(fce) inverse opal (b) illustrate the angular confinement of modes that are able
to transmit incident light from the hemisphere into a solar cell device and vice
versa. Angle-resolved transmission spectra of such a Rugate filter (c) and inverse
opal (d). The angular dependence of the center wavelength of the photonic
band-gap according to Equation (2.17) holds for the inverse opal up to a 70°
angle of incidence (white dotted line in d). Adapted from refs. [137; 167; 168].

that already can be integrated directly in the solar cell device in the form of micro-
lenses [163-165]. The other method to use an angle-selective filter that confines
Oout [159] (Figure 2.12b). For this purpose the angle-selective filter needs to be
transmissive for 0 <#;, and reflective for 6 > 6;, over the entire spectral absorption
range of the absorber. Until now a structure that fulfills these requirements remains
unknown [166]. However, these conditions are partially met by photonic crystals that
have a photonic band-gap which depends on the angle  of the incident light beam.
Two types of photonic structures have been considered as angle-selective filters
to date. These are a Rugate filter [167] and an inverse opal [169]. Their isofrequency
surfaces illustrate the transmitted and reflected modes [137] (Figure 2.13a and b
respectively). Like a Bragg stack, a Rugate filter consists of a periodic refractive index
modulation in one dimension, but instead of a discrete modulation the refractive index

profile is smooth and sinusoidal, which prevents higher order reflections [167]. The
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spectral position of the reflection peak of a Rugate filter (Figure 2.13¢) follows the

angular dependence of a Bragg stack
Ao = 2dV/ 72 — sin? 0 (2.17)

where n and d are the average refractive index and the periodicity of the refractive index
modulation respectively [166-168]. Similar angular transmission characteristics apply
to a three-dimensional photonic crystal such as an inverse opal [168] (Figure 2.13d).
Despite the frequency dependence and limited spectral range of the angular transmission
confinement of photonic crystals, a model of a silicon solar cell device showed that if
equipped with a Rugate filter or an inverse opal its gain in energy yield can be up
to 4.7% or 7.5% respectively. In both cases the absorption efficiency was enlarged by
placing the high energy edge of the photonic band-gap of each structure in the spectral

region where the absorption spectrum of the absorber tails off [170].

2.3 Objective of this Thesis

As shown in the previous sections, photonic crystals facilitate a higher power-conversion
efficiency of solar cell devices by increasing the absorption efficiency via optical path
length enhancement or by reducing radiative recombination losses via tuning the
acceptance light cones. An additional advantage of using photonic crystals in solar cell
devices is that their structure can provide interconnectivity, ensuring direct conduction
pathways for photo-generated charge carriers and minimizing recombination losses
(described in Section 2.1.4 Figure 2.7 and Section 2.1.5 Figure 2.9). However fabricating
solar cell devices based on photonic crystals on an industrial scale is a challenge.

A time-and cost-effective technique to fabricate photonic crystals on a large scale
is holographic lithography which has the advantage that it offers flexible control over
lattice constant and symmetry of the photonic crystal structure. This is not only
beneficial for adjusting its optical properties but also for designing a three-dimensional

photonic crystal solar cell device in which the heterojunction is incorporated into
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Figure 2.14: Scheme of solar cell device based on a metal oxide photonic crystal
structure which serves as (a) a transparent conducting oxide electrode (gray)
or as (b) an electron-transporter (blue). Multiple material films permeate the
porous photonic crystal structure to form the heterojunction of the solar cell
device. The layers function as electron-transporter (blue), absorber (green), and
hole-transporter (red). Top and bottom layer of the heterojunction are each in

contact with an electrode (dark gray).

the bulk of the photonic crystal and consists of multiple films functioning as light
absorber and charge transporters (as depicted in Figure 2.14). In this case the thickness
of an organic absorbing film such as P3HT can be reduced to its exciton diffusion
length without sacrificing the total absorption of the device, which achieves efficient
absorption by folding many absorbing layers into the thickness of the device. Hence the
recombination losses in the organic absorber film can be conveniently diminished by
controlling the geometry of the device. If the pore size of the photonic crystal is large
enough, multiple heterojunctions with complementary absorbers can be implemented
on top of each other in the bulk of the photonic crystal analogously to a tandem device.
The larger spectral absorption range and higher output voltage would result in a larger
power-conversion efficiency.

The aim of this thesis is to fabricate a solar cell device based on a metal oxide pho-
tonic crystal structure that serves as a transparent conducting oxide (TCO) electrode
or as an electron-transporter of the device and which is coated with multiple material
films that function as absorber and hole-transporter. For this purpose the plan is to

produce a photonic crystal polymer template by holographic lithography (Scheme 1 a),
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Scheme 1: Processes required to fabricate the planned solar cell devices: Photonic

crystal polymer template produced by holographic lithography (a). Atomic layer
deposition (ALD) of metal oxides (b). Removal of the template by etching and
calcination (c). Incorporation of the photonic crystal structure into an organic-
inorganic hybrid solar cell (d) or a DSSC device (e). In a different DSSC device
the pores of the photonic crystal structure are filled with a nanocrystalline metal

oxide (f) in order to increase the roughness factor of the electron-transporter.

coat it with the metal oxide by atomic layer deposition (ALD) (Scheme 1b), remove the
template by etching and calcination (Scheme 1c¢), and to add the remaining materials
that complete the heterojunction (Scheme 1d-f). In Scheme 1 three different metal
oxides are planned to be deposited. The transparent conducting oxide aluminum
doped zinc oxide (ZnO:Al) serves as electrode material. Zinc oxide (ZnO) and titanium
dioxide (TiO,) are intended as electron-transporters for two different type of solar cell
devices, an organic-inorganic hybrid solar cell (Scheme 1d) and a DSSC (Scheme 1e)
respectively. The organic-inorganic hybrid device contains PSHT and PEDOT:PSS and
the DSSC contains the dye N-719 and I'/I; electrolyte as absorber and hole-transporter
respectively (see abbreviations in Section A).

An additional plan is to combine the advanced conduction properties of the above
photonic crystal DSSC with the large roughness factor of a nanocrystalline DSSC by
utilizing the TiO, photonic crystal structure as a container for TiO, nano-particles

(Scheme 1f) and by using this structure as an electron-transporter in the DSSC device.
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This approach is different to the previously discussed inverse opal-nanocrystalline
bi-layer DSSC device (Figure 2.11¢) where the photonic crystal structure acts as
reflector and where electrons in the absorbing nanocrystalline material are susceptible
to recombination. The advantage of putting the nanocrystalline material into the
photonic crystal framework is that, without sacrificing much of the roughness factor,
the longest path for electrons to reach the collecting photonic crystal structure is the
pore size, on the order of hundred nanometers, compared to a few micrometers in a
nanocrystalline DSSC.

In order to realize the solar cell devices according to Scheme 1 the following
challenges were addressed.

(I) By using the established holographic lithography apparatus in our group the
resulting photonic crystal templates were not uniform enough in order to be
useful for a solar cell device so that the apparatus needed to be modified.

(1) The produced photonic crystal templates decomposed above 90°C, but the ALD
processes for ZnO:Al, TiO,, and ZnO take place above 100°C. Thus, the polymer
template required thermal stabilization in order to withstand the ALD processing
temperatures.

(II)  During fabrication the template demanded a polymer layer at the substrate
which prevented its delamination. However, this polymer layer needed to be
permeabilized to the ALD precursors so that the resulting ALD film was in
contact with the substrate.

(IV) An ALD apparatus was built.

(V) ALD processes for TiO,, ZnO, Al,O;, ZnO:Al, and zirconium nitride Zr;N, were
established. The grown ALD films required characterization, which included
measuring the growth per ALD cycle, composition, crystallinity and refractive
index of each ALD film, and confirming conformal ALD in the bulk of the
photonic crystal template. The conductivity of ZnO:Al films was measured and
optimized by finding the optimum ALD temperature and ALD sequence of the

Al,O, dopant. Because of its high refractive index (larger than 3), Zr;N, was
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used to test uniformity of film growth in the ALD reactor and in order to produce
photonic crystals with high refractive index contrast.

(VI) A method in order to remove the photonic crystal polymer template from the
ALD film was developed.

(VII) The metal oxide photonic crystal structures were implemented in a DSSC and
an organic-inorganic hybrid solar cell device by applying solution processing
techniques reported in the literature.

(VIII) A method for filling TiO, nano-particles into the TiO, photonic crystal framework
and implementing this structure as an electron-transporter in a DSSC device
was developed.

(IX) The power-conversion efficiency, EQE, and charge-carrier transport properties of
the fabricated devices were characterized and compared with nano-crystalline
DSSC and flat organic-inorganic reference devices.

These challenges will be addressed in the following three chapters: (I)—(l1l) in Chapter 3,

(IV)—(VI) in Chapter 4, and (VII)-(IX) in Chapter 5.



3 Photonic Crystal Fabrication and

Characterization

3.1 Introduction

As outlined in the last chapter, the aim of this thesis was to produce solar cells based on
photonic crystal microstructure templates. This chapter introduces a technique called
holographic lithography which is used to produce these photonic crystal templates
(Section 3.2). The attachment of the photonic crystal template film to a substrate
employs a thin polymer film (under-coat) which is described in Section 3.3. Section 3.4
illustrates the procedure for increasing uniformity of under-coats and and templates.
A reinforcement method has been developed in order to make photonic crystal micro-
structures more suitable for use as templates for solar cell devices, which is discussed

and summarized in Section 3.5.

3.2 Holographic Lithography

Holographic lithography is a very fast, controllable and potentially industrially scalable
technique that is capable of producing photonic crystals with one, two [171; 172], or
three-dimensional [173; 174] periodicity. Multiple interfering laser beams are used
to create a one, two, or three-dimensionally periodic interference pattern, which is
rendered into a solid material by exposing a film, of called photo-resist (Figure 3.1). The
resulting photonic crystal structure percolates and possesses local connectivity, which

is favorable for large photonic band-gap formation at low dielectric contrast [175; 176].

41
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The translational symmetry of the crystal structure as well as the crystal basis can
be controlled by tuning the intensity profile of the interference pattern. The intensity

distribution of N interfering beams is given by

N-1

I(r) =) Syme 'S (3.1)

n,m=0

where the form factor, S,,, = E,, - E,, regulates the intensity distribution within each
unit cell, i.e. the crystal basis, and is determined by the overlap of the polarization
of the interfering beams. The wavevector differences of the interfering beams define
the reciprocal lattice vector of the crystal structure, G,,, = k, — k,,. This turns
holographic lithography into an extremely flexible technique for the production of
high-quality photonic crystals. It offers total freedom to design the translational
symmetry of a photonic crystal, and substantial flexibility in the design of the unit

cell [177].

3.2.1 Holographic Exposures

In this thesis, three-dimensional photonic crystals were produced with a rhombohedral
structure with face-centered cubic (fcc) translational symmetry. One reason for choosing
this structure is that the laser beams for holographic exposures could be conveniently
arranged from the same half-space of the photo-resist. The reciprocal lattice vectors
Gy = 2r/a[111], G4 = 27 /a[111], and G5 = 27w /a[111] with a lattice constant
a = 600 nm were chosen. This pattern can be either realized by a single exposure to four
interfering laser beams [173; 179-182] or by three sequential exposures to two interfering
laser beams [183; 184], each separated by a rotation of 120° around the optical axis [178]
(as depicted in Figure 3.1). The lattice constant of the four-beam interference pattern,
which is determined by the modulus |G,,,|, has a fixed relationship to the laser
wavelength Apeam. For this reason three-by-two beam holographic lithography was used,
because its advantage over the four-beam exposure is that the angle between the two

laser beams, «, can be altered to adjust |G| independently of Apear (Figure 3.2a)—
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Figure 3.1: Schematic for 3-by-2 holographic lithography. Two simultaneous laser
beams with wavevectors k,, and k,, (white interference fringes) expose a negative-
tone epoxide photo-resist (SU-8) in three sequential steps (A-C). At each step the
reciprocal lattice vector of the interference pattern, G, = k,, — k., is rotated
by 120° around the optical axis and adds one spatial dimension to the periodic
cumulative optical exposure within the resist. The development procedure
renders the exposed photo-resist solid by heating (D), removing noncross-linked

SU-8 with solvents (E), and drying in air.
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Figure 3.2: Relation between arrangement of the two interfering laser beams and
G for 3-by-2 beam lithography (a). Possible interference patterns (top) and
first Brillouin zones (bottom) resulting from this triple exposure by adjusting
the scaling factor s from Equation (3.2) (b). b adapted from [178].
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the only constraint is @ > Apeam/2. By keeping « fixed and by tuning the angle,
o, between the bisector of both beams and the surface normal of the photo-resist
([111]-axis), the orientation of G, and therefore the symmetry of the photonic crystal
can be additionally adjusted. Apart from the fcc structure, beam arrangements can this
way lead to rhombohedral structures with body-centered cubic (bee) and simple cubic
(sc) translational symmetry by simply distorting the interference pattern (Figure 3.2b).

A developed photonic crystal structure shrinks by 40% along the surface normal
of its substrate after photo-resist development. The three-by-two beam technique can
be used to pre-compensate this shrinkage [178]. Both angles that determine the beam
geometry within the photo-resist can be adjusted to compensate for the stretch (s > 1)

or shrinkage (s < 1) of the fcc interference pattern with respect to the [111]-axis [178],

1 Abeam /8 + 1/82
a—arctan( ) : a—2arcsin< b il /S> , (3.2)

2v/2s 6an,

where n, is the refractive index of the photo-resist (n, =1.6 for SU-8 resist). Both
angles are also corrected for refraction occurring at the air to photo-resist interface by

using Snell’s law,

A _ B
ai:uwB, a; =60 — 9B

where

02 = arcsin ™ in <a + ﬁ) , 07 = arcsin ™ Sin <a - ﬁ) : (3.4)
n; 2 n4 2

and n; are the angles of each beam (A and B) with respect to the sample normal
and refractive index of incident medium respectively (see Figure 3.2a). The different
transmission coefficients for both s-polarized beams need also to be considered by the

Fresnel equations,

sin(r — o — a/2)]° sin(68 — o + a/2)1?
Ty =1-— ! Tg =1-— c . .
A sin(0A + o+ a/2)| b sin(02 + o — a/2) (3:5)
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3.2.2 Optical Apparatus for Holographic Exposures
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Figure 3.3: Optical apparatus for holographic three-by-two beam exposures. An
injection-seeded Nd:YAG laser contained second (SHG) and third harmonic gener-
ating (THG) crystals that produced frequency tripled pulses at 355 nm. Dichroic
mirrors (DM) and Pellin Broca prism diverted 532 nm and 1064 nm pulses into
beam dumps. The 355 nm pulse energy was adjusted by a half-waveplate (HWP)
combined with thin-film polarizing mirrors (TFPM). A 5x beam expander con-
sisted of a diverging lens (L1) and a converging lens (L2) and was followed by
a 10 mm aperture (A). The interferometer was composed of a polarizing beam
splitter cube (PBSC) that directed a pulse onto two mirrors (M and Mg), each
reflecting the pulse onto the sample. The sample, mounted on a Perspex cylinder,
was contained in a sample holder and was exposed to the interfering pulses by
releasing the shutter in between 120° turns around the surface normal of the

sample.

The optical apparatus for holographic three-by-two beam exposures consisted
of a commercial injection-seeded Nd:YAG laser (Continuum Precision II Powerlite
8000), a set of optical components that allowed control of the laser intensity, and an
interferometer that created the desired interference pattern (Figure 3.3). The laser

produced temporally coherent 6 ns pulses at 355 nm by frequency tripling an amplified
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pulse at 1064 nm with second and third harmonic generating crystals. Dichroic mirrors
separated the 355 nm pulses from the 532nm and 1064 nm pulses. Since each dichroic
mirror transmitted 10% energy of each 532 nm pulse a Pellin Broca prism was used in
order to completely separate them from 355 nm pulses. The pulse energy at the laser
output was adjusted to ~60 mJ by adjusting the time delay between the two flash lamps
pumping the Nd:YAG oscillator and Nd:YAG amplifier. A half-wave plate combined
with thin-film polarizing mirrors enabled fine adjustment of the transmitted 355 nm
pulse energy to 47.5mJ for the holographic exposure of the photo-resist. A mechanical
shutter was synchronized to the 10 Hz repetition rate of the laser and allowed selection
of one pulse for each exposure. A custom-built beam expander, which consisted of a
#0.5” plano-concave lens with 20 mm focal length and a @1” plano-convex lens with
100mm focal length, expanded the laser beam fivefold from its 9mm 1/e*-diameter
(see section 3.4 on page 51). An internally threaded, anodized @17 aluminum tube
contained both lenses and absorbed light that was over-filling the converging lens. A
10 mm wide aperture behind the beam expander prevented clipping of the laser pulse
at optical components within the interferometer layout and was large enough to keep
diffraction modulations of the intensity profile at minimum (see calculated Fresnel
diffraction pattern in Figure 3.8 on page 51). The interferometer was composed of
a polarizing beam splitter cube that directed the reflected and transmitted pulses
onto two different mirrors (M, and Mg) along paths A and B, each targeting the
pulse at the photo-resist in order to interfere. A half-wave plate before the polarizing
beam splitter cube determined the energy ratio, Pg/Px, between transmitted pulse
and reflected pulse. The half-wave plate behind the polarizing beam splitter matched
the polarization of the transmitted pulse to the one of the reflected pulse. The short
pulse length prevented susceptibility to mechanical vibrations during the holographic
exposure, but simultaneously provided a long enough coherence length of ~2m, which
was significantly larger than the 50 cm optical path length of the two interferometer
arms A and B. The sample resided on a Perspex cylinder which was index matched

with mineral oil and absorbed both 355 nm pulses that traversed the sample. Sample
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and Perspex cylinder were held in a sample holder which was attached to a magnetic
mount that allowed 120° turns around the the surface normal of the sample. The
orientation of the sample normal with respect to the bisector of mirrors M, and Mg
was adjusted to the angle o = 21° so that the interference pattern in the resist featured
the correct symmetry (Equation 3.3). The angle between both interfering beams was
adjusted to a=35.2° and resulted in the lattice constant a =592 nm of the interference
pattern within the photo-resist (Equation 3.3). The power ratio Pg/Px=Tx/T5~0.95
was adjusted to correct the powers of the two beams transmitted into the photo-resist
(from Equations 3.5). During exposure photo-resist samples were masked by a brass
sheet which comprised a @5 mm aperture. This provided samples in the form of disks
with a bmm diameter after development that was convenient for making solar cell
devices. The sample holder could be loaded with circular @22 mm coverslips (No 1.5,
Agar-scientific) or 14 mm square (Pilkington TEC 15) substrates for test purposes and

photovoltaic applications respectively.

3.2.3 Photo-resist Chemistry and Processing
Photo-resist Preparation

The photo-resist that was used for holographic lithography was made by casting a
film of photo-resist in between a glass coverslip and a non-stick glass coverslip which
was silanized with dichlorodimethylsilane. A 14 mm square fluorine-doped tin oxide
glass (Pilkington TEC 15) substrate was cleaned (see Appendix E.1) and served as
transparent conducting electrode for photovoltaic purposes (see Chapter 5). The
photo-resist film consisted of 25%(w/w) negative-tone epoxide photo-resist (SU-8 or
Shell Epon Resin) dissolved in ethyl-acetate and supplemented with 3% aryl sulfonium
photoacid generator (PAG). After drying the cast film at 120°C for 90 min and cooling
at ~0.3°C/min to room temperature, the resulting photo-resist contained 90% SU-8
and 10% PAG.

SU-8 is an oligomer of n monomers which contain two epoxy groups each (Fig-

ure 3.4 a) [185]. Chromatography measurements by Prof. R. G. Denning [185] show a
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Figure 3.4: The SU-8 structure is an oligomer with n repeats of the shown frag-
ment (a). Molecular mass distribution by size exclusion chromatography of a
commercial SU-8 batch (b). Distinguishable SU-8 oligomers are labeled with n,
the number of involved fragments. Adapted from ref. [185].

broad mass distribution ranging from a large proportion of light oligomers, 1 <n <10,
to small quantities of heavy oligomers, 10 <n <300, (Figure 3.4b). The name SU-8
originated from the over-simplified assumption that it is a purely tetrameric compound,

n=4, [186].

Photo-resist during Holographic Exposure

The PAG photo-initiator in the photo-resist is used to initiate chemically amplified
polymerization of SU-8 in response to absorption of the laser pulse. The absorption
cross-section and concentration of the initiator were such that a 10-100 pm thick film was
polymerized by a single laser pulse from the holographic interferometer (Section 3.2.2
on page 45). On exposing the photo-resist with the laser interference pattern, the PAG
molecules dissociate and generate protons (H"), described as photoacid, within the
exposed volume (Figure 3.5). This means that the structure of the photonic crystal
already resides as a latent image in form of the photoacid distribution within the

photo-resist (Figure 3.1).
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Figure 3.5: Photoacid (H") that originates from the PAG in the exposed photo-resist
initiates the reaction from epoxy groups to hydroxyl groups. Polymerization of
the photo-resist occurs in form of cross-linking the hydroxyl groups of separate

SU-8 oligomers via ether bonds.

Photo-resist Development

In order to render this image solid, the exposed photo-resist was developed by heating
it for one hour at 55°C. Heat causes the SU-8 oligomers to polymerize in regions of
high enough photoacid concentration. In these regions the SU-8 epoxy groups react
to hydroxyl groups that form ether bonds with other oligomers and establish the
cross-links (Figure 3.5). In the regions of low photoacid density the polymer remains
soluble and was dissolved in a 15min bath of the solvent propylene glycol methyl
ether acetate (PGMEA). In order to remove the PGMEA from the resulting polymer
photonic crystal, it was slowly replaced with 150 ml propan-2-ol by using a burette
(method described in Appendix B on page 114). After an additional 5min bath in

propan-2-ol the developed photonic crystal templates were dried in air.

3.3 Under-coats

Casting a photo-resist directly onto the glass or fluorine-doped tin oxide substrate
resulted in delamination of the photonic crystal template after development. Preparing
a 1 um thick film of fully polymerized SU-8 between substrate and cast photoresist
solved this delamination problem (Figure 3.6a). The procedure for developing these
so-called SU-8 under-coats was very similar to the one for cast resists (Section 3.2.3).
Resist under-coats were produced by spin-coating photo-resist with 20% PAG onto

the substrate at 3000 rpm, drying this film at 85°C for 20 min, exposing with an
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Cross-section of SU-8 template ALD layer

conductive substrate

Figure 3.6: Solid SU-8 under-coats prevent delamination of photonic crystal tem-
plates from the substrate during development (a), but also obstruct contact
between substrate and ALD layer (b). A patterned SU-8 under-coat solves this
problem (c).

ultra-bright 364nm UV i-LED (Nichia NCCU033) at 260 mW /cm? for 5 min, baking
the resist at 95°C for 15 min, and soaking it in PGMEA for 5min, followed by a short
rinse in propan-2-ol.

Even though these solid under-coats prevent delamination of the template they
are inconvenient for photovoltaic applications, because they act as insulators that
hinder charge carriers reaching the substrate electrode (Figure 3.6b). Patterning
the under-coat by holographic lithography enabled the attachment of the template
to the substrate as well as simultaneously enhancing the charge transport to the
electrode (Figure 3.6 ¢). The 3-by-2 laser beam exposure simply replaced the UV-LED
exposure, all other preparation steps were kept as just described. Using the 3-by-2
beam geometry for photonic crystal templates a 1 um thickness of the photo-resist
corresponds approximately to the height of one unit cell. Hence, the patterned under-
coat turned out to be a porous two-dimensional structure instead of a three-dimensional
photonic crystal (Figure 3.7a).

In order to compare the impedance of the patterned and solid under-coats qual-
itatively, they were immersed in a bath of iodine/iodide electrolyte which allowed
measurement of the current between the conductive fluorine-doped tin oxide substrate
and the platinized top electrode (Figure 3.7b). A Whatman® Laboratory sealing
film acted as a spacer between the two electrodes. This assembly was sealed by
melting the sealing film at 90°C. Current-voltage measurements with a Keithley 2400
sourcemeter demonstrated that the solid under-coat acted as an insulator (Figure 3.7 ¢).

The patterned under-coat showed considerably less impedance than the solid under-
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coat, almost as low as the blank substrate, so that it was utilizable for photovoltaic

applications.

3.4 Laser Profile
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Figure 3.8: Gaussian profiles across the 5 mm sample diameter for various expansions

of a laser beam with 1/e?-radius of w=4.5 mm.
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Figure 3.9: SEM micrographs [187] illustrate over-polymerization of an under-coat
from its periphery towards the center—scale bars are 3 um. Micro-graphed
regions are marked green, red, and blue in the depicted top-view of the under-
coat (left).

The patterned under-coats and photonic crystal templates were limited by a mask
to 5mm in diameter. Plotting Gaussian intensity profiles, I(r)= I, exp (—2r?/w?), of
a beam with a 1/e*radius of w=4.5mm (corresponding to the beam without a beam
expander) shows that over a beam radius 7=2.5 mm the Gaussian profile of the 9 mm
wide unexpanded laser pulse varied by 50% (Figure 3.8). This varying laser intensity
distribution produced photonic crystal templates and patterned under-coats with
non-uniform polymer/air fill-fractions. Scanning electron micrographs demonstrated
that patterned under-coats were porous along the periphery where the laser intensity
was 50% (Figure 3.9, green). But towards the center where the pulse energy reached
maximum under-coats were over-polymerized (Figure 3.9, blue). In order to reduce this
variation in porosity, the laser beam was expanded by a factor of five with a Galilean
telescope (as already depicted in Figure 3.3 on page 45). The resulting intensity profile
of the expanded laser beam drops by less than 5% across the 5 mm sample diameter,
which is a tenfold increase in uniformity compared to the unexpanded laser beam
(Figure 3.8).

The clear aperture of the optics within the interferometer limited the radius of
the iris behind the beam expander to a=>5mm (see Section 3.2.2 on page 45). In order
to determine the impact of diffraction at the iris on fluctuations of the intensity profile
the intensity distribution of the Fresnel diffraction pattern was calculated at a distance
z=064 cm from the iris to where the photo-resist sample resided. For this purpose the

Gauss-quadrature algorithm in MATLAB was used to compute the light field at the
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Figure 3.10: Calculated Fresnel diffraction patterns observed at a distance z=64 cm
from a 10 mm wide, circular aperture at which a laser beam with radius a=4.5 mm

and a 5x wider beam diffract.

photo-resist from the Fresnel diffraction integral [188],
1
Ulp, ) = i2nN (2)e™ 2PN [0, (p,) Jo(2mN (2)ppa)e™ ™ Wi, dp, , (3.6)
0

where N(z) = a?/Az, Us(pa) = \/I(apa), Jo(z), po = 7a/a and p = r/a are the Fresnel
number, the incident laser profile at the aperture, the zero-order Bessel function and
the normalized radii at the aperture and photo-resist respectively. The intensity profile
at the photo-resist was then calculated from the modulus squared of the light field,
\U(p, 2)|?. The Fresnel diffraction pattern for a 5x expanded laser beam shows that the
intensity profile is modulated between 10-20%, significantly more than the unexpanded
laser beam (Figure 3.10).

The pulse profile at the laser output is itself not smooth as a result of diffraction
at the optics within the laser, which illustrates the beam profile that was recorded on a
fluorescent screen with a CCD camera by Mr. H. Bharaj [189] (Figure 3.11, left). The
calculated modulations from diffraction at the aperture were quantitatively compared
to the fluctuations originating from the laser optics by performing a nonlinear least-
squares fit of a bivariate Gaussian model, f(x,y), to the recorded image, img(x,y), of

the pulse profile (Figure 3.11, center). Above a 25% threshold of the Gaussian peak
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Figure 3.11: Nonlinear least-squares fit of a bivariate Gaussian model to a recorded
laser pulse profile. The relative residual shows the magnitude of the fluctuations
around the Gaussian fit. Recorded pulse profile from Mr. H. Bharaj [189].

the relative residual,
img(z, y)

(3.7)

reveals fluctuations around the Gaussian fit between 10-50% (Figure 3.11, right).
In comparison to the calculated Fresnel diffraction pattern above, this means that
diffraction of a 5x-expanded laser pulse at the aperture in the described layout does
not add significantly to the fluctuations of the intensity profile in the photo-resist.
Scanning electron micrographs of a patterned under-coat that was produced with
the 5x beam expander showed approximately uniform porosity throughout from the
periphery to the center of the film (similar to Figure 3.9, green). The use of a 5x
beam expander with a 10 mm wide aperture before the interferometer therefore has
no significantly deteriorative effect on the uniformity of produced photonic crystal

microstructures.

3.5 Photo-resist Reinforcement

As already outlined in Chapter 1 and Section 2.2, photonic crystal microstructures
were used as templates for photovoltaic devices. The techniques applied in order to
fabricate these devices involved material depositions above 100°C at which the porous

structure of the polymer templates collapsed. The reason for this collapse is that at
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modest exposure doses =65% of the epoxy groups in the photo-resist remain unreacted
during template development [185].

The fact that commercial epoxy resin adhesives can be hardened with amines at
room temperature [190] and begin to degrade above 200°C [191] led to the idea of
including a hardening step with an amine compound in the development procedure
(e.f. Section 3.2.3 on page 49). This hardening step consisted of soaking the photoresist
in a solution of PGMEA supplemented with the polyfunctional amine N,N’-Bis(3-
aminopropyl)ethylenediamine (BAPEN) after the 15min PGMEA bath of the photo-
resist, followed by slow solvent exchange with propan-2-ol. BAPEN enabled the residual
noncross-linked SU-8 epoxy groups in the developed photo-resist to interconnect via
its amine groups (Figure 3.12). Infrared spectroscopy and optical scattering techniques
were utilized in order to optimize the dwell time of the photo-resist and amount of
BAPEN. SEM allowed to draw conclusions about structural changes of the photonic

crystal microstructure.

3.5.1 Infrared Spectroscopy of Reinforced SU-8 Structures

Since SU-8 epoxy groups are consumed in the cross-linking reaction with BAPEN, the
vibrational resonance of the epoxy group at a wavenumber of 915cm™! provides a
measure of how much polymer is cross-linked within the photo-resist. Consequently
a reduction in the epoxy absorption was expected to be most pronounced for higher
BAPEN concentrations and longer dwell times. For this purpose infrared spectroscopy
was used to measure the amount of cross-linked polymer within the developed photonic
crystal template after the BAPEN treatment. Attenuated total reflectance (ATR)
spectroscopy is a well-suited infrared spectroscopy technique, as the absorbing substrate

of the template cannot block the incident light. The ATR spectrometer probes the
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Figure 3.13: Attenuated total reflectance spectra of photonic crystal SU-8 polymer
templates. During development the templates soaked for different time periods in

PGMEA, which was supplemented with BAPEN at different concentrations. The

1

reduction in the absorption at 915 cm™" corresponds to an increase of polymerized

su cross-linked via epoxy groups within the template. The epoxy-peak of the
undeveloped template serves as reference, corresponding to the largest possible

epoxy-absorption of non-cross-linked SU-8 oligomers.

template using the evanescent field of an infrared beam, which is totally internal
reflected at the interface of the template and an ATR crystal. Since the evanescent
field in this spectral region only extends to 1-5um, the template needs to be in
direct contact with the ATR crystal. Whilst ATR spectra showed some evidence of a
reduced epoxy absorption at higher BAPEN concentrations and longer dwell times
(Figure 3.13), the method has proved to be unreliable. Due to the rough surface
of the heated templates, some regions of the sample were not in direct contact to
the ATR crystal so that the absorption spectra strongly depended on the position
of the template with respect to the ATR crystal. Hence, this technique could not
provide reproducible and quantitative measurements of cross-linked polymer within

the template.
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Figure 3.14: Schematic of apparatus for recording diffraction patterns of photonic

crystal templates during a heating process.

3.5.2 Optimizing Photo-resist Reinforcement

For this reason a different approach was developed to monitor structural changes of
BAPEN reinforced photonic crystal SU-8 templates. This approach was based on the
detection of the diffraction pattern from a laser beam incident on the photonic crystal
template. The diffraction pattern acted as indicator for the microstructure of the
template so that its disappearance signaled the collapse of the microstructure during
the heating process.

In order to measure the temperature at which a photonic crystal polymer template
collapsed for different conditions of BAPEN treatment, an optical apparatus was
assembled which was used to image the diffraction pattern of the template during a
temperature ramp (Figure 3.14). The assembly utilized a Supercontinuum photonic
crystal fiber (NKT Photonics, SC-5.0-1040) as light source, which was pumped at
1064 nm by a passively Q-switched Nd:YAG microchip laser (NKT Photonics, NP-
10620-100). The spectrally continuous and broad light beam from the Supercontinuum
fiber was expanded to a 1/e?-diameter of ~3mm and diffracted at the polymer
template. The diffraction pattern was projected onto a paper screen and recorded
by a digital color camera. The template was mounted in a custom-made brass oven
which enabled controllable heating of the sample with a band heater (RS, XQ-012-RS)
and temperature controller (2216e Eurotherm and K-type thermocouple). A fitted

brass cap held the sample in place and ensured that the substrate of the template was
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Figure 3.15: Diffraction patterns, and their radially averaged intensity, from pho-
tonic crystal polymer templates developed in 1% BAPEN for 1 hr (a, similar result
without BAPEN), in 5% BAPEN for 10min (b), as well as 1 hr (c). Diffraction

patterns were recorded during temperature ramp from 20°C to 185°C.

in permanent contact with a hemispheric glass lens in order to couple out diffracted
light that would otherwise be totally internally reflected at the substrate-air interface.
The lens was index-matched with glycerol, with a boiling point of 290°C that is well
above 185°C—the maximum temperature of the heat experiments. The advantage of
this method was that it allowed structural changes of photonic crystal templates to
be followed in real time. This enabled optimization of the BAPEN concentration and
dwelling time for the development of heat resistant photonic crystal SU-8 templates.

Templates were produced by soaking them in PGMEA supplemented with 1%
and 5% BAPEN, in which they dwelled for 10 min or 1hour. These templates were
each mounted in the described apparatus and diffraction patterns recorded during a
temperature ramp from 20°C to 185°C. The intensity of each pattern was radially
averaged in order to compare the diffraction patterns of each template quantitatively.
The average intensity of the diffraction pattern of the template that was treated in
1% BAPEN started to decrease above 100°C and disappeared completely at 185°C
(Figure 3.15a). A polymer template that was produced without BAPEN by following

the conventional development (in Section 3.2.3 on page 49) demonstrated the same
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Figure 3.16: Photographs (a) of photonic crystal microstructures which were heated
from 20°C to 338°C and averaged gray values of the images with respect to

temperature (b). The lines serve as guides to the eye.

behavior. In contrast, the diffraction patterns of the templates that were treated in 5%
BAPEN for 10 min and 1 hr persisted over the whole temperature range (Figure 3.15b
and 3.15¢). For the template that dwelled 1 hr in BAPEN, the proportion of directly
transmitted light around the center of the diffraction pattern increased at 185°C
(Figure 3.15¢), which suggested that low spatial-frequency features started to emerge
within the template. This template also exhibited a change of symmetry of the intensity
distribution within its diffraction pattern over time, which is difficult to understand.
These diffraction experiments show that the development in 5% BAPEN strengthened
the photonic crystal templates against heat within the sampled temperature range.
All photonic crystal templates were thenceforth reinforced by soaking in 5% BAPEN

for 10 min.

3.5.3 Photographs of Heated Templates

Since the temperature range of the oven, which was used for the above diffraction
measurements, was limited to 185°C it was unfeasible to test the maximum heat

resistance of a BAPEN reinforced photonic crystal template. For this purpose the
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Figure 3.17: Two SEM micrographs [187] depict the side view of two photonic

crystal polymer templates after heating to 185°C. One sample contains BAPEN
and shows preservation of the template bulk-structure upon heating to 185°C (a),
whereas the one lacking the cross-linking molecule features a collapse of the bulk
structure at 100°C (b).

optical appearance of reinforced templates was characterized at a larger temperature
range by placing them on a hot-plate and imaging them with a CCD camera during a
temperature ramp from 20 to 338°C. Conventional photonic crystal templates lost their
white appearance above 100°C where their light-scattering microstructure collapsed
(Figure 3.16a). In comparison, a template that dwelled in 5% BAPEN for 10 min
retained its opacity but turned brown, indicating the chemical decomposition of SU-8.
The averaged gray-scale values of the recorded photographs as a function of temperature
served as a qualitative measure for the porosity of the two microstructures. A drop of
the average gray value indicated the moment at which the structure began to collapse.
The average gray value for the BAPEN treated template remained approximately
constant up to 260°C, whereas for the untreated sample it rapidly dropped around

100°C (Figure 3.16b).

3.5.4 Structural Characterization with SEM

Templates were heated to 185°C and imaged by scanning electron microscopy (SEM)
in order to support the effects of heat and BAPEN treatment on photonic crystal
microstructures observed by the above techniques. The SEM images show that the

pore-structure in the bulk of the BAPEN-reacted template remained intact (Fig-
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Figure 3.18: SEM images [187] show that elevating the temperature of a photonic
crystal polymer structure to 100°C after it dwelled in a 5% BAPEN solution for
10 min resulted in macroscopic cracks (left). These cracks arise from modulations
in the SU-8 to air fill fraction, which appear as dark regions in the SEM
micrograph before heating (right).

ure 3.17a) whereas the bulk-structure of a normally developed template completely
collapsed (Figure 3.17b). This confirms the above results from optical characteriza-
tion (Section 3.5.2 and 3.5.3) and supports the conclusion from infrared spectroscopy
that the BAPEN treatment enhances thermal stability of the template by improving
cross-linkage of SU-8 in the photo-resist (Section 3.5.1).

However imaging a BAPEN-treated photonic crystal template at a large field
of view in the SEM revealed that the features that were responsible for the larger
background intensity between the diffraction spots (in Figure 3.15¢) were caused
by macroscopic cracks that appeared already after heating the template to 100°C
(Figure 3.18, left). The micrograph of a template kept at room temperature shows
dark regions on a comparable length scale (Figure 3.18, right). These dark regions
appear in parts of the porous microstructure that have a low SU-8 to air fill fraction,
because they contain less material from which electrons in the SEM back-scatter. This
suggests that the macroscopic cracks develop in regions of low fill fraction where the
polymer structure is to weak to withstand the strain arising from thermal expansion
of SU-8. The dark regions in the micrograph resemble the speckled fluctuations in
the pulse profile at the laser output (as presented in Section 3.4 on page 51). This
suggests that the fill fraction fluctuations are a consequence of the laser profile during

the holographic exposure.
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3.6 Discussion

Holographic lithography, in form of triple two-beam exposure, is a flexible method
to produce photonic crystal SU-8 templates with rhombohedral structure on a broad
length scale. The templates produced detached from the substrate during development.
Patterned under-coats that were produced by exposing thin SU-8 photo-resist pre-layer
with the same optical apparatus assisted in fixing the templates to the substrate.
A telescope expanded the laser beam fivefold during holographic exposures which
enhanced uniformity of the templates and under-coats. Due to their porous structure,
these under-coats maintained a continuous path to the substrate. This is a requirement
for photonic crystal microstructures serving as templates for fabrication of the proposed
photovoltaic heterojunction (Scheme 1 on page 38) because it demands conductive
pathways to the underlying substrate, which consists of a transparent conductive
oxide. The assembly of the heterojunction involves the deposition of absorbing and
charge separating materials on the SU-8 template. The deposition techniques involved
demand elevated temperatures above 100°C at which the SU-8 templates collapse.
Optical characterization techniques together with infrared spectroscopy and electron
microscopy demonstrated that utilizing the polyamine BAPEN during photo-resist
development strengthened the templates and prevented a collapse of their periodic
bulk-structure up to 260°C. SEM also showed that the fluctuations in the pulse profile
at the laser output created modulations of the fill fraction in the developed template,
which resulted in macroscopic cracks at 100°C. These cracks are however no hindrance
to the use of templates for resulting solar cell devices. They only lower the power
conversion efficiency of photovoltaic devices by reducing the internal surface area of
the heterojunction. The fabrication of the heterojunction within photonic crystal
microstructures involves atomic layer deposition, a deposition technique introduced in

the following chapter.



4 Atomic Layer Deposition

4.1 Introduction

Development of the proposed photovoltaic device (Scheme 1 on page 38) requires
deposition of thin films of organic or inorganic materials that compose the photovoltaic
heterojunction. The techniques used to deposit thin films of various elements and
compounds are abundant and range from solution processing such as sol-gel [195] and
plating techniques [196; 197] to physical vapor deposition (PVD) approaches [198]
such as evaporation, sputtering or molecular beam epitaxy (MBE) [199], and to
various chemical vapor deposition (CVD) procedures [200; 201]. All these methods
however have difficulties in satisfying the increasing need for conformal thin films on
complex three-dimensional structures for photonic and photovoltaic applications and
to keep pace with the scaling down of micro-electronic devices [202-204]. A deposition
technique called atomic layer deposition (ALD) has proved to be suitable for producing
conformal inorganic films with thickness down to a fraction of a monolayer and step
coverage as high as 100% in deep trench and hole structures [193; 194; 205; 206] with
aspect ratios exceeding 1000 [207] (Figure 4.1).

ALD is a thin-film material growth technique that is closely related to CVD. In
CVD, two reactants A and B are present at the same time and form a material product
P continuously on a surface: A+B — P [208]. In ALD, this reaction is divided in two

sequential half-reactions where each reactant interacts with the surface individually so
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Figure 4.1: Directional depositions such as physical (PDV) or chemical vapor
deposition (CVD) produce non-conformal films in high aspect-ratio structures (a
and b, followed schematic in ref. [192]). Electron micrographs showing conformity
of films deposited by atomic layer deposition (ALD). In (€) 300 nm thick alumina
film grown on trench structure (adapted from ref. [193]). In (d) silica film in a
7 um deep hole that is 200 nm wide at top and 100 nm at bottom—cross-section
of complete uncoated hole (e) shown for illustration (d and e adapted from
ref. [194]).

that the product film forms in a stepwise fashion,

surface + A — surface—A

surface— A + B — surface—P
(4.1)

surface—P + A — surface—P—A

etc.

This type of deposition was invented independently by a Soviet-Russian group as
molecular layering technique in the 1960s [209; 210] and by a Finnish group as atomic
layer epitaxy in the 1970s [211; 212]. The widely adopted name atomic layer deposition
dates back to the year 2000 and is now commonly used [208]. In the 1980s and 1990s,
liquid-phase [213; 214] and electrochemical [215; 216] analogs of ALD were investigated,
but in this work only the original gas-phase form of ALD is described.

ALD has been used to grow materials in photonic crystal templates according to

Scheme 1. The processes adopted are explained after shortly reviewing the general
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Figure 4.2: Schematic of procedure for one ALD reaction cycle. Adapted from
ref. [217].

principles of ALD growth and the type of materials that can currently be produced
by ALD (Section 4.2). An ALD apparatus has been built and its properties and
precursors characterized (Section 4.3). The apparatus was used to grow metal oxide
and metal nitride films on planar substrates, which were tested for uniformity, thick-
ness, crystallinity, and conductivity (Section 4.4). Photonic crystal inverse replicas

were successfully produced by depositing these films on photonic crystal templates

(Section 4.5).

4.2 ALD Process

4.2.1 ALD Reaction Cycle

As indicated by the reactions (4.1), the growth of material layers by ALD takes place
by sequential pulsing of two precursors that undergo self-terminated gas-solid reactions
under low pressure. These reactions are separated by inert-gas purges. The following
procedure summarizes the ALD growth sequence [204].

(1 Self-terminating reaction of the first precursor (Reactant A).

(1) Purge or evacuation, which removes by-products and non-reacted reactants A.
(1) Self-terminating reaction of the second precursor (Reactant B), which reactivates

the surface for the reaction with reactant A.

(IV)  Purge or evacuation, which removes by-products and non-reacted reactants B.
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Figure 4.3: Schematic of possible behavior of growth per cycle with respect to
temperature illustrates the optimal temperature range for ALD growth—the
ALD window. Adapted from ref. [208].

Steps (I)=(IV) in this procedure comprise one ALD reaction cycle (depicted in
Figure 4.2). Each ALD reaction cycle adds a certain amount of material onto the
surface, defined as growth per cycle, and is repeated until the intended film thickness
is reached. A functional ALD reaction cycle requires (i) volatile reactants, (ii) suitable
temperature for gas-solid reactions of the reactants, (iii) thermally stable reactants that
do not decompose at the processing temperature, (iv) irreversible gas-solid reactions in
order to fulfil the criterion of self-termination, and (v) saturation of all reactive surface
sites [204]. In the processing temperature range that meets the above requirements for
ALD behavior—the so-called ALD window—an adsorbed molecule forms a specific
bond by consuming a reactive surface group, i.e. the surface adsorbs not more than a
monolayer of the reactant [208]. During this process, which is often called chemisorption,
the number of reactive sites on the surface and the steric hindrance of chemisorbed
reactants determines the growth per cycle [204]. The dose of reactants and the timing
of each step during the ALD cycle need to be adjusted in order to ensure saturation of
reactions at all surface sites.

In the ALD window chemisorption is irreversible, but deposition can become
reversible and lead to a reduced growth per cycle due to incomplete surface reactions
or desorption of reactants if the deposition temperature is below or above the ALD
window respectively (Figure 4.3) [204; 218]. For some ALD processes at a temperature

outside the ALD window, reactants may condense at the surface in a non-specific



4 Atomic Layer Deposition 67

the pure element has been grown

compounds with O

1
1 - 2
H compounds with N = — other compounds with e.g. P, Sb, F, B, C, As He
2 17
3 4 compounds with S - | ~ compounds with Te 9 10
Li Be F Ne
Il compounds with Se
" 12 17 18
Na Mg Cl Ar
3 8 9 10 11 12
19 | 20 21 26 27 28 | 29 30 | 35 36
K | caf| sc = znlli= Br | Kr
' i
a7 38 39 44 45 46 47 48 53 54
Rb Sr Y Ru Rh Pd Ag Cd I Xe
' i
55 6 | 57 76 77 78 79 80 81 82 83 84 85 8
Cs | Ba | La os | 4 Au | Hg | T | Po | Bi | Po | At | Rn
87 88 89 104 105 106 107 108 109 110 111
Fr Ra | Ac™ Rf Db Sg Bh Hs Mt Ds Ra February 2005
58 | 59 60 61 62 63 64 65 66 67 68 69 70 iz

Lanthanoids* Ce Pr Nd | Pm | Sm | Eu Gd Tb Dy Ho Er Tm | Yb Lu

a0 9 92 93 () 95 % a7 (o) EE) 100 101 102 103
Actinoids** Th Pa u Np Pu Am | Cm Bk Cf Es Fm Md No Lr

Figure 4.4: Elements and compounds grown by ALD as before 2005. Adapted
from [204].

continuous manner or decompose and allow additional reactions so that the growth per
cycle increases (Figure 4.3) [204; 208|. Therefore correct adjustment of the processing
temperature is essential for conformal ALD growth. The type of substrate also
determines conformity of ALD growth. For example in ALD on silicon [219; 220]
or carbon structures such as carbon nanotubes [221; 222] nucleation of some ALD
processes is impeded, inducing island-growth [223] and non-linear growth per cycle,
due to lack of reactive surface sites. After multiple ALD cycles these islands grow
together and form a continuous film [208; 223]. Functionalization of the substrate can
facilitate ALD nucleation and improve film roughness [221; 222; 224]. ALD growth on
a variety of polymers is also non-uniform during the first few cycles, because precursors
diffuse into the porous polymer where they are trapped and react in a CVD fashion

before conformal growth starts [225].

4.2.2 Established ALD Processes

The ALD processes that have been developed to grow materials are abundant. The
biggest class of materials grown by ALD are compounds of inorganic materials, which

are largely oxides but also numerous nitrides, sulfides, selenides, tellurides, some
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fluorides, phosphides or phosphates and more complex compounds (Figure 4.4) [204;
208]. A survey shows that the reactants used for growing these materials are mainly
pure elements, halides or metal-organic reactants, which establish CVD processes
too [204]. Elements are versatile reactants for some ALD processes, but their low
vapor pressure, tendency to reversible adsorption at the surface, and their limitations
in self-terminating reactions restrict their choice. Halides are reactive and thermally
stable above 800°C so that diverse compounds can be grown from them. However
their reaction by-products with hydrogen-containing reactants tend to be corrosive
and can etch film constituents and create impurities of e.g. 1.6 at.% hydrogen in HfO,
films [204]. Metal-organic precursors exist with numerous organic ligands and due to
their reactivity and large diversity numerous compounds can be deposited [204; 226].
The thermal stability of metal-organic reactants between 150-300°C remains moderate
and they are prone to cause impurities [204]. For some ALD processes films grown from
alkoxides, [3-diketonates, alkylamides, and silylamides contain e.g. hydrogen impurities
of 8at.%, 2at.% , 6 at.%, and 20 at.%, respectively [204].

Apart from inorganic compounds, single-element materials, such as metals, can
be grown by ALD processes (Figure 4.4) [204; 207; 208]. These processes are often
based on reactions with radicals from a plasma source, because these radicals are
more reactive compared with merely thermal ALD reactions [192; 208; 227]. Plasma
enhanced ALD was also used to grow films of compounds. Aluminum oxide Al,O4 has
been deposited at room temperature this way [228] and possessed even better electrical
properties than thermally grown films [229]. Plasma enhanced ALD is advantageous for
fabricating ALD films on thermally fragile substrates. It is, however, limited in growing
films on substrates with high aspect-ratios as it produces less conformal films [208].

Recently ALD processes for growth of organic compounds have been developed.
The technique is widely referred to as molecular layer deposition (MLD) [208; 230; 231].
Yoshimura et al. [232] used MLD to make wires of different organic compounds that
composed a tether of quantum dots. Furthermore thin and conformal polymer films

have been produced by vapor phase polymerization (VPP) and oxidative chemical
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vapor deposition (0oCVD) where a CVD process is combined with oxidants [233; 234].
By varying the deposition temperature during oCVD growth of thin PEDOT films,
the electrical properties such as work function and electrical conductivity could be

systematically controlled [235; 236, especially convenient for photovoltaic applications.

4.2.3 ALD Processes used in this Work

In order to deposit titanium dioxide TiO,, zinc oxide ZnO, aluminum doped zinc
oxide ZnO:Al, and zirconium nitride Zr;N, by ALD on photonic crystal templates (as
proposed in Section 2.3), established ALD processes were used and are summarized in

the sections below.

Titanium dioxide TiO,

Titanium dioxide films were grown from the precursors water H,O and titanium tetra
chloride TiCl, following the studies by Ritala et al. [237] and Aarik et al. [238]. This
ALD process is well established and dates back to one of the early ALD experiments
by Russian researchers in the 1960s [204; 209]. During each reaction cycle TiCl, reacts
with hydroxyl groups on the surface by ligand exchange and forms hydrogen chloride
HCI as by-product. HyO then removes the remaining chloro-groups by re-hydroxylation.

The two surface reactions during the exposure of each precursor are [239]

surface—(OH), + TiCl, — surface—O,TiCl, + 2 HCI

surface—0,TiCl, + 2H,0 — surface—O,Ti(OH), + 2 HCI .

Zinc oxide ZnO

The organo-metallic precursor diethylzinc Zn(C,H;), and water are a very common
combination for producing zinc oxide films [240; 241]. In the ALD reaction cycle,
Zn(C,Hy), interacts with hydroxyl groups on the surface and forms the by-product
ethane by ligand exchange. The resulting ethyl groups on the surface are displaced

by re-hydroxylation with HyO. The sequential surface reactions for each precursor
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are [242]

surface—OH + Zn(C,H;), — surface—O—-Zn—C,H, + C,H,

surface—O—7Zn—-C,H; + H,0 — surface—O—-Zn—OH + C,H;; .

Aluminum oxide Al,0,

Lujala et al. [243] first suggested ALD growth of Al doped ZnO from organo-metallic
precursors. The ZnO:Al ALD process is based on the ZnO process above, but periodi-
cally replaces one ZnO cycle with a Al,O; ALD process [240; 243]. In this impurity
cycle the precursor trimethylaluminium Al(CH,), reacts with the hydroxyl surface
groups by ligand exchange and the water precursor re-hydroxylates the surface similar
to the processes above. The two surface reactions for AI(CH;), and H,O during the

impurity cycle are [218]

surface—OH + Al(CH,), — surface—O—AI(CH,), + CH, ,

surface—Al-CH; + H,O — surface—Al-OH + CH, .

Zirconium nitride Zr;N,

Following the ALD process established by Becker et al. [244], zirconium nitride
ZrsN, was deposited from the metal alkylamide tetrakis(dimethylamido)-zirconium
Zr(N(CHj;),), and ammonia NH,. Studies of surface reactions of group IV metal alky-
lamides with ammonia suggest that both precursors in the ALD cycle produce Zr;N,
by transamination [245-250]. In this process, Zr(N(CH,),), reacts with amine groups
on the surface by ligand exchange and forms the by-product dimethylamine (CH;),NH.
NH, then eliminates the remaining dimethylamine groups on the surface. The two

transamination surface reactions during exposure of each precursor are [247-250]

surface—(NH,), + Zr(N(CH,),), — surface—(NH),Zr(N(CH,),), + 2 (CH;),NH

surface—(NH),Zr(N(CH,),), + 2 NH; — surface—(NH),ZrNH, + 2 (CH;),NH .
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4.3 ALD Apparatus and Properties

4.3.1 ALD Apparatus

rPrecursor A Heated reactor
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Figure 4.5: Schematic of custom-made ALD apparatus that I use to deposit films

of aluminum doped zinc oxide, titanium dioxide and zirconium nitride into the
bulk of photonic crystal SU-8 templates. The setup allows sequential release
of up to four precursors into the reaction chamber under continuous purge of
nitrogen (N2) via the rotary valve (precursor A) and three pneumatic release

valves (precursors B-D).

For the ALD processes introduced above, a custom-made ALD apparatus has been
constructed in collaboration with Prof. R. G. Denning [251] and Mr. H. Bharaj [252]
(see parts list and schematic diagrams in Appendix C on page 116). The ALD apparatus
principally consists of precursor reservoirs, a reaction chamber, and a manifold that
introduces precursors sequentially into the reaction chamber via a two-position gas
chromatography valve (rotary valve), precursor buffer volumes and pneumatic valves
that are remotely controlled by solenoid drivers (Figure 4.5 and 4.6). The manifold
sits in an oven that can be heated up to 100°C. An electric fan circulates hot air
from heating elements around the manifold. This controls the manifold temperature
and prevents condensation of precursors within the manifold before they reach the
reaction chamber. The precursor reservoirs are either kept in a precursor box at room
temperature or they can be connected directly to the manifold in the oven, which
controls the precursor vapor pressure by its temperature (precursor B in Figure 4.6).

The pneumatic dose valves fill the precursor buffer volumes. A rotary vane vacuum
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Figure 4.6: Photographs of completed ALD apparatus.

pump keeps the base pressure in the reaction chamber (0.35 mbar) below the vapor
pressure of the gaseous precursors (>1mbar) in the buffer volume so that they can
effuse into the reactor (see Table 4.1 on page 75). Together precursor vapor pressure,
size of the buffer volumes, and manifold temperature define the reactant dose that
is released by the pneumatic release valve into the reactor (see Equation (4.2) in
Section 4.3.2). Band heaters around the reaction chamber control the temperature
of the enclosed sample holder between 20-250°C. Since the inert reaction chamber
is made of a stainless steel tube with poor thermal conductivity (16 Wm™ K1), a
copper enclosure (400 Wm~! K~!) was fabricated, which distributes the heat from the

band heaters more uniformly along the reactor tube. Probing the temperature of the
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copper enclosed reactor with a thermocouple showed a reduction of the temperature
difference between both reactor ends from >10°C to <1°C. The pneumatic Ny purge
stop valve and the pneumatic vacuum stop valve isolate the reactor volume from the
continuous nitrogen flow and vacuum pump and keep the precursor in the reactor for

a chosen time until the reaction at the substrate in the sample holder completes.

4.3.2 Precursor and Deposition Properties
Precursor dose

All hot surfaces in the reactor are coated by the deposited material. These surfaces
include sample substrates, sample holder, and reactor walls with a total surface area of
A;~350cm?. In order to ensure complete coverage of this area, precursor doses were
adjusted so that they were equivalent to at least 2 monolayers per cycle (Table 4.1
on page 75). The precursor buffer volume V},, manifold temperature T,, and vapor

pressure p, determine the molar precursor dose in the reactor,

g_ " _ ja
A, RTLA:’

where n and R are amount of precursor and gas constant respectively.

Timing for precursor dose

Precursors with molar mass M flow into and out of the precursor buffer volume V3,
through a cross-section Ay,. The minimum opening time of the buffer fill and release
valves depends on the vapor pressure equilibration time t, of the precursors, which

can be estimated from the rate of effusion,

gz%&, (4.3)

e



4 Atomic Layer Deposition 74

where the molar flux of molecules through the aperture Ay is given by kinetic the-

ory [253],
A L S— (4.4)
V2r M RT,,
The equilibration time results in
2r M Vb
te =4 —— 4.
RT,, Ay (45)

and for all our precursors it is less than 100 ms (see Table 4.1). An opening time of
1sec was used for the buffer fill and release valves, chosen well above the precursor

pressure equilibration time.

Timing for precursor exposure

The duration for which the pneumatic nitrogen purge stop valve close and the vacuum
stop valve holds the precursors in the reactor determines the precursor exposure in
the reaction chamber. During their exposure, precursors need to be able to diffuse
in time ¢4 over a mean-distance (x) ~ 1cm to the surface of the sample substrate.
For a Brownian precursor particle with collision diameter d and collision cross-section
o =md? the diffusion time in the reactor at temperature 7} is determined by ([253],

chapter 21.4)

(4.6)

using the diffusion coefficient

2 | R3T3
D = = 4.
30p,Na V M (47)

The precursor diffusion times for the used precursors are in the range tq~1-100 ms
(see Table 4.1). Hence, the length of time for which both the pneumatic nitrogen purge
stop valve and the pneumatic vacuum stop valve close at each cycle was kept at 1s for

all depositions in order to allow sufficient time for termination of ALD reactions.



Deposited material

Titanium dioxide

Aluminium doped zinc oxide

Zirconium nitride

TiO, ZnO:Al Zr;N,
Reactor temperature T; (°C) 100 160 175
titanium . . trimethyl . tetrakis . .
Precursors . water | diethylzinc | water . . (dimethylamino) | ammonia
tetrachloride aluminium . .
zirconium
Formula TiCl4 HQO ZH(CQH5)2 HQO AI(CH3)3 [ZI(N(CH3)2)4]2 NHg
Collision diameter d (A) 5.24 2.06 9.34 2.06 6.24 15.26 2.22
Collision cross-section o =7d? (nm?) 0.86 0.13 2.74 0.13 1.22 7.32 0.15
Molar weight M (g/mol) 189.68 18.02 | 12349 | 18.02 72.09 535.16 17.03
Vapor pressure p, at 20°C (mbar) 13.3 23.4 16.2 23.4 11.6 1.3 1300
Manifold temperature Ty, (°C) 50 50 50 50 50 70 70
Buffer volume V4, (ml) 2.85 2.85 3.55 2.85 2.85 29.40 0.05
Buffer cross-sectional area A}, (cm?) 0.17 0.17 0.17 0.17 0.17 0.17 0.01
Diffusion coefficient D (cm?/s) 82 1723 40 2155 117 8 2009
Precursor dose S (nmol/cm?) 4.0 7.1 6.1 7.1 3.5 3.9 6.5
Precursor dose S (monolayers) 6 2 26 2 7 44 2
Equilibration time ¢, (ms) 4 1 4 1 2 61 0.3
Diffusion time t4 (ms) 10 0.5 20 0.4 7 104 0.4
Diffusion time t5 (ms) 2 0.5 2 0.6 1 32 0.01

Table 4.1: Physical properties of precursors for ALD of titanium dioxide, aluminium doped zinc oxide, and zirconium nitride.

Precursor collision diameters, d, were estimated by the covalent atomic radii (from ref. [254]) of the elements that compose

each precursor molecule. Note that a monolayer of the precursor dose is defined as a close-packed array of reactant molecules

on the surface and not as a layer of chemically bound (chemisorbed) molecules.
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Gordon et al. [205] also showed that the time for precursors saturating the surface

of structures is proportional to their aspect ratio squared,

(4.8)

. S\/2n M RT, (1 9 3 2)
N 32 32 '

s —a+ —=a
Dby

where the aspect ratio is defined as the ratio of the surface area in the bulk and the
area of the hole through which the precursor has to diffuse, a = Apu/Anole- This
means that the saturation exposure of precursors in the reactor depends largely on the
structure of the template if its aspect ratio is large. The photonic crystal templates
used in this thesis have an aspect ratio on the order of a~100 (see roughness factor
in Section 5.3.3 on page 94). In this case, ¢ for the precursors is 32 ms and less (see

Table 4.1), which is small compared to the chosen 1s precursor hold time in the reactor.

4.4 Characterization of Deposited Films

4.4.1 Uniformity of ALD Films

In order to verify uniformity of thickness and refractive index of deposited films on
all substrates along the sample holder, zirconium nitride was deposited by following
the ALD process outlined on page 70. Deposition temperature and timing of the
ALD cycle are summarized in Table 4.2 on page 78. Constructive and destructive
interference within a thin zirconium nitride film deposited on the sample holder create
bands of different color, similar to an etalon. Since the color varies with film thickness,
this effect was used as a convenient tool to qualitatively test thickness uniformity of
zirconium nitride films on the ALD sample holder and to optimize the sample holder
design.

The first sample holder provided a bevelled surface with five pockets each con-
taining a 22 mm silica cover-slip substrate. An ALD run with 5 sec nitrogen purge
time per cycle revealed an irregular coloration of the sample holder, suggesting a non-

uniform Zr;N, deposition (Figure 4.7 a). Increasing the purge time to 10 sec slightly
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Figure 4.7: Top and bottom view of various sample holders that were coated with

300 ALD cycles of Zr;N,. (a) bevelled aluminum sample holder with 5sec and
(b) 10sec long nitrogen purges at each ALD cycle. (c) beveled aluminum sample
holder with less impedance to gas flow using 10sec purge. (d) copper sample

holder frame with very low gas flow impedance using 10 sec purge.

improved uniformity of Zr;N, growth (Figure 4.7b). This suggested the occurrence
of chemical vapor deposition (CVD) instead of ALD where the nitrogen flow is too
short to fully purge the reactor so that ammonia still reacts with the Zr-compound
from the preceding precursor pulse. Since further increasing the purge time would
unnecessarily prolong the ALD run time, the impedance of the sample holder to the
gas flow was reduced by lowering its height. This resulted in an almost completely
uniform deposition (Figure 4.7 ¢). The coloration of the sample pockets however made
obvious that precursor molecules were trapped underneath the substrate. For this
reason, a sample holder frame which provided minimal impedance to the gas flow was
produced and prevented trapping of vapor molecules by holding the substrates only
on a 2mm edge so that film growth occurred equally on both sides. The resulting
Zr;N, deposition looked very uniform (Figure 4.7d). This sample holder was used for

all subsequent depositions.

4.4.2 Thickness of ALD Films and Growth per Cycle

In order to determine the uniformity of deposited films for all ALD processes in-
troduced in Section 4.2.3, material films were produced of various thickness on flat

coverslip substrates. The conditions for all ALD processes are summarized in Table 4.2.
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Deposited material Zr;N, TiO, Zn0 ZnQO:Al
Reactor temperature (°C) 175 100 200 200
Precursor temperature (°C) 70 20 20 20
Manifold temperature (°C) 70 50 50 50
Buffer fill & release time (s) 1

Precursor hold time (s) 1 1

Purge time (s) 10 5 20 20
Impurity every # cycle - - - 20
Measured growth per cycle (A) 2.9 0.56 2.1 1.9
Literature growth per cycle (A) | 1.2 [244] | 0.4-1.2 [237; 238] | 2.0 [240] | 1.9 [240]
Measured refractive index 2.2 2.33 1.9 1.75
Literature refractive index 3.2 [255] 2.32 [238] 2.0 [256] | 1.95 [256]

Table 4.2: ALD routine for each of the deposited films. Measured ALD growth
rate and refractive index at 632 nm in comparison to literature values (references
in square brackets). ZnO:Al films were compared to literature values for 4 wt%

aluminum doped zinc oxide.

Dr. R. Jacobs [257] determined the thickness and refractive index of the ALD films
by ellipsometry measurements. The ellipsometry measurements showed a difference
in film thickness of less than 1% for substrates distributed across the sample holder.
This confirmed the above qualitative result of uniform film growth in photographs of
the sample holder (Figure 4.7).

The ellipsometry measurements of each material film also allowed calculation of
the refractive index and growth per cycle of each ALD process. Growth per cycle and
refractive indices of all materials except Zr;N, were comparable to values reported
in the literature (see Table 4.2). Rutherford backscattering experiments on Zr;N,
films by Becker et al. [244] showed that the ZrsN, ALD process is susceptible to
oxygen contaminants in the ALD reactor, which result in oxygen impurities in the
bulk of the material and a lower refractive index. According to infrared spectroscopy
measurements by Prof. R. G. Denning [258], the ammonia precursor feed contained 1%
water contaminations. Unfortunately these contaminations could not be eliminated
after evacuating and purging the ammonia feed with nitrogen. The ammonia was
purified with a custom-made drying tube that contained 5g of 3A molecular sieves
(beads, Sigma-Aldrich 20858-2) and that had a capacity to absorb 1 mbar water vapor

in 20 liters of ammonia gas at 1bar. The drying tube was followed by a NH, gas
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purifier (SAES Pure Gas, MC1-702) that is capable of removing water contaminants
to less than 1ppb. However, the growth per cycle was still more than twice as high as
for ALD processes producing pure films [244] and the refractive index of the produced

Zr3N, films remained too low (Table 4.2). This indicates other possible impurities in

the films.

4.4.3 Crystallinity of ALD Films
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Figure 4.8: X-ray diffraction patterns of 400 nm thick ALD layer of sintered (black)
and non-sintered (red) TiO, on a photonic crystal template (a) and flat glass

substrate (b). Blue numbers represent Miller indices for crystal planes of anatase.

X-ray diffraction (XRD) measurements, performed by Dr. R. Gunning [259],
confirmed the tetragonal and hexagonal structures of anatase and zincite for the TiO,
and ZnO ALD films respectively. TiO, grown by ALD at 100°C was amorphous
(Figure 4.8) [as in ref. 237; 238]. Sintering these films at 500°C for 45 min formed
poly-crystalline anatase. Analysis of the XRD patterns revealed that the crystallite
size in the 400 nm thick films was ~105nm. Two sintered TiO, films, 30 nm and 60 nm
in thickness, were measured for comparison and resulted in a crystallite size of ~47nm
and ~78 nm respectively (patterns similar to Figure 4.8). These grain sizes have been
determined by assuming a isotropic crystallite shape. The fact that the crystallites
of these films are larger than the film thickness and smaller than the grains in the
400 nm thick films suggests that these crystallites have an anisotropic shape, which is

restricted to the thickness of the constituent film.
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Figure 4.9: Diffractograms of 400 nm thick ZnO (a) and 250 nm thick ZnO:Al (b)
film deposited by ALD at 200°C on a template (black) or flat glass substrate
(red). The ZnO:Al template was small so that part of the X-ray beam scattered
from the aluminum sample holder, resulting in broad peak (S). Blue numbers
represent crystal planes of the wurtzite structure, represented in (c), adapted
from ref. [260]. (d, e) The diffractograms of flat films show that each ZnO
and ZnO:Al film grows in two distinct phases with different orientations of the

wurtzite structure with respect to the surface normal of the substrate (arrow).

X-ray diffractograms of 400 nm thick ZnO and 250 nm thick ZnO:Al films deposited
at 200°C on photonic crystal polymer templates and flat glass coverslips show ALD
growth of poly-crystalline zincite, which has the hexagonal wurtzite structure [241;
261; 262] (Figure 4.9 a—c). However, reflections from the (101), (102), (103), (201), and
(112) crystal planes are absent in the XRD pattern of the flat films. This suggests ALD
growth of ZnO and ZnO:Al films in two distinct modes, represented by the (100), (200),
and (110) reflections (Figure 4.9d) and by the (002) reflection (Figure 4.9¢). The
diffractograms of the films grown on photonic crystal templates could not show this
effect of oriented ALD growth because, in contrast to a flat substrate, the topology of
the template allows X-ray diffraction from all crystal planes of the wurtzite structure.
Refinement analysis of the patterns by Dr. R. Gunning [259] also revealed that the ZnO

and ZnO:Al films were highly strained, which made determination of crystallite sizes
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difficult (not shown). XRD patterns of films which were sintered at 500°C resembled
the patterns of the non-sintered films above. This means that the observed strain was

not released at this temperature, so higher temperatures may be needed.

4.4.4 Conductivity of ZnO:Al Films
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Figure 4.10: Resistivity of ZnO:Al films that were deposited at different reactor
temperatures (a). As second impurity sequence, a diethylzinc (DEZ) pulse was
added to the water/trimethylaluminium (HoO/TMA) impurity cycle. Error bars
represent the standard error of the mean over three different samples. Resistivity
of ZnO:Al films that were sintered in air compared to a 2% hydrogen/nitrogen
(H2/N2) atmosphere (b). Dashed lines serve as guides to the eye.

As outlined in Section 4.2.3 on page 70, in the impurity cycle of the ZnO:Al
ALD process the precursor sequence water/trimethylaluminium (HoO/TMA) replaces
a water/diethylzinc sequence (HoO/DEZ). The reported resistivity of ZnO:Al films
produced this way reaches a minimum at a TMA/DEZ doping ratio of 1/20 [263]. By
adopting this doping ratio and a 20s purge time for the ZnO:Al process, 56 nm thick
ZnO:Al films were produced at various processing temperatures (see ALD routine in
Table 4.2 on page 78) and their resistivity measured with the van-der-Pauw method
(described in Appendix D on page 123). The resistivity of these films decreased
with temperature and followed a trend as in ref. [240] (Figure 4.10a). Na et al.
[263] showed that inserting an additional diethylzinc (DEZ) pulse into the impurity
cycle at 125°C, i.e. using the sequence H,O/DEZ/TMA, led to an improvement in

conductivity of the resulting ZnO:Al films. Using this impurity cycle sequence at 125°C
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resulted in ZnO:Al films with increased resistivity in comparison to the films grown
with the conventional impurity sequence, which opposed the result of Na et al. [263]
(Figure 4.10a). The resistivity of ZnO:Al films deposited at 200°C was comparable for
both type of impurity sequences, p <3 mcm. Sintering ZnO:Al films in air induced a
rapid loss of conductivity above 200°C deposition temperature (Figure 4.10b). This
confirms the studies by Ellmer and Vollweiler [264], who found that ZnO:Al films are
susceptible to oxidation, which leads to defects in the film. Hydrogen inclusion can
passivate these defects [265; 266]. Performing the sintering in a 2% hydrogen/nitrogen
atmosphere revealed a reduced rise in resistivity above 200°C and a trend of recovery

at 500°C.

4.5 Deposition on Photonic Crystal templates

Figure 4.11: SEM images [187] illustrate procedure for producing inverse replicas
of photonic crystal templates by ALD (TiO; in this case). (a) Initial photonic
crystal SU-8 template. (b) Template completely back-filled with TiOs ALD
layer. (c) Argon-ion (Ar™) milling the top surface of TiO2 layer until underlying
template exposed. (d) Removing SU-8 template by oxygen plasma etching

produces the TiOy inverse replica. Scale bars are 1 pm.

In order to show that ALD is uniform throughout the bulk of the photonic crystal
template, inverse replicas of the template were prepared and imaged with a scanning

electron microscope (details in ref. [187]). The initial step for making inverse replicas
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Figure 4.12: Schematic of Ar™ milling process (a). Side view of ion mill sample
holder (b) that was variable in height (double arrow) in order to set the Gaussian
Ar™ beam off center. Photograph of custom built sample holder (c). Gold coated
coverslip served as indicator for uniformity of Ar" etch (d: before and e: after

milling). Scale bars are 3 mm.
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Figure 4.13: The reactive ion etch (RIE) rates 15nm/min and 2.6 nm/min for TiO»

and ZnO respectively were determined by linear fits.

was to deposit a thick ALD layer on the template so that its pores were completely
filled (Figure 4.11Db). The template beneath the enclosing ALD layer was exposed by
etching the top surface of the ALD coated sample (Figure 4.11c). Initially a Gatan
dual-beam argon-ion (Ar™) mill was used to etch TiO, at a rate 4nm/min with a 15°
incidence angle, 6 keV acceleration voltage, and 1.5 mA gun current (Figure 4.12a). A
custom-made sample holder was able to hold 3 mm thick substrates for photovoltaic
purposes (Figure 4.12b) and coverslips for testing etch uniformity (Figure 4.12c¢).
Adjusting the height of the sample holder set the 2mm wide Ar™ beam off center and
allowed a very uniform etch across the whole width of the sample, which is confirmed
by etching a gold coated coverslip for test purposes (Figure 4.12d,e). Due to failure
of the vacuum pump and impossibility for replacement, following etches were done
in a reactive ion plasma of 67% sulfur hexafluoride and 33% Ar. Profiling TiO,

and ZnO samples that were etched at 100 W and 200 W forward power respectively
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Figure 4.14: Scanning electron micrographs [187] show bulk of photonic crystal
inverse replicas produced by ALD of (a) 250nm ZrsNy at 175°C, (b) 400 nm
TiO, at 100°C, (c) 250 nm ZnO:Al at 200°C, and (d) 250 nm Al,O3 at 200°C.

Scale bars are 3 pm.

resulted in etch rates of 15nm/min and 2.5nm/min (Figure 4.13). The template was
finally removed in an oxygen plasma at an etch rate 2 um/h by using a plasma-cleaner
(Diener-electronic Pico) at 200 W (Figure 4.11d). Alternatively, if subsequent sample
treatment included a sintering step at 500°C the polymer template was burned off
within 45 min. Photonic crystal inverse replicas of TiOs, ZrsNy, ZnO, ZnO:Al, and
Al;O3 were produced by following the introduced ALD routines (Table 4.2 on page 78).
In SEM images they all appeared uniform in the bulk (Figure 4.14) and confirmed the
developed reinforcement method of photonic crystal polymer templates, described in

Section 3.5.

4.6 Discussion

Atomic layer deposition is a thin-film growth technique, which allows the deposition of
an abundant selection of materials. The produced films are highly conformal and can
coat structures with aspect ratios larger than 1000. Commonly used ALD processes
were applied to grow TiO,, ZnO, ZnO:Al, and Zr;N, on photonic crystal polymer

templates that were fabricated according to the techniques outlined in Chapter 3. For
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this purpose an ALD apparatus was constructed. Optimization of its reactor and
sample holder design enabled a uniform temperature distribution and homogeneous
ALD in the reaction chamber. Ellipsometry measurements confirmed uniformity of
the produced films and determined the growth per cycle for each ALD process used.
Electron micrographs confirmed that all these ALD processes produced uniform films
within photonic crystal polymer templates. Calcination and dry etching techniques,
such as argon-ion milling, reactive ion etching, and oxygen plasma etching, were utilized
in order to produce inverse replicas of photonic crystals templates with the mentioned
ALD materials. XRD experiments showed that ZnO and ZnO:Al films deposited at
200°C consisted of crystalline zincite with a preferential orientation but possessed
strain, which could not be released by sintering. The ZnO:Al films grown between 160—
200°C exhibited a resistivity below 4 m{2cm after ALD. However, these films lost their
conductivity in a sintering process due to oxidation. This increase in resistivity with
temperature could not be completely diminished in a 2% hydrogen /nitrogen atmosphere.
The ZnO:Al films were therefore impractical for use as transparent conducting oxides
in solar cell architectures, which require sintering processes during device manufacture.
TiO, films grew amorphous at 100°C but turned to poly-crystalline anatase with a
crystallite size of 105 nm after sintering at 500°C. ZnO and TiO, films were used as
electron-transporting layers in different heterojunctions that were implemented in solar
cell devices according to Scheme 1 in Section 2.3. The fabrication and characterization

of these devices will be described in the following chapter (Chapter 5).



5 Solar Cell Device Structures

5.1 Introduction

Following Scheme 1 on page 38, metal oxide photonic crystal structures were produced
on fluorine doped tin oxide (FTO) substrates by applying the techniques of holographic
lithography (Chapter 3) and atomic layer deposition (Chapter 4) and were included
in the proposed DSSC and organic-norganic hybrid solar cell devices. Because the
fabrication of these solar cell devices involved calcination and sintering processes at
500°C, it was unfeasible to grow ZnO:Al films by ALD and to use them as transparent
conducting oxide electrodes in the proposed photonic crystal solar cell devices. The
produced photonic crystal structures therefore consisted of TiO, and ZnO and were
included as electron-transporters in TiO, DSSC devices and ZnO-polymer solar cell
devices respectively. Before reporting on fabrication and performance of these devices
(in Section 5.3 and Section 5.4), this chapter starts with an introduction to the
characterization techniques (Section 5.2).

The TiO, DSSC device comprised the ruthenium-based dye N-719 (dye B2 from
Dyesol; abbreviation in Appendix A) and an iodine-iodide electrolyte (composition in
Appendix E.2) (Sections 5.3.1-5.3.2). Its performance was compared to a nanocrys-
talline TiO, DSSC device (as in ref. [99]) that contained the same dye and electrolyte
(Section 5.3.3). The attempt to combine the TiO, photonic crystal structure with
nanocrystalline TiO, is described in Section 5.3.4.

The ZnO photonic crystal structure comprised a solar cell device with layers

of the organic electron-acceptor molecule PCy,BA (Sigma-Aldrich), the absorbing

86
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polymer P3HT (Rieke Metals, 4002-E), and the hole transporting polymer PEDOT:PSS
(Clevios) (Sections 5.4.1 and 5.4.2; abbreviations in Appendix A). The thickness of
these organic layers was optimized (Section 5.4.3) and the performance of the resulting

photonic crystal devices was compared to a flat bilayer device with the same material

layers (Section 5.4.4).

5.2 Solar Cell Device Characterization

The power-conversion efficiency, fill factor, charge carrier transport properties, and
external and internal quantum efficiency were characterized by using established

techniques in the group of Dr. H. Snaith [267]. They are introduced in the following

sections.

Current-Voltage Characteristics
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Figure 5.1: Photocurrent density-voltage (J-V) curve of a photovoltaic device
connected to an external load, highlighting its maximum power density (Pax),

short-circuit current density (Js), and open-circuit voltage (Vo).

The relationship between current density and bias potential (J-V curve) of a
photovoltaic device is a convenient tool to determine its power-conversion efficiency 7,
open-circuit voltage V., short-circuit current density Ji., and fill factor FF (Figure 5.1).

In order to measure these four quantities, solar cell devices were illuminated with
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white light from a Solar Simulator (ABET Technologies Sun 2000) under standard test
conditions, i.e. at 25°C and using a reference spectrum with air mass coefficient 1.5
(AM1.5) [11] and solar power density P; = 100 mW /cm?. Simultaneously a sourcemeter
(Keithley 2400) applied a bias potential difference, V', to the devices and measured their
photo-current densities, J, which were recorded with respect to the bias by a National
Instruments card (NI-SCX-1000) and LabVIEW program (written by Mr. P. Docampo
[268]). From these J-V curves Js, Jmax, Voc, and Vi.x were determined with a
MATLAB script and FF and n were calculated according to Equations (2.8) and (2.11)

on page 10.

5.2.1 Charge Carrier Transport Measurement

Measurements of photo-current and photo-voltage transients provide insight into the
kinetics of electron transport and recombination in solar cell devices [269; 270]. For this
purpose perturbation transient photo-voltage and photo-current decay measurements
were performed by using the instrument established by Mr. P. Docampo [271] (and
described in ref. [272]). In this apparatus a steady-state bias light from an array of
white light diodes (Lumiled LXHLNWES whitestar) generated charge-carriers (photo-
carriers) in the device. In order to probe the kinetics of these photo-carriers a probing
light pulse was superimposed on the bias light [273]. This probe pulse originated from
red light diodes (LXHLND98 redstar). They were pulsed by a solid-state switch that
opened upon a square, 200 pus wide electrical pulse with 100 ns rise and fall time from
a function generator (Agilent 33250A). The pulse intensity was adjusted so that the
resulting intensity perturbation induced monoexponential photo-voltage and photo-
current transients. These transients were measured by a 1 GHz oscilloscope (Agilent
MSO6104A) and recorded with a LabVIEW program (developed by Mr. P. Docampo
[271]).

Photo-voltage transients, in the form of

V(t)=Vae "+ Vg, (5.1)
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were measured at open-circuit conditions across the high-impedance (1 MS2) port of
the oscilloscope. The constant voltage offset V[ caused by the bias light was removed
from the voltage transient with a sourcemeter (Keithley 2400) that was connected
in parallel to the oscilloscope port [272]. As a result, the decay time 7, obtained
from Equation (5.1), determines the recombination rate k, =1/7, of charge carriers
generated solely by the probe pulse.

Photo-current transients, in the form of
J(t) = Jae " + U, (5.2)

were measured at short-circuit conditions through the oscilloscope’s low-impedance
(50 2) port. During this transient however, charge carriers recombine on their journey
to the electrode. Hence, the decay time 7y from Equation (5.2) is a combination of

charge-recombination time, 7, and charge-collection time, 7., so that [272]

1

TR >

Tc

Measurement of 7., sample thickness dsample, and porosity P of the solar cell device

allows determination of the diffusion constant

De __ _sample 5.4
2.357, (5.4)
and the photo-carrier density
JSC C
N = T (5.5)

edsample(l - P)

of the injected electrons [111; 274], where e is the electron charge. The electron

diffusion length

Lo = \/ﬂ (56)
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conveniently illustrates the distance that an electron diffuses before it recombines (see

also Equation 5.6 on the preceding page).

5.2.2 Spectral Response Measurement

The spectral response of a solar cell device is revealed by the external quantum efficiency
(EQE), which describes the number of electrons delivered to a load per incident photon
(as introduced in Section 2.1.2 on page 9). Hence the EQE can be written as the ratio
of the number of electrons per second, Jy /e, and the number of incident photons per

second, Py/hv,

JAhV hc (]>\
EQE(\) = = ——— ~ (1241/V
QE() = 5 = 7 yp: ~ (1241/Vam)

(J)\/A cm_2)
(A/nm)(Py/W cm™2) ’

(5.7)

which is conveniently expressed in terms of short-circuit current density .J, and
spectral power density P, at the incident wavelength of light A, and the constant
he/e = 1241 Vnm [275].

In order to measure the EQE, solar cell devices were illuminated with a monochro-
mator (Princeton Instruments, Acton SP2150i), which selected a 0.5 nm narrow band
of wavelengths from a 250 W tungsten-halogen light source (Acton TS428) and scanned
it from 300 nm to 800 nm in 5 nm increments [276]. The monochromatic light beam was
periodically chopped with a shutter (Thorlabs, SHO5) in order to perturb a steady-state
white bias light, which was provided at 0.5sun by two LEDs (Luxeon star, LXHL-
NWESR). Three 50 mm convex lenses superimposed the light of all three light sources
and converged it onto the device. Both electrodes of the device were connected to
a sourcemeter (Keithley 2400), which measured the generated photo-current density,
Jx. A LabVIEW program, written by Dr. M. Brown and Dr. J. Ball [276], recorded
Jy with respect to wavelength from a National Instruments card (NI-SCX-1000). A
photodiode (Centronic, OSD5.8-7Q)) was used as reference for the measured solar cell
devices in order to calibrate Py. The resulting EQE is less than 100% due to reflection

losses of the incident light, imperfect absorption of the photoactive material within



5 Solar Cell Device Structures 91

the cell, recombination of charge carriers, and electrical resistance losses in the device

and external circuit.

5.2.3 UV-Vis Absorption Spectrum

The absorption spectrum, A=1—T— R, of a device was obtained by measuring the
reflection, R, and transmission, T, with the ultraviolet-visible (UV-Vis) spectrometer
(Varian Cary 300 Bio). The instrument was equipped with an integrating sphere that

collected scattered light in the range (250-800) nm.

5.3 TiO, Dye-Sensitized Solar Cell Devices

5.3.1 TiO, Structures

Two different TiO, photonic crystal structures were developed and compared to a
nanocrystalline TiO, reference structure. All three structures were produced on
conductive 14 mm square FTO-substrates (Pilkington, TEC 15). Fabrication of the
photonic crystal structures included the TiO, ALD process introduced in Section 4.2.3.
During this process a 3 mm wide area on the edge of the FTO substrate was covered
by Kapton tape in order to facilitate electrical contact between the conductive FTO
and the conductive silver paste (Agar-scientific) that was applied at the end of device

production.

Photonic Crystal Shell

One photonic crystal structure consisted of a 90nm thick TiO, shell, which was
fabricated by growing a 30 nm thick TiO, layer on the photonic crystal SU-8 template
and burning the template off at 500°C for 1 hour. Due to the removal of the template,
cracks developed in the TiO, film and exposed the FTO substrate underneath. A
30nm TiO, ALD blocking layer on the photonic crystal shell structure covered these

cracks in order to prevent leakage currents in the complete device.
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Photonic Crystal Inverse Replica

The other photonic crystal TiO, structure was an inverse replica of the original
template, which was fabricated as described in Section 4.5 on page 82. Due to removal
of the polymer template, this replica structure also developed cracks, which were

covered by a 30nm thick TiO, blocking layer.

Nanocrystalline Reference Structure

Nanocrystalline TiO, reference devices were made by following established proce-
dures [99; 277]. For this purpose, FTO substrates were cleaned (procedure in Ap-
pendix E.1) and provided with a ~100nm thick TiO, blocking layer by 40 sprays of a
solution of 10 wt% titanium diisopropoxide bis(acetylacetonate) (Sigma-Aldrich) in
ethanol at 450°C. After cooling to room temperature, 0.7 ml of 625 mg/ml colloidal
TiO, paste (Dyesol DSL 18 NR-T) in ethanol was spread with a Pasteur pipette onto
the TiO, blocking layer. A temperature ramp to 500°C burned off the ethyl cellulose
in the paste and created the nano-porous TiO, structure. By using a craft knife the
resulting 3-5 um thick nanocrystalline film was removed from most of the substrate,
leaving a 5 mm wide circular area in the center of the substrate so that the sample size
was comparable to the photonic crystal structures. Subsequently the structures were
kept in a bath of 20mM TiCl, in deionized water for 1 hour at 70°C, which formed a

continuous TiO, film on the nano-particulate structure.

5.3.2 TiO, Device Configuration
Dye Loading

Once the above TiO, structures were established, they were sintered at 500°C for
45min on a hot-plate. As soon as the hot-plate cooled to 70°C the structures were
immersed in a dye solution for 20 hours and subsequently rinsed in acetonitrile. The dye
solution consisted of 10 mg N-719 dye dissolved in 40 ml of a 1:1 solution of acetonitrile

and tert-butanol.
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Figure 5.2: Schematic of dye-sensitized solar cell (DSSC) device. The red circular
region illustrates the volume between the two electrodes filled with electrolyte,

i.e. the heterojunction of the device.

Counter Electrode

The TiO, structures were covered with a platinized 15x 13 mm? FTO glass (Pilkington,
TEC 15) counter electrode (Figure 5.2). This counter electrode was provided with a
~1 mm hole by using a fine nozzle of a sand-blaster and cleaned following the protocol
in Appendix E.1. Subsequently this electrode was platinized by spreading 40 ul of
50mM chloro-platanic acid hydrate (Aldrich 254029) in propan-2-ol evenly with the

edge of a Pasteur pipette (Camlab) and heated for 15min at 450°C.

Sealing the Solar Cell Device

The counter electrode was attached to the substrate with a strip of Whatman sealing
film in which a 5.5 mm circular hole had been punched out with a custom-made steel
stamp. This hole was lined up with the 5mm wide TiO, structure between both
electrodes so that the sealing film completely covered the FTO substrate around the
sample and the sand-blasted hole in the counter electrode was at the periphery of the
TiO, structure (see Figure 5.2). By placing both electrodes on a hot plate at 90°C,
the film melted, sealed the cell under compression, and acted simultaneously as an
insulating spacer which kept both electrodes ~100 um apart. The space that resulted

from the circular hole in the film defined a volume of ~0.8 ul.
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Figure 5.3: J-V curve of dye N-719 sensitized electrolyte devices, which were based
on nanocrystalline (black), photonic crystal 90 nm shell (red), and inverse replica
(blue) TiO, structures (see Section 5.3.1).

Adding Electrolyte and Electrode Contacts

By adding 20 pl of the iodine-iodide electrolyte solution into this opening and applying
low-pressure in a vacuum chamber, the electrolyte displaced the air in the device
volume. A piece of Whatman sealing film was sandwiched between the opening and a
coverslip (Agar-Scientific, 18 mm, #1.5). The use of a 300°C hot soldering iron sealed
the sand-blasted hole. After applying conductive silver paste (Agar-scientific) onto

clear regions of bottom and top electrodes the device was characterized.

5.3.3 Device Performance

This section describes the characterization of the fabricated dye N-719 sensitized TiO,
photonic crystal 90 nm shell and inverse replica devices with the techniques outlined in
Section 5.2 on page 87. The above described dye N-719 sensitized 20 nm nanocrystalline

TiO, reference device served as a reference for the photonic crystal devices.

Roughness Factor and Current-Voltage Characteristics

Analysis of the J-V curves (Figure 5.3) showed that the photonic crystal shell device
provided a two times larger power conversion efficiency n and short-circuit current
density Js. than the replica device (results in Table 5.1). With the intention to explain

this gain in performance, the roughness factors of both photonic crystal shell and
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Reference Shell Replica Rse};ilia Reé‘iﬁfce Rﬁfe‘iﬁge
P 0.54 0.70 0.45
dsample (1) 6 15 15
RF 600 155 75 2.1 3.9 8.0
n (%) 3.6 0.90 0.49 1.8 4.0 7.3
Jse (mA/cm?) 8.3 1.6 0.77 2.1 5.2 10.7
Voe (mV) 741 830 872
FF (%) 58 67 73

Table 5.1: Porosity P, sample thickness dsample, and roughness factor (RF) of
fabricated TiO, structures. Performance results of DSSC devices from J-V

curves in Figure 5.3.

replica structures were determined by

Auni
RF = 2™ 4 ample (5.8)

dunit

where Aupit, dunit, and dgample are the interfacial surface area per unit cell, thickness per
unit cell layer, and sample thickness for each structure respectively. A, was calculated
by surface triangulation with a MATLAB script [278], resulting in ~7.2 and ~3.5 for
photonic crystal shell and replica structures respectively. SEM micrographs (such as in
Figure 4.14 on page 84) revealed a unit cell layer thickness of dyi ~ 700 nm for both
shell and replica structures. The sample thicknesses (dsampie) 0f shell and replica devices
were measured with a stylus surface profilometer (Dektak 6M) and resulted both in
15 pum, leading to the roughness factors RF g1 =154.5 and RFcpiica =75 respectively.
The resulting ratio, RFgen/RF repiica = 2.1, shows that the 90 nm shell device is expected
to contain at least twice the amount of charge generating dye molecules in comparison
to the replica device. This result accords with the (shell/replica) ratios ~1.8 and ~2.1
of the measured n and J,. respectively (see Table 5.1).

Profilometry of the nanocrystalline reference device resulted in a sample thickness
of 6 um, leading to a roughness factor of RF eference =600 [279], which is ~3.9x and
~8.0x larger than RF e and RF,cpiica Tespectively. These RF ratios are lower than
the reference/shell and reference/replica ratios for Js. (see Table 5.1). This can be

explained by an overestimation of the photonic crystal shell and replica roughness
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Figure 5.4: Photo-current and photo-voltage transient measurements on nanocrys-
talline reference (circle), photonic crystal shell (triangle), and photonic crystal
inverse replica (square) devices result in collection time 7., recombination time 7,
diffusion constant De, and diffusion length L of charge-carriers (Section 5.3.1).
Data points at the second highest photo-carrier density of each sample was

measured at 100mW /cm? (1sun) irradiance.

factors due to the macroscopic cracks emerging in the templates at elevated ALD
processing temperatures (as described in Section 3.5.4 on page 60). FF and V. of
both photonic crystal devices is significantly larger than of the nanocrystalline device,
which suggests that more defect states occur in the solution processed nanocrystalline

TiO, structure, compared to the ALD processed photonic crystal devices.

Photo-current and photo-voltage transients

The kinetics of charge carriers in solar cell devices were characterized by measuring
and analyzing photo-current and photo-voltage transients (as described in Section 5.2.1

on page 88) at bias light intensities in the range (26-124) mW /cm?

. The resulting
charge collection times, 7., and recombination times, 7., (Figure 5.4a) and the film
porosities of nanocrystalline and photonic crystal devices were used to calculate the
photo-carrier density with respect to the incident bias light intensity (according to
Equation 5.5). The porosity of the reference structure, Pieference =0.54, was obtained
by gas adsorption studies on nanocrystalline films by Mr. P. Docampo [280]. SEM

of photonic crystal structures allowed estimation of the porosities Pepiica =0.45 and

Pgen = 0.7 for TiO, replica and 90 nm shell structures respectively. The resulting
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Figure 5.5: Normalized external quantum efficiency (EQE) of solar cell devices,
based on nanocrystalline reference (black), photonic crystal 90 nm shell (red),
and inverse replica (blue) TiO, structures, that were sensitized with dye N-719
(a). EQE peaks | and Il correspond with absorbance peaks (I and Il) of the dye
N-719 which result from metal-to-ligand charge transfer transitions (b, adapted
from ref. [282]). Ligand-centered charge transfer transitions of the dye lead to

absorbance peak Ill, not apparent in the EQE.

photo-carrier density of the nanocrystalline device is larger than that of the photonic
crystal devices, as expected, due to its larger internal surface area (Figure 5.4).

The diffusion constants for charge carriers (Equation 5.4) in the photonic crystal
devices were an order of magnitude larger than that of the nanocrystalline device
(Figure 5.4 b). In comparison to the reference device, the diffusion lengths (Equation 5.6)
were two and three times larger for photonic crystal replica and shell devices respectively
(Figure 5.4 b). This result suggests that compared to the discontinuous assembly of TiO,
nano-particles in the nanocrystalline device, which is prone to charge recombination,
the continuous network of the TiO, photonic crystal structure is beneficial for charge
transport to the electrode. Faster charge collection in the continuous photonic crystal
network is supported by the fact that the measured crystallite size of 105 nm in sintered
TiO, ALD films (Section 4.4.3) is significantly larger compared to the 20 nm large
crystallites in the nanocrystalline TiO,, film [126; 281]. This leads to less scattering of

charge carriers in the ALD film and thus higher charge mobilities.
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Spectral response

The measured EQEs of the three TiO, devices exhibit two distinct peaks—one in the
near ultraviolet (Il), which sets the baseline at ~360 nm, and the other in the visible
part of the spectrum () at ~560 nm (Figure 5.5a). Both EQE peaks correspond
with the absorbance peaks of the N-719 dye that result from the lower-energy metal-to-
ligand charge transfer transitions [282; 283] (I and Il in Figure 5.5b). The absorbance
at ~310nm (M), which results from higher-energy ligand-centered charge transfer

transitions of the dye, did not contribute to the photo-current of the devices.

5.3.4 Combining Photonic Crystal and Nanocrystalline Structures

Figure 5.6: Instead of filling the pores of TiO, photonic crystal inverse replica

structures, the TiO, nano-particulate paste formed a layer on the top surface of
the replica structure regardless of concentration and composition of the paste
used—whether it contained ethyl-cellulose, -terpineol and ethanol (left), or only
TiO, particles and ethanol (right). Structures shown in both SEM images [187]

were made from 20v% TiO, paste.

Combining the advantages of fast transport properties of the photonic crystal
TiO, network and the high surface area of the nanocrystalline film was attempted
by infiltrating TiO, photonic crystal structures with TiO, nano-particles. For this
purpose commercial TiO, paste (Dyesol DSL 18NR-T') was diluted in ethanol with
concentrations in the range (0.1-25)v%. 20 pl of these pastes was added to TiO,

photonic crystal structures by spin-coating for 30sec at 1000 rpm. SEMs confirmed
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that, regardless of its concentration, the paste remained at the top surface of the
structure instead of coating the bulk (Figure 5.6, left).

The used Dyesol paste contained high viscosity ethyl-cellulose (10-46 mPas). With
the intention to make a TiO, paste with lower viscosity, a paste was prepared from
10.3v% low-viscosity ethyl cellulose (Sigma-Aldrich, 46070, 5-15 mPas), 5.6 v% TiO,
powder (Sigma-Aldrich, 637254, particle size <25nm), and 84.1v% o-terpineol by
following the procedure of Tto et al. [284]. This custom-made paste was diluted in
ethanol at the same concentrations as above and TiO, photonic crystal structures
were spin-coated under the same conditions. However, electron micrographs showed
that this paste remained at top of the structure similarly to the commercial paste
(comparable to Figure 5.6, left). Applying low pressure or heating the paste to 70°C
during its application gave the same result. With the aim to increase wettability, the
photonic crystal structure was oxygen plasma etched before spin-coating the solution,
but the colloids still accumulated at the top surface.

Finally the ethyl cellulose was left out by just diluting the TiO, powder in ethanol
at concentrations of 1v%, 5v%, and 20v%. These solutions were applied to TiO,
structures by spin-coating at 1000 rpm for 30sec. Three separate structures were
left in 5v% and 20 v% solutions for 30 min and in the 1v% solution for 14 hours for
comparison. However, the TiO, colloids formed dense clusters on the top surface of the
micro-porous structure from all solutions irrespective of the method used (Figure 5.6,

right).

5.4 ZnO-Polymer Solar Cell Devices

5.4.1 ZnO Structures
Photonic Crystal ZnO Structure

ZnO photonic crystal structures were produced on conductive 14 mm square FTO-
substrates analogous to the procedure for TiO, structures above (Section 5.3.1). To this

end a ZnO film was deposited on the photonic crystal polymer template by applying
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the ZnO ALD process (described in Section 4.2.3 on page 69). The FTO-substrate
electrode was protected during ALD by covering a 3 mm wide area on the edge of the
substrate with Kapton tape. This maintained electrical contact between the conductive
FTO and the metal electrode contact that was added at the end of device fabrication
(see Section 5.4.2 on the following page). After ALD, the template was burnt off at
540°C for 1 hour, which produced a photonic crystal ZnO shell. During this calcination
process, photonic crystal shells collapsed if they consisted of ZnO films that were
thinner than 120 nm. After removal of the template a 30 nm ZnO blocking layer was

added in order to cover cracks that develop during the heating process.

Flat ZnO Film

Flat ZnO reference films were fabricated for comparison with the ZnO photonic
crystal structure by using the same ALD process. For this purpose 14 mm square
FTO-substrates were prepared by following the procedure in Appendix E.1. These

substrates were protected with Kapton tape prior ALD as explained above.

5.4.2 ZnO Device Configuration

Metal top contacts

Metal bottom

contact PEDOT:PSS

Etched FTO
FTO substrate

P3HT film

2mm ZnO blocking-layer

Figure 5.7: Schematic of organic solar cell (DSSC) device. The dashed circle depicts

the region where the photonic crystal micro-structure resides.

After supplying the ZnO structures with ZnO blocking layers they were sintered
and provided with a layer of PSHT and PEDOT:PSS, along with gold and silver
electrode contacts (according to the schematic in Figure 5.7). As these metal contacts

were at risk of short-circuiting with the FTO substrate upon contact with a clamp
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probe, the 350 nm thick FTO electrode was etched before sintering up to a distance
of 3mm from one edge of the substrate which allowed sufficient space for a clamp
(black region in Figure 5.7). This region was etched with a mixture of zinc powder and
2M hydrochloric acid for 30 sec, subsequently rubbed with a cotton bud for another
30 sec, rinsed with deionized water, and dried with a tissue. Thereafter the samples
were sintered at 500°C for 45 min. As soon as the samples reached room temperature,
they were kept in a 50 pg/ml solution of PCgBA in chlorobenzene for 45 min and
rinsed in acetonitrile. Once the samples dried they were spin-coated with P3HT in
chlorobenzene and water-based dispersion of PEDOT:PSS. See Section 5.4.3 below for
details of the process and how thickness and coatability of both films were optimized.
The produced P3HT and PEDOT:PSS films were dried at 150°C for 15min and
enclosed the bottom FTO electrode completely. These polymer films were removed
with a craft knife along the edge opposite to the region where the FTO was etched in
the first place. Polymer residues were wiped off with a chlorobenzene drenched cotton
bud. This enabled electrical connection between the uncovered FTO substrate and the
subsequently added metal contact. Metal electrode contacts with the FTO substrate
and the PEDOT:PSS film were established by evaporating a 10 nm thick gold electrode
pattern onto the device. Subsequently evaporating a 150 nm thick silver film in form

of the same pattern reinforced the fragile gold film (as depicted in Figure 5.7).

5.4.3 Film Thickness and Coatability of P3HT and PEDOT:PSS

The P3HT film thickness was optimized with the intention to produce two different
devices. One device contained only the P3HT film that filled the pores of the micro-
structure completely. In the other device the P3HT film thickness was adjusted so
that the pores of the photonic crystal provided enough space for an additional layer of

PEDOT:PSS.
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Figure 5.8: SEM images [187] depict photonic crystal templates with 30 nm thick

ZmO layers, which were spin-coated at 150 rpm for 5sec and 2000 rpm for 30 sec
with 20mg/ml (a) and 15mg/ml (b) P3HT in chlorobenzene. At the same
speeds the P3HT coated photonic crystal structure (b) was spin-coated with the
commercial PEDOT:PSS dispersion Clevios PH-500. The dispersions Clevios P
and Clevios P-VP-AI-4083 were supplemented with 1% Hellmanex, but resulted

in a similar film as shown in (b).

P3HT Film

The optimal P3HT film thickness was identified for each type of device by SEM imaging
photonic crystal structures with a 30 nm thick ZnO layer and by spin-coating them with
P3HT dissolved in chlorobenzene at concentrations in the range (5-80) mg/ml. The
best P3HT film uniformity was achieved by adding 30 ul of the solution to the sample
while it rotated at 150 rpm and subsequently spinning at 2000 rpm for 30seconds.
Scanning electron micrographs confirmed that P3HT started to fill the pores of the
ZnO microstructure at concentrations >20mg/ml (Figure 5.8a). 15mg/ml resulted in
a microstructure with open pores and a conformal P3HT film throughout the bulk
(Figure 5.8 b). This concentration was therefore used for producing the type of device

with P3HT and PEDOT:PSS.

PEDOT:PSS Film

Establishing a uniform film of the water-based PEDOT:PSS dispersion on the hy-
drophobic P3HT film was difficult due to the high surface tension between them. For
test purposes P3HT films were prepared on flat substrates and spin-coated with the

water-based PEDOT:PSS dispersion (Clevios P) after filtration with a glass-fiber sy-
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ringe filter (Acrodisc 1 wm, Sigma-Aldrich). The P3HT film repelled the PEDOT:PSS
dispersion so that it formed a droplet with large contact angle. However, exposing
the P3HT film to a 6sec oxygen plasma (200 W) increased its wettability, but colorful
fringes in reflection revealed a non-uniform distribution of the subsequently spin-coated
PEDOT:PSS films. Supplementing the dispersion with 1% of the detergent Hellmanex
in deionized water further reduced the surface tension between the water-based solution
and the hydrophobic P3HT film and enhanced uniformity of the resulting PEDOT:PSS
film considerably. Thus, Clevios P was used at concentrations in the range (25-100) v%
with 1% Hellmanex for spin-coating photonic crystal structures that contained a 30 nm
thick ZnO film and a layer of P3HT (as described on the previous page). Similarly to
the spin-coating conditions above, this process consisted of a 150 rpm spin at which
the PEDOT:PSS solution was applied and was followed by a fast spin at 2000 rpm
for 30 sec. However, SEMs showed that the PEDOT:PSS solution formed a layer on
the top surface of the P3HT coated microstructures instead of penetrating its pores
(Figure 5.8b).

The used PEDOT:PSS dispersion Clevios P has a viscosity of <100 mPas, which
is the highest in the Clevios product range [41]. The lower viscosity PEDOT:PSS
dispersions Clevios P-VP-AI-4083 (S12mPas) and Clevios PH-500 (<25 mPas) (both
generously supplied by Dr. A. Watt [285]) were tested whether they infill the P3HT
coated ZnO photonic crystal structure. This structure was spin-coated with each
dispersion under the same conditions as above and at concentrations in the range (25—
100) v%—except that the PH-500 solution precipitated due to addition of Hellmanex
so it was used without detergent. Unfortunately both low-viscosity dispersions, Clevios
P-VP-AI-4083 and PH-500, had the same effect as Clevios P. They formed a layer of
PEDOT:PSS on the top surface of the P3HT coated photonic crystal (Figure 5.8b).

5.4.4 Current-Voltage Chracteristics

Despite the poor contact between the P3HT and PEDOT:PSS layers, ZnO/P3HT pho-

tonic crystal devices were prepared with the above PEDOT:PSS dispersions (following



5 Solar Cell Device Structures 104

a 05 7 (%) 0.028 | 0.022 b 100
< i - Jg, (mA/cm?) -0.44 - 0.33 et S
§ 041 N Ve (V) 285206 B0 [T o N
3 : NEF (%) 33 S : T
= 0.3F ™ "\ Flat--- - PC = BOf i
= Shell S
c : : o
3 0.2F e NN S 4O
= ) ) ) ) . g P3HT concentrations:
2 oorf NN sol 30mgml
3 : : : : ~ 55 mg/ml
80 mg/ml - RS
Ot - 0 : : SR
0 0.05 0.1 015 02 0.25 400 500 600 700
Bias potential (V) Wavelength (nm)

Figure 5.9: (a) Current-voltage characteristics of best ZnO/P3HT/PEDOT:PSS
devices, based on a 180nm thick photonic crystal (PC) shell structure (red),
compared with a 30 nm thick flat ZnO film (black). (b) UV-Vis absorption of
P3HT coatings that were spun from solutions with different PSHT concentrations
on flat ZnO substrates (dotted) and 150 nm thick photonic crystal ZnO shell

structures (solid).

fabrication methods in Sections 5.4.2 and 5.4.3). Their current-voltage character-
istics were assessed and compared to flat devices which comprised the equivalent
ZnO/P3HT/PEDOT:PSS film sequence. However, the photonic crystal devices per-
formed worse (Figure 5.9a). As the absorption spectrum shows (Figure 5.9b), the
P3HT film in flat and microstructured devices absorbs more than 80% of the incident
light between 400 and 630 nm, but the poor current-voltage characteristics imply
that charge collection in these devices remained inefficient. The diminished charge
collection may result from the absence of a ZnO:Al TCO electrode layer and a hole-
transporting PEDOT:PSS film in the bulk of the micro-porous structure. This forces
photo-generated holes to traverse several micrometer through the P3HT film to the
electrode in comparison to 100-200 nm in the bilayer device and results in an increased
susceptibility to charge recombination.

Please note that in comparison to the bilayer reference device the performance
of the photonic crystal device was very inconsistent between repeated experiments,
which suggested that they were susceptible to shortages through the polymer films.
With the aim to prevent these shortages, devices with a very thick P3HT film were
produced by soaking the ZnO microstructure with 50 ul of 80 mg/ml P3HT at 150°C

for 15 min. However the FF of these devices degraded. In summary, out of 21 tested



5 Solar Cell Device Structures 105

devices the best photonic crystal device comprised a 180 nm thick ZnO shell (incl. ZnO
blocking layer), a P3HT film spun from a 20 mg/ml solution, and two PEDOT:PSS
films that were added sequentially from the two dispersions Clevios P-VP-AI-4083
supplemented with 1% Hellmanex and Clevios P (Figure 5.9a). The best flat bilayer
device consisted of a 30nm ZnO layer, a P3HT film spun from 30 mg/ml solution and
a PEDOT:PSS film spin-coated at 1000 rpm for 30 sec from the Clevios P dispersion

with 1% Hellmanex (Figure 5.9 a).

5.5 Discussion

As described in Chapter 4, ZnO:Al films grown by ALD loose their conductivity during
calcination and sintering processes at 500°C. For that reason the transparent electrode
layer in the initially proposed photonic crystal solar cell device had to be omitted.
According to Scheme 1 on page 38, TiO, and ZnO photonic crystal structures were
produced by holographic lithography and atomic layer deposition and were included
in DSSC and organic-inorganic hybrid solar cell devices respectively.

TiO, photonic crystal structures could be produced 30 nm thin, resulting in a 90 nm
TiO,, shell structure after adding a 30nm ALD blocking layer. The 90 nm TiO,, shell
structure and a photonic crystal TiO, inverse replica structure were included in two
different DSSC devices, which were characterized and compared to a nanocrystalline
TiO, DSSC reference device. The photonic crystal TiO, shell device provided an
approximately two times larger power conversion efficiency 1 and short-circuit current
density Js. than the TiO, replica device, which was attributed to the enhanced
roughness factor of the shell structure. Comparing the current-voltage characteristics
of both photonic crystal devices to those of the nanocrystalline device suggested
overestimation of their roughness factors due to macroscopic cracks observed with
the SEM (in Section 3.5.4). Photo-current and photo-voltage transient measurements
showed an order of magnitude larger charge diffusion constant in the photonic crystal
devices compared to the nanocrystalline device. The charge diffusion length in the

nanocrystalline device was twofold and threefold smaller compared to the photonic
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crystal replica and shell structures respectively. This charge transport enhancement in
the photonic crystal devices was attributed to the larger crystallite size of the TiO,
ALD films. The peaks in the measured EQE of all devices corresponded with the
absorbance peaks of the N-719 dye. The attempt to combine the superior charge
transport properties of the photonic crystal TiO, structure with the large surface area
of a nanocrystalline TiO, film failed. Instead of filling the pores of the photonic crystal
structure, the TiOs nano-particulate paste formed a layer on the top surface of the
micro-structure regardless of concentration and composition of the paste. Whether
the prepared pastes contained ethyl-cellulose, o-terpineol and ethanol, such as the
commercial Dyesol paste, or only TiO, particles and ethanol, the result was identical.

Two types of ZnO-polymer photonic crystal devices were also developed and
their performance compared to a flat bilayer device with equivalent material layer
sequence. One photonic crystal device was completely filled with P3HT and the
other contained a conformal layer of P3HT and was covered by a PEDOT:PSS film.
As SEM images showed the PEDOT:PSS film remained on the top surface of the
micro-structure instead of permeating its pores. However the performance of each type
of ZnO photonic crystal device was inferior to the bilayer device despite comparable
absorption >80% of the incident light in both devices. The lower FF and J,. in the
photonic crystal device suggested that its poor performance resulted from space charge
build-up which led to a reduced charge dissociation rate at the donor acceptor interface.
This was accompanied with enhanced possibility for charge recombination due to longer
distances for photo-generated holes traveling through the P3HT film to the electrode.
Compared to the bilayer reference device, photonic crystal device performance behaved
inconsistently with respect to P3HT film thickness and type of PEDOT:PSS dispersion

used. This was attributed to short-circuits through the polymer layers.
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Solar energy is a promising non-polluting, renewable energy resource. Photovoltaic
technologies such as organic and dye-sensitized solar cells facilitate low-cost manu-
facture, but their limited power-conversion efficiency prevents them from becoming
economically viable. The multi-layer photonic crystal solar cell, introduced in this
thesis, complies with the demands of low-cost manufacture and has the potential to
reduce the losses occurring in these solar cell devices. The geometry of the photonic
crystal structure has the advantage of providing direct conduction pathways and
keeping the thickness of the absorbing layer at the order of its exciton diffusion length
without sacrificing absorption. The other advantage of the photonic crystal solar cell
is that its optical properties can be designed to increase the optical absorption length
and minimize radiative recombination losses by matching the acceptance angles of
incident and emitted radiation cones.

This thesis shows that such a solar cell can be produced by the techniques of
holographic lithography, atomic layer deposition, and solution processing. For this
purpose an ALD apparatus was constructed and holographic lithography was adapted
to produce uniform and large enough photonic crystal polymer structures. These
structures were thermally stabilized to be used as templates for ALD processes, which
required processing temperatures in the range 100-200°C. These stabilized templates
suffered from macroscopic cracks emerging above 100°C, because during holographic
lithography fluctuations in the laser pulse profile created modulations of the fill fraction
in the developed template. The main effect of these cracks was to reduce the roughness

factor of the templates, which were still applicable for solar cell device fabrication. ALD

107
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processes for the growth of TiO,, ZnO, Al,O,, ZnO:Al, and Zr;N, were established and
these materials were successfully grown on the developed photonic crystal templates.
The attempt to produce photonic crystals with refractive index contrast larger than 3:1
failed because water contamination in the ammonia feed resulted in oxygen impurities
in the Zr;N, films and lowered the refractive index to 2.2. ALD of the metal oxides for
solar cell device fabrication required removal of the polymer template by calcination
at 500°C. The calcination process was used to sinter the amorphous TiO, films to
poly-crystalline anatase with a crystallite size of 105 nm. ZnO and ZnO:Al films were
deposited as crystalline zincite with a preferential orientation but possessed strain,
which could not be released by sintering. The ZnO:Al films grown between 160-
200°C exhibited a resistivity below 4 m{2 cm, but due to oxidation in the calcination
process these films lost their conductivity. This loss could not be diminished in a 2%
hydrogen /nitrogen atmosphere so that it was not possible to use a TCO electrode
as encouraged in the initially proposed solar cell device. The produced solar cell
devices comprised TiO, and ZnO photonic crystal structures which acted as electron
transporters in TiO, DSSC and ZnO-P3HT solar cell devices respectively.

TiO, DSSC devices based on a 90 nm photonic crystal shell structure provided an
approximately two times larger power conversion efficiency and short-circuit current
density than the device that was based on a TiO, photonic crystal inverse replica
structure. This effect was attributed to a larger density of dye molecules in the shell
structure resulting from its enhanced roughness factor. However, in comparison to the
nanocrystalline reference device, the current-voltage characteristics of both photonic
crystal devices suggested overestimation of their roughness factors resulting from the
macroscopic cracks in the templates. The photonic crystal devices featured an order of
magnitude larger charge diffusion constant compared with the nanocrystalline device,
resulting in a twofold and threefold larger charge diffusion length for photonic crystal
replica and shell structures respectively. This charge transport enhancement in the
photonic crystal devices was attributed to the larger crystallite size of the TiO, ALD

films. The plan to combine the superior charge transport properties of the photonic
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crystal TiO, structure with the large surface area of a nanocrystalline TiO,, film failed.
Various TiO9 nano-particulate pastes were prepared for filling the pores of the photonic
crystal structure, but they formed a layer on the top surface of the micro-structure
instead, regardless of concentration and composition of the paste.

Fabrication of an organic-inorganic hybrid solar cell device that consisted of a
PCy,BA grafted ZnO photonic crystal structure acting as electron-transporter which
is coated with a conformal absorber layer of P3HT, and covered by a hole-transporting
PEDOT:PSS film was unsuccessful. SEM images confirmed that the PEDOT:PSS film
remained on the top surface of the micro-structure instead of permeating its pores,
regardless of the solution processing conditions. The resulting solar devices performed
worse than a flat reference device with equivalent material layer sequence despite
comparable absorption >80% of the incident light in both devices. The lower FF and
Jse in the photonic crystal device was explained by (i) a space charge build-up leading to
a reduced charge dissociation rate at the donor acceptor interface and (ii) an enhanced
possibility for charge recombination due to longer distances for photo-generated holes
traveling through the P3HT film to the electrode. The ZnO photonic crystal devices
performance also behaved inconsistently with respect to P3HT film thickness and type
of PEDOT:PSS dispersion used: this was attributed to short-circuits through the
polymer layers.

Despite the limited performance of the produced devices, the experiments in this
thesis showed that it is feasible to create DSSC and organic-inorganic hybrid photonic
crystal solar cell devices by combining the techniques of holographic lithography, atomic
layer deposition, and solution processing, which are suitable for low-cost manufacture.

The next section presents further work required to overcome the observed limitations.

Further Work

Because ZnO:Al proved to be unsuitable for creating an electrode layer in the solar cell
device proposed in this thesis, another TCO must be found that can be introduced as

a conformal electrode layer in the bulk of the photonic crystal structure and maintain
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its conductivity up to 500°C in air. A TCO that is compatible with this environment
is fluorine doped tin oxide SnO,:F (FTO) [286]. Yang et al. [287] recently showed
that precursors for a FTO spray pyrolysis process [288] can be used to replicate a
polystyrene opal structure with FTO. This process would need to be adapted for the
SU-8 templates used in this thesis. Another promising method to produce transparent
tin oxide films is the low-temperature ALD process which produces SnO, films with
~1072 Q cm resistivity at 100-200°C from the precursors hydrogen peroxide and N2 N3-
di-tert-butyl-butane-2,3-diamidotin(II) (C;,Ho4N,Sn) [289]. In order to further reduce
the resistivity of these films would be to find a suitable fluorine dopant precursor for
this ALD process.

In order to complete the photonic crystal organic-inorganic bulk-heterojunction
(as in Figure 2.14 on page 37), a conformal PEDOT:PSS film must be in direct
interfacial contact with the absorbing P3HT layer in the bulk of the photonic crystal
device. Because the solution processed PSHT appeared to have short-circuits and the
PEDOT:PSS film did not permeate the photonic crystal bulk, different deposition
techniques must be developed. A possible route is the development of a vapor deposition
process for each polymer that is based on molecular layer deposition (MLD) (the ALD
analog for molecules) or soft landing of complex molecules, which allows deposition
without molecule degradation [290]. So far Kovacik et al. [291] have demonstrated
functional bilayer heterojunctions that were created by thermal evaporation of P3HT
and Cgy at 360°C. They showed that to a large extent the conjugation of the P3HT
molecules remained intact at these processing temperatures, but material degradation
caused loss in molecular weight and was accompanied by a blue shift in absorption. Since
thermal evaporation can only produce conformal films on flat substrates, progression
to an MLD process for P3HT would be necessary for growth of conformal films with
controllable thickness on high aspect-ratio structures. Lock et al. [292] developed an
oxidative chemical vapor deposition (0CVD) process for PEDOT as an alternative to
conventional solution-based processing of PEDOT:PSS films. The oCVD process is

based on oxidative polymerization of EDOT precursor monomers which form conjugated



6 Conclusion 111

PEDOT in the presence of the oxidant ferric chloride Fe(III)Cl;. Thus, the PEDOT
process does not rely on solvents which limit the choice of substrates, and the use of
acidic poly(styrenesulfonate) (PSS) which is a likely source of corrosion and device
degradation becomes redundant [292]. The researchers also demonstrated the growth
of conformal PEDOT films on paper towel fibers and flexible substrates. The resulting
PEDOT films showed up to 35x larger conductivity than PEDOT:PSS films grown from
solution [235; 292]. Im et al. [236] showed that the temperature of the PEDOT oCVD
process can be used to control doping level, work function [236], and conductivity [235]
of the deposited films.

Due to the limited absorption spectrum of P3HT, the photonic crystal device
could be further extended to a tandem solar cell by adding a stack of multiple absorbing
layers with band-gaps different to that (1.9e¢V) of P3HT (as described in Section 2.1.4
on page 22). The resulting device would provide a larger absorption efficiency and
higher output voltage. The low-bandgap polymers PCPDTBT (1.46eV) and PTB7
(1.6 eV) would be suitable, but their deposition technique would also need to be adapted
to produce conformal films in the photonic crystal device.

The absorption efficiency of the device could be also increased by optimizing its
photonic band-structure so that localized and slow-light modes exist near the boundary
of the absorption spectrum of the absorber. Additionally the band-structure could be
utilized to reduce radiative recombination losses by angularly confining the emission of
light modes. However, these endeavors require a defect-free photonic crystal polymer
template. Thus it is necessary to prevent the emergence of macroscopic cracks in the
polymer template at elevated temperatures. For this purpose the beam quality of the
laser used for holographic lithography would have to be removed e.g. with a spatial
filter. However, at the required pulse energy of the used UV-laser spatial filtering is
a challenge. A different photoresist chemistry might allow less energetic photo-resist
exposures, and use of a CW gas laser [180] rather than a solid-state laser would improve

beam quality dramatically.
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A Abbreviations

Abbreviation

Denotation

ALD
BAPEN
CVD
DSSC
FTO

ITO
MEH-PPV

MLD

N-719

P3HT
PBTTPD
PCyBM

PC,,BM

PCDTBT

PCPDTBT

atomic layer deposition

N,N’-Bis(3-aminopropyl)ethylenediamine

chemical vapor deposition

dye-sensitized solar cell

fluorine doped tin oxide

indium doped tin oxide
poly[2-methoxy,5-(2-ethyl-hexyloxy)-p-phenylene vinylene]
molecular layer deposition

di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-
dicarboxylato)ruthenium(II)

poly(3-hexylthiophene)
poly{bi(dodecyl)thiophene-thieno[3,4-c|pyrrole-4,6-dione }
6,6]-phenyl-Cgy,-butyric acid methyl ester

6,6]-phenyl-C.,-butyric acid methyl ester
poly[N-900-hepta-decanyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-
20,10,30-benzothiadiazole)
poly|[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b]-

dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)]

............... Continued on mext page ..............ccciiiiiiiii..
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Abbreviation Denotation

PEDOT:PSS poly(3,4-ethylenedioxythiophene):polystyrene sulfonate

poly{[4,8-bis[(2-ethylhexyl)oxy]|benzo[1,2-b:4,5-b’|dithiophene-2,6-

T diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl|thieno[3,4-b|thiophenediyl] }
SEM scanning electron microscopy

SU-8 negative-tone epoxide photo-resist

TCO transparent conducting oxide

XRD X-ray diffraction
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B Solvent Exchange for Photo-resist Development
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Figure 6.1: Schematic of the reservoir which contained samples and magnetic stirrer
that were used to exchange the solvent PGMEA (solvent B) after polymerization
of the photo-resist by dropping propan-2-ol (solvent A) with a burette into the
reservoir. In order to estimate the time and amount of propan-2-ol needed to
replace PGMEA, the volume concentration of propan-2-ol in the reservoir is

plotted against the added volume and the burette running time.

As described in section 3.2.3 on page 49, the solvent PGMEA that dissolves the
unpolymerized regions in the developed photo-resist was slowly removed by exchanging
it with another solvent, propan-2-ol, in a burette (Figure 6.1, left). A reservoir with
volume V.., =33 ml contained the developed photo-resists in a bath of PGMEA. The
burette released Viyop =22.2 ul large drops of propan-2-ol into the reservoir at a drop
rate Warop ~3 Hz. Propan-2-ol was mixed with PGMEA by a magnetic stirrer and this
mixture drained at an over-flow.

In order to determine the volume of propan-2-ol and the burette running time
that is needed to exchange PGMEA in the reservoir, this volumetric solvent exchange

process was described by the recursion relation

‘/drop

Vi=1———7"7"—1]"  Vao V._ 6.1
( vres+vdmp) (Varop + Vi) (6.1)
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which was solved for a sufficiently large number of drops, where V,, is the volume of
propan-2-ol in the reservoir after adding n drops. The plot of the volume concentration
of propan-2-ol in the reservoir, V,, /V,es, with respect to the added volume of the solvent,
n-Varop, shows that 95% of PGMEA is replaced by dropping ~100ml of propan-2-ol
into the reservoir in ~25 min and 99% PGMEA is exchanged by a150 ml propan-2-ol

in ~38 min (Figure 6.1, right).
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C Schematic Diagrams and Parts List of ALD

Apparatus
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Figure 6.2: Top view diagram of ALD apparatus at scale 1:9 with item numbers

from the parts list below.
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Figure 6.3: Schematic diagram of sample holder assembly for ALD apparatus.
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Figure 6.4: Front view diagram of ALD apparatus at scale 1:7 with item numbers from the parts list below.
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Parts list of ALD apparatus
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Item Qty. Description Function Brand Model / Part No.

#1 1 IbJ;Era high purity nitrogen, N6.0, size L, 200 Inert purging gas regulated to 1.3 bar BOC 296 180-L

#2 4 3/4” to 1/4” reducer Connect desiccant container to gas feed Swagelok SS-1210-6-4

#3 1 6” long polished 3/4” SS tube Reservior of nitrogen gas desiccant Swagelok SS-T12-S-065-20

#4 4 2-way On-Off Valves, 1/4” tube unions Gas Line stop valves Swagelok SS-43GS4

#5 7 1/4” Male VCR to 1/4” Tube Connector Source input coupling Swagelok SS-4-VCR-6-400

#6 1 Gatekeeper Inert Gas Purifier Purify nitrogen to <1 ppb impurities Entegris CE35KFI4R

#7 1 1/4” to 1/8” Reducer 1/8” Gas line input feed ports Swagelok SS-400-R-2

#8 1 1/8” Tee Union Nitrogen line branches Swagelok SS-200-3

#9 2 Nitrogen mass flow controller Measure and control nitrogen gas flow Brooks 5850 TR
Instrument

#10 2 1/8” to 1/16” Reducer 1/16” Gas line input feed ports Swagelok SS-200-R-1

#11 2 2-way On-Off Valves, 1/16” tube unions Gas Line stop valves Swagelok SS-41GS1

#12 9 1/4” to 1/16” Reducer 1/16” Gas line input feed ports Swagelok SS-100-R-4

1/4” Female VCR pneumatic . .
#13 2 Diaphragm-Sealed Valve Stop-valves for nitrogen line Swagelok 6LVV-DPS4-0
#14 5Kg Electronic Grade Ammonia Precursor for zirconium nitride growth BOC Edwards ~ CAS 7664-41-7
process, regulated to 1.3 bar
#15 2 Band heater, 38mm, 250W, 230V For outgasing molecular sieve RS 353-4663
100mm long machined copper tube, outer Distribute heat along molecular sieve B

#16 L diameter 38mm, inner diameter 3/4” container custom-made

#17 1 5” long polished 3/4” SS tube Reservoir of ammonia feed desiccant Swagelok SS-T12-S-065-20

#18 1 Molecular Sieves, 3A, beads, 8-12 mesh Ammonia feed desiccant Sigma-Aldrich 20,858-2

#19 1 di-Phosphorus pentoxide Nitrogen feed desiccant VWR 21411.230

#20 1 Hydride Gas Purifier Purify ammonia to <0.4 ppb impurities SAES Getters MC1-702F

#21 1 USB data acquisition device Open / close command to Solenoid valves LabJack U3-HV

#22 1 USB-based 24-channel digital I/O device Open / close command to Solenoid valves Measure.m ent USB-1024LS
Computing

#23 1 Custom-made 24V power suppl Power supply for Solenoid Valves Physics -

pow PPy W PPy v Electronics

Parts list continued on next page



Item Qty. Description Function Brand Model / Part No %>
e - - 3
494 9 Solenoid Pilot Valves ( not assembled onto Solenoids for 6 ALD, 2 nitrogen, and vacuum MAC 34C-AAA-GDFC-1KT 2
valves) stop actuators Q
Connects two 1/8” tubes through X
#25 6 Bulkhead Union, 1/8” masterboard panel for optimum sealing Swagelok SS-200-61
between fitting and panel
#26 18 1/8” Push-Quick Threaded Male Elbow Connection of 1/8” tubing to solenoid valves  Clippard PQ-ME04N-PKG
#27 8 1/8” Push-to-connect Union Tee Connect 1/8” compressed air line tubing Legris 3104 53 00
#28 1 Brooks Instrument power and control unit Power and control Mass Flow Controllers Brooks 5878
Instrument
Six-port two-position gas chromatography Release 50 ul ammonia from reactive gas feed
#29 L valve with Microelectric Valve Actuator into manifold via 1/16” connections vic EH2C6WE
#30 2 1/16” Tee Union Nitrogen line branches Swagelok SS-100-3
#31 1 1/16” Port Connector Nitrogen line branches Swagelok SS-101-PC
#32 1 1/2” to 1/4” Butt Weld Reducing Union Manifold reduction to gas input gland Swagelok 316L-8TB7-6-4
#33 3 1/2” Butt Weld Union Tee Manifold T pieces Swagelok 6LV-8MW-3
31 soem /% Steinless Stecl tublng, wall thickness 1 yanifold tubing Swagelok $S-T8-5-035-6ME
#35 1 1/2” Butt Weld Short VCR, Gland Manifold to VCR furnace coupling Swagelok 6LV-8-VCR-35-8TB3
#36 1 KF40 to 1/2” VCR Male KF furnace coupling to 1/2” VCR adapter Swagelok JNWMVCR4050
#37 3 1/2” Butt Weld Long VCR Gland Manifold to source line VCR couplings Swagelok 6LV-8-VCR-3-8TB2
#38 4 1/2 in. Female Nut Manifold VCR, couplings Swagelok SS-8-VCR-1
#39 3 Ilj/n21011:/[ale VCR to 1/47 VCR Male Reducing VCR reduction from manifold to ALD valves Swagelok SS-8-VCR-6-DM-4
Welded 1/4” Female VCR to 1/4” Tube Couple Source Reservoirs to 1/4“ feed lines
740 6 Connector and nitrogen lines to ALD actuators Swagelok 55-4-WVCR-6-400
#41 3 1/4” VCR Union Elbow Body Couple nitrogen lines to ALD actuators Swagelok SS-4-VCR-9
#42 4m é/ 0116 4”Sta1nless steel tubing, wall thickness Tubing for inert and reactive gas feeds Swagelok SS-T1-S-014-6ME
#43 9m (1)/ 0828§talnless steel tubing, wall thickness Tubing for compressed air feeds Swagelok SS-T2-S-028-6ME
#44 8 Brass 1/8” elbows, Male NPT Thread Compressed air line coupling to actuators Swagelok B-200-2-2
245 3 1/4” ALD valves with three female VCR ALD source release valves with nitrogen Swagelok 6IVV-ALD3G333P-C

ports

Parts list continued on next page

purge connection
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Item Qty. Description Function Brand Model / Part No %>
246 1 VCR Union Tee Couplers between ALD Valve pairs and port Swagelok SS-A-VCR-T E
for larger precursor buffer volume 3
#47 6 Male 1/4” VCR Union Couplers between ALD Valve pairs Swagelok SS-4-VCR-6-DM X
#48 3 1/4” ALD valves with two female VCR ports ALD dose valves for three source lines Swagelok 6LVV-ALD3FR4-P-CV
#49 5 1/4” Female VCR Diaphragm Valve Source Shut off valves Swagelok 6LVV-DPVFRA4-P
250 6m 1/47 %tainless steel tubing, wall thickness Tubir.lg for ALD manifold and inert and Swagelok S9-T4-S-035-6ME
0.035 reactive gas feeds
#51 1 VCR cap Close open VCR tubes Swagelok SS-4-VCR-CP
#52 1 Elbow VCR female Expand precursor buffer volume Swagelok 6LV-4-WVCR-9-DF
#53 1 25ml cylinder with two male VCR ports Larger buffer volume for Zr precursor Swagelok SS-4CD-TW-25
#54 2 25ml sample cylinder with one VCR port Reserviors for zirconium compound and water ~ Swagelok SS-4CS-TW-25
55 1 Tetrakis(dimethyle}mido)zirconium(iv)7 Precursor for zirconium nitride growth Aldrich 579211-5C
99.99+%, electronic grade process
#56 1 Perforated Aluminium sheet with 6mm holes  Safety guard Steelexpress A065
#57 1 Hot air blower Heat distribution ebm-papst R2K150-AC01-15
#58 2 Ceramic insul finned heater, 750W, 12” Heater for oven RS 829-788
Connects two 1/4” tubes through
#59 3 Bulkhead Union, 1/4” masterboard panel for optimum sealing Swagelok SS-400-61
between fitting and panel
#60 14 Corner braces 50mm Parts for ALD housing metal framework B&Q 3211427
#61 34 Corner plates, 75mm Parts for ALD housing metal framework B&Q 3209356
#62 1 Diethylzinc reservoir Precursor for zinc oxide (ZnO) growth process SAFC HITEC CAS 557-20-0
#63 1 Trimethylaluminium reservoir Precursor for Al doped ZnO growth process  SAFC HITEC CAS 75-24-1
#64 1 Titanium tetrachloride reservoir Precursor for titanium dioxide growth process SAFC HITEC CAS 7550-45-0
#65 25ml Deionized water outgased at low pressure and Precursor for all oxide growth processes - -
<273K
2466 9 22166 Eurotherm Temperature Controller Temperature controllers for oven heating i)CeI;)artment ICL-167
with K-type thermocouple elements and furnace band heaters Oxford
#67 2 OBfl ?Elr{nlzjc%l?uféinfg db\(izreel(;;s ;)r;tiigfll{s(ﬁ?;neter Connect furnace tube to ALD manifold Swagelok JNWB40
#68 1 1.25” Stainless Steel tubing Furnace tubing Swagelok SS-T20-S-120-20
#69 2 Band heater, 42mm, 300W, 230V Heating furnace tube RS 353-4685

Parts list continued on next page



Item Qty. Description Function Brand Model / Part No %>

21cm long copper tube, outer diameter . B S
#70 1 42mm, inner diameter 1.25” Distribute heat along furnace tube custom-made 2
#71  >100g Glass whool Furnace heat insulator - Glass workshop stock item X

100mm wide encapsulation of furnace
#7172 3 0.050” thick aluminium sheet insulation and protection of masterboard custom-made -
panels
#7173 3 3mm thick aluminium sheet E(l));asg;?gn of ALD manifold and furnace to custom-made -
#7174 1 Pirani Vacuum Gauge Pressure gauge Edwards PRM10
#75 1 Pirani gauge controller Pressure gauge controller and display Edwards Controller 503
#76 1 KF10 Tee Union fcucr’i‘;sgt Pirani gauge and vent valve to Swagelok JNW3T10
#7177 1 KF10 to Swagelok 1/4” Tube Fitting Connect vent valve to furnace tubing Swagelok JNWSWAG1014
478 1 fiiff;f Bonnet Needle Valve with 1/47 tube - Le10 vent valve Swagelok SS-1RS4
. . Sample holder, see drawing of sample holder B

#79 1 Copper piece with 15.5mm square pockets assembly in Figure 6.3 on page 116 custom-made
#80 1 ISiFeilo Half Nipple Weld Flange, Stainless Furnace tubing Swagelok JNWIN10

KF40 blank flange with handle and attached Seal of furnace, see schematic of sample
#81 ! to sample holder holder assembly in Figure 6.3 on page 116 Swagelok TNWBA0
#82 1 KF25 Long Weld Flange, Stainless Steel Furnace tubing Swagelok JNWFL25

17 KF25 Speedivalve, SP25K, .
#83 1 Fluoroelastomer Diaphram Manually isolate furnace from vacuum pump Edwards (33355000
#84 2 90° KF25 elbow Line to vacuum pump Swagelok JNW2E25
#85 1 4” KF25 long Nipple Line to vacuum pump Swagelok JNW2N25

Pneumatic single acting cylinder, spring . . .
#86 1 return pipeline valve, PV25PKA B Pneumatic vacuum isolation valve Edwards C41311000
#87 1 ?lgn;;lg 1" pipeline welded to two KF25 Line to vacuum pump Swagelok JNWB2510
#88 1 NW25 Flexible Pipeline 1000mm Flexible line to vacuum pump Edwards C10514287
#89 1 Foreline trap Prevents gas impurities in vacuum line Edwards FL20K
#90 1 Rotary vacuum pump Vacuum pump Edwards RVS
#91 1 Adjustable Gas Ballast Oil Return Kit Returns oil from mist filter to the pump Edwards A50523000

Parts list continued on next page



Item Qty. Description Function Brand Model / Part No

#92 1 Oil mist filter Collects oil vapour at pump exhaust Edwards EMF20

#93 1 KF25 Tee Union Connect Pump and vent valve to vacuum line  Swagelok JNW3T25

#94 1 KF25 to KF16 reducer Connect vent valve to vacuum line Swagelok JNW2NRC2516

#95 1 KF 3/4” Speedivalve, SP16K, Nitrile Manually vent KF tubing to furnace Edwards (33205000
Diaphragm

496 4 KF10 and KF16 Aluminium Clamp Connect, Pirani gauge and vent valve to Swagelok JNWCP16

furnace, and vent valve to vacuum line

#97 3 KF10 Aluminium Centering Ring f?ﬁr?lzggt Pirani gauge and vent valve to Swagelok JNWCRABI10

#98 1 KF16 Aluminium Centering Ring Connect vent valve to vacuum line Swagelok JNWCRABI16

#99 13 KF25 Aluminium Clamp Assemble line to vacuum pump Swagelok JNWCP25

#100 13 KF25 Aluminium Centering Ring Assemble line to vacuum pump Swagelok JNWCRAB25

#101 2 KF40 Aluminium Clamp Seal furnace and connect to manifold Swagelok JNWCP40

#102 2 KF40 Aluminium Centering Ring Seal furnace and connect to manifold Swagelok JNWCRAB40

#103 1 %;;ﬁﬁoard Jmm thick, size 2440mm x ALD housing side panels Jewson PMBB0984

#104 11.4m  Aluminium Equal Angles 17 x 17 x 1/8” Parts for ALD housing metal framework Clickmetal AAE1001

#105 1 M4 Flat Washers Parts for ALD housing metal framework Screw Fix 14391

#106 5 M5 Penny Washers 5x25mm Parts for ALD housing metal framework Screw Fix 64837

#107 30 M5 Large Flat Washers Parts for ALD housing metal framework Screw Fix 64837

#108 302 M4 countersink Screws, 20mm long Parts for ALD housing metal framework Screw Fix 96085-0050

#109 302 M4 Hex Nuts Parts for ALD housing metal framework Screw Fix 74085

#110 1 60cm cont hinge Hinge for oven door B&Q 3208229

#111 1 90cm cont hinge Hinge for precursor housing door B&Q 3207352

#112 1 Self-adhesive EPDM Rubber P Strip 6mm Gap seal for ALD oven door Screw Fix 88076

20m
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D Van-der-Pauw Method

a b 1
D
0.75
c T
S
5 05
A &
0.25
® 0 ' > 3
1 10 10 10
Ratio R /R

AB,CD AD,CB

Figure 6.5: Four-point probe that measures the sheet resistance of a thin film (a).
Function f(Rap.cp/Rap,cs) from Equations (6.2) and (6.3) (b).

The resistivity of ZnO:Al films was determined by measuring their sheet resistance
with a Keithley Multimeter 2000 and a custom-made 4-point probe at four silver
paint contacts at the periphery of the film. The Multimeter determines the sheet
resistance Rapcp = Vep/iap by sending a current ixp from contact A to contact B
and measuring the voltage Vop between the contacts C and D (Figure 6.5a). The
resistivity was determined from the measured sheet resistance and film thickness d by
utilizing the van-der-Pauw method. This technique works on arbitrary shapes with
constant film thickness and requires measurement of two sheet resistances, Rap cp and
Rap c, where one of the voltage contacts is swapped with a current contact [293].

According to van der Pauw [293], the resistivity is

md Rag,cp + Rap,cs

=2 2 I (6.2)

where f is a function of the ratio Rap cp/Rap,cs and is determined from the relation

RAB,CD/RAD,CB —1 1n2 1 exp 1112 (6 3)
= —exp — )
Rapcp/Rapcs +1 f 2 f

cosh

(plotted in Figure 6.5D).
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E Solar Cell Device Fabrication

E.1 FTO substrate preparation
Scribing

Sheets of fluorine doped tin oxide (FTO) glass (Pilkington, TEC 15) were scribed
with lines by using a glass cutter. These lines constituted a grid of 14 mm squares or

13-by-15mm? oblongs for FTO substrates and counter electrodes respectively.

Sand-blasting Counter Electrodes

At this stage the FTO sheet for counter electrodes was protected with scotch tape.
Approximately 1 mm wide holes were sand-blasted into each oblong of the FTO sheet.
After sand-blasting, the FTO sheet was liberated from scotch tape so that it was ready

for cleaning.

Cleaning and Breaking

All scribed FTO sheets were washed with a 2% solution of Hellmanex (Hellma-Analytics)
in deionized water, rubbed with a toothbrush, rinsed with deionized water, air-dried,
and kept for 10 min in an ultra-sonic bath of acetone. After this bath they were
air-dried, rinsed with methanol, air-dried again, and finally oxygen plasma etched for
10min at 200 W (Diener-electronic Pico). The cleaned FTO sheets were broken along

the scribed lines on a wood handle of a cotton bud.
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E.2 lodine-iodide Electrolyte Recipe

The following ingredients composed the iodine-iodide electrolyte and shook for at least

3 hours at room temperature.

Amount Ingredient
200mg 1-butyl-3-methylimidazolium iodide
38mg iodine
66 mg 1-methyl benzimidizole
11.8 mg guanidine thiacynate

1ml 3-methoxypropionitrile
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