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ABSTRACT

Growing demand of energy and global warming concern regarding CO, gases urge
researchers to seek an alternative source of energy. Among all candidates, solar energy is very
promising owing to its clean and renewable nature. In order to convert the solar energy into
useful form such as electricity or hydrocarbon fuel, photoactive materials and devices are
commonly used. However, their conversion efficiency is always problematic.

In this dissertation, utilization of the solar energy with three different devices
incorporating sculptured thin films (STFs) was demonstrated: (1) electricity generation by dye-
sensitized solar cells adopting sculptured Pt nanowire counter electrodes, (2) TiO, photocatalytic
film with columnar Cu cocatalyts, and (3) sculptured SnS thin film solar cells.

First, Pt STFs were fabricated for dye-sensitized solar cells with 5° obliquely incident
vapor flux by electron beam evaporator. Pt STFs exhibit more desirable features for more

functional counter electrodes than that in conventional Pt planar counter electrodes. Higher root

mean square surface roughness of 44.4 nm and lower charge transfer resistance of 0.121 Q-m’

were measured for Pt STF than the root mean square surface roughness of 19.1 nm and charge

transfer resistance of 0.578 Q- for Pt planar films .These improvement in morphology and

electrochemical properties led enhanced photocurrent density and conversion efficiency (9.766
mA/cm?, 5.1 %).

Second, Cu cocatalysts were sculptured directly on porous TiO, catalyst films. Varied
lengths of Cu columns were grown and methane production rate from carbon dioxide and water
was evaluated under AM 1.5 illumination. The methane production rate showed a maximum of
124.3 ppm-cm?-h™ with 160 nm Cu column films. This maximum corresponds to the point where

the absorption peak at ~600 nm that is attributed to plasmonic effect by Cu STFs.



Third, SnS thin films were deposited by radio frequency magnetron sputter. Deposited
SnS thin films were characterized in structural, optical, and electrical manner. Surface
morphology and growth pattern of the films were varied, depending on variation of deposition
parameters such as power, pressure, throw distance and substrate heating. This variation was
related to the energy of deposition modes that is possibly explained by mean free path and mean
speed of the vapor flux. Also, the deposition rate is related to diffused vapor flux. The optical
properties of the SnS thin films were investigated by spectroscopic ellipsometry. Obtained
absorption coefficient was >10* cm™ even in the range of >1000 nm wavelength. The calculated
direct bandgap and indirect bandgap of SnS thin films were ranged from 1.33 to 1.55 eV and
from 1.07 to 1.39 eV, respectively. In the investigation of electrical properties by using transport
length method, it is found that the SnS films with lower root mean square roughness exhibited
lower resistivity while more structured SnS film showed higher resistivity. In addition, the
photoresponse was observed under AM 1.5 illumination. SnS thin film solar cells were fabricated
in the two different types of thin film solar cells and electrochemical solar cells. The SnS
electrochemical solar cells showed photovoltaic behavior and improved voltage, fill factor and
efficiency (Vo= 0.38, FF=0.26 and 1=0.0025 %) were measured with the incorporation of the

sculptured SnS thin films.
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Chapter 1

Introduction

The harvesting of solar power for photovoltaic energy generation and CO, conversion
into useful fuels are two areas of great interest for future world energy needs. The perceived risk
of using up all our fossil fuels and the measured increase in CO, emission has urged many
countries to develop and utilize renewable sources such as solar, wind, and geothermal energy.
Among these valuable sources of energy, solar energy is considerably promising as alternative
energy source because it is clean without CO, emission and its reservoir is tremendous—e.g. the
energy generated from the area of 25,921 km  with 10 % solar-to-electrical system efficiency for
one year is able to support annual energy consumed in USA territory of 9,826,675 km?[1].

For solar energy conversion into electricity, solar cells have been regarded as useful tool.
To date, various types of solar cells have been suggested and developed: (1) inorganic solar cells
incorporating inorganic semiconductor materials such as silicon and gallium arsenide or next
generation materials for thin film solar cells such as copper indium gallium sulfide (CIGS) and
cadium telluride (CdTe), (2) dye-sensitized solar cells (DSSCs) consisted of light-absorbing dye
molecules, oxidized semiconductor materials, redox electrolyte, and catalyzed counter electrodes,
and (3) organic solar cells with light-absorbing polymer and conductive polymers. Silicon has
taken more than 70-80 % in the solar cell market share for the last few decades since it has its
high conversion efficiency and is an abundant material but it has the disadvantage of a high price
for a crystalline silicon wafer. In the fabrication of the crystalline silicon solar module, more than
50 % of the cost would be consumed by the silicon wafer [2]. For this reason, a solar cell made

with thin films could be considered as an alternative because the thin film solar cells are much



more efficient than the crystalline silicon solar cells in materials usage. Currently, the thin film
solar cell industry is mostly focused on CIGS, CdTe or amorphous silicon. Even though these
materials exhibit a high absorption coefficient and high conversion efficiency only with thin films,
a variety of the thin film solar cell materials cannot be excluded for the future industry. In
particular, it is necessary to hedge against the exhaustion of less abundant, more expensive
materials since reservoir of the materials on earth crust are always finite. Moreover, in the case of
the thin film solar cells based on cadmium, it has toxicity that must be addressed. In these aspects,
discovering another promising candidate for thin film solar cells is greatly worthwhile. Tin
sulfide is a very attractive material to research in this aspect since it has strengths in its excellent
optical property, abundance in the earth’s crust and nontoxicity. For practical fabrication of a
SnS-based solar cell, fundamental research on SnS materials and its films is needed first.

Simultaneously, the research on various types of solar cells must be accompanied for the
growth of photovoltaic industry. This enables the solar cells industry to give capability for low
cost fabrication and flexibility on solar power generation sites, not relying only on massive
electricity generation farms in a limited place. DSSCs or organic solar cells can provide solar
cells with mobility and flexibility in application. Particularly, DSSCs show higher conversion
efficiency and flexibility in certain applications owing to development of the efficient
photoreactive dye molecules and availability on various substrates. Among three main parts —i.e.
photoelectrode, electrolyte and counter electrode,— counter electrodes also should be studied
vibrantly for a breakthrough in efficiency.

In addition to solar energy utilization by solar cells, solar energy can contribute to
producing useful hydrocarbon fuels such as methane by reducing atmospheric CO, gas via a
photocatalyst. The CO, conversion through the use of a photocatalyst is an attractive possibility
since it is the way of not only reducing atmospheric CO, level but also producing useful fuels in a

time. A popular material for the photocatalysts is TiO, based catalyst with a metal cocatalyst.



Previous research has focused mainly on the TiO, catalyst but, for enhanced hydrocarbon
production rate, optimization or modification of the cocatalyst is also necessary.

Performance of photovoltaic solar energy conversion and CO, conversion to hydrocarbon
fuels by solar energy can be improved by modifying the morphology or structure of the device by
enhancing the surface area such that excellent chemical or electrical reactions can be realized. In
this thesis, sculptured thin films (STFs) are utilized to improve the performance of two solar
energy conversion devices: as the platinum counter electrode of DSSCs and as a copper
cocatalyst for photocatalysis in CO, conversion. Lastly, they are preliminarily explored for tin
sulfide as a light absorber in a heterojunction solar cell. The STFs are deposited in a columnar
structure with oblique vapor flux. Owing to its higher surface area and nominal 1-D structure,
STFs are used to improve solar energy conversion and CO, conversion by increasing reactive
sites through their structural features.

The Chapter 2 of this dissertation describes background knowledge for sculptured thin
films (STFs) and their fabrication. Methodology of STFs is explained with examples in Chapter 2.
In Chapter 3, the motivation of the research, history, mechanism, and materials for dye-sensitized
solar cells are introduced. The results and discussions on how a sculptured platinum nanowire
counter electrode works for DSSCs are also provided in Chapter 3. Chapter 4 presents
background knowledge of CO, conversion through photocatalysts as well as the motivation of the
research using Cu STFs. Data is presented on the use of Cu columnar structures and the role of
the Cu STFs as cocatalyst. The reasons for the improvement in methane production rate are also
discussed. Fundamental description for SnS thin films and its potential use in solar cells is
provided in Chapter 5. Prior to adoption of the sculptured SnS thin film for solar cells,
experimental findings and understanding features of sputtered SnS thin films are discussed with
regard to their morphology, optical properties and electrical properties. Chapter 6 provides

conclusions and suggested future work.
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Chapter 2

Sculptured Thin Films

Sculptured thin films (STFs) are films grown from an obliquely incident vapor flux, y,
with or without substrate rotation. STFs exhibit columnar or porous structure with various
morphologies depending on the movement or angle of the substrate. Various structures, from a
simple slanted columnar structure to a complex zigzag or helical structure, are realizable with the
STF methodology as shown in Figure 2-1 (a)-(c). The schematic of STF methodology for making
a columnar structure by physical vapor deposition is shown in Figure 2-1(d).

In oblique deposition, the directionality of vapor flux is the essential for deposition of
STFs. These unique and valuable structures are dominated by a shadowing effect and adatom
diffusion. The shadowing effect occurs naturally with an obliquely incident vapor flux. In other
words, the vapor flux that arrived at the substrate already shadows an area behind that the higher
topography. This shadowing of the vapor flux at the nanoscale enables thin films to be porous, or
eventually be a columnar structure. Generally speaking, materials with low adatom mobility—i.e.
a high melting point material used in a room temperature deposition—have low surface diffusion.
Hence, this kind of material is difficult to fill out the porous space between columns by surface
diffusion of adatoms and this helps the vapor flux to construct columns on a substrate. In order to

make the self-shadowing effective, the angle of incident vapor flux should generally be less than
15°with respect to the plane of the substrate [1-2].
Various materials are able to be chosen for STF methodology as shown in Table 2-1.

Applicable materials to the STF methodology include oxides, fluorides, metals, semiconductors,

and even polymers [3].



Group of Materials Materials

Oxides aluminum oxide, silicon oxide, tantalum oxide, titanium oxide,

zirconium oxide

Fluorides calcium fluoride, magnesium fluoride

Metals aluminum, bismuth, chromium, copper, iron, platinum,

titanium, tungsten

Semiconductors carbon, germanium, silicon

Polymer Parylene, Teflon

Table 2-1. Examples of the materials for sculptured thin film methodology (Ref. [3]).

The STF deposition can be affected by several essential factors. First factor is the angular
distribution of the emitted material from the vapor source. Generally, emitted species can be
explained as three different distributions: cosine distribution, under-cosine distribution and over-
cosine distribution. For instance, electron beam evaporation follows over-cosine distribution of
emitted vapor flux while sputtering applied with low energy is an example for under cosine
distribution of the emitted vapor flux. For STF deposition, using physical vapor deposition with
high energy is favorable since over-cosine distribution is desirable. A second important factor for
STF deposition is the relative size and shape of the vapor source and the tilted substrate. In order
to make a collimated vapor flux, the ratio of the distance between vapor source and substrate, ds s
to the diameter of the substrate, ds,,s Should be kept at a high value. Moreover, distribution of y,
becomes less broad as the ds.s/ds,, increases. Third, the scattering of the vapor flux during
transport from the source to the substrate affects the STF deposition. The existence of gas phase

species within the chamber increases the chance of collision with vapor flux emitted toward
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substrate. When the collision occurs, the broadening of y, is inevitable. For this reason, mean free
path of emitted species should be considered. In case of the mean free path > ds_s, the gas-phase
collision is negligible but when the mean free path « ds.s, diffusion transport becomes dominant
for vapor flux. In the intermediate range, y, distribution and the average value of y,, < y,> can be
varied. Fourth, the vapor collimation is able to be engineered by adopting a collimator. For
example, adopting a cascade of tilted substrates can narrow ¥, distribution. Insertion of a physical
collimator between source and substrate is also one of the methods to attain direct collimation for
STF deposition. A fifth factor to consider is the energy of the condensing vapor species at
impingement with the growing film. The emitted vapor flux are thermalized by elastic collision,
being related to the deposition pressure and the distance between substrate and source. When ions
are accelerated by electromagnetic fields, a more directed and collimated vapor flux could be

obtained. Sixth factor is concurrent ion bombardment at the growing film as a moderating

(d)

*—— Rotation
shaft

Substrate
holder

Figure 2-1. Fabrication of sculpture thin films: morphology of (a) slanted STFs, (b) zigzag
STFs and (c) helical STFs (Ref. [4]), (d) schematic of STF fabrication method by incident
vapor flux with substrate rotation (y,: incident vapor flux angle).
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mechanism to shadowing-related columnar expansion. The concurrent ion bombardment with the
energies ranged from around 10 eV to 100 eV aids for stable columnar structure growth normal to

the substrate [3].

2.1 Controlled Sculptured Thin Film Deposition

As mentioned above, one of the essential parameters is the incident vapor flux angle, ..
Usually, a small y, is preferred for more columnar and porous films. Figure 2-2 shows SiO
sculpture thin films with various incident vapor flux angles [4]. As the incident vapor flux angle
decreases, the separation between columnar structures becomes larger and, thereby, the film

becomes a more porous film. In case of SiO STFs, it is reported that SiO STFs at 25° vapor flux

188nmn 188nm

Figure 2-2. Sculptured SiO thin films with varied incident flux angle of (a) 25°, (b) 15° and
(c) 2° (Ref. [4]).

angle show ~90 % of the film density and the film density decreased to 20 % as the incident

vapor flux angle decreased [4]. Other materials exhibited the same tendency with a decrease in
the incident vapor flux angle but relative density was higher in the materials with higher adatom
mobility such as Cu and Mn in comparison with the density of the materials with lower adatom
mobility such as Al , Cr and CaF, [4]. This is related to the degree of self shadowing that

occurred by obliquely incident vapor flux angle.
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When the STFs are deposited with the rotation that has constant velocity, the STFs can be
grown in helicoidal columns. As shown in Figure 2-2, the pitch within helicoidal structure is
constant with constant rotation velocity, but the pitch can be reduced as the rotation velocity
become faster while the pitch can be widened with a slower rotation velocity [3].

The columnar structure that is grown in STFs should be constant in size and shape
through entire structure to obtain constant optical properties. However, some techniques for STF
deposition show the expansion of the columnar structure for thicker film depositions. Figure 2-3
(a) and (b) shows the MgF, STFs grown in superhelical structure and in slanted structure,
respectively. The expansion of the columns is clearly seen as the deposition proceeds. In higher
incident flux angle, the STFs experience more column width expansion at higher thickness (See
Figure 2-3 (b) and (c)) [5]. Thus, in order to keep uniform column widths, low incident flux

angles were used for this thesis.

Figure 2-3. Sculptured MgF; thin films with varied incident flux angle of (a) 8° in
superhelical structure, (b) 3° and (c) 22.5° in slanted structure (Ref. [5]).
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2.2 Various Applications with Sculptured Thin Films

STFs have demonstrated their strengths for various applications owing to excellent
optical properties with higher surface area and aspect ratio. One area that the STFs are frequently
adopted is the solar cell application. TiO, STFs have been used as the photoanode in hybrid solar
cells with poly(3-hexylthiophene) (P3HT) by electron beam evaporation [6]. The study was
implemented about the effect by controlled porosity of STFs for the conversion efficiency of the
hybrid solar cells [6]. TiO, STFs have also applied to dye-sensitized solar cells (DSSCs) as
photoanode [7]. Varied incident vapor flux angles allowed the TiO, to have columnar and porous
structure and the TiO, STFs prepared at 40° of the incident vapor flux attributed to 4.1 % of the
conversion efficiency [7]. In another research for DSSCs incorporating TiO, STFs, DSSCs were
fabricated with 8.5 um thick TiO, STFs sculptured at 10° of incident vapor flux angle. With a
TiO, scattering layer, the DSSCs exhibited 6.04 % of conversion efficiency [8]. Copper
phthalocyanine (CuPc) was sculptured by Dijiken et al. via thermal evaporation for use in organic
solar cells [9]. CuPc thin films were grown both on PEDOT:PSS coated on indium tin oxide
(ITO) and on seeded substrate which is prepared by the block copolymer method. The CuPc
columnar structure had few hundred nanometer length and 15-30 nm of diameter [10]. Rider et al.
studied indium tin oxide STFs to demonstrate three-dimensional high surface area transparent
electrodes for organic solar cells [10]. Subsequent layer deposited with PEDOT:PSS on the ITO
STFs has cobweb-like morphology and its surface area was ~ten-fold higher than that of a
commercial ITO substrate. The ITO STFs were reported to yield cells of 2.2 % of solar-to-
electricity conversion efficiency [10].

Sculptured TiO, films were used as transparent and conductive electrodes for thin-film
silicon solar cells. TiO, STFs led 68 % increase in optical haze at 600 nm and the solar cells

yielded conversion efficiency of 6.6 % [11]. Y. Zhou and coworkers demonstrated sculptured Cul
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nanocrystals for organic solar cells based on a junction of Zinc phthalocyanine and Cgy. Cul STFs
showed improved light absorption with higher surface roughness and this resulted in high
conversion efficiency of 4.08 % [12].

Another area of STF applications is for sensors owing to innate high surface area and
high aspect ratio. In particular, a lot of research has been carried out for humidity sensors
fabricated with STFs with various materials. Humidity sensors were fabricated with TiO,, SiO
and Al,O3 and tens of miliseconds response time were reported [13-15]. Microfluidic structures
were also fabricated with STFs. Silicon STFs deposited at 6° of the incident vapor flux on
patterned substrate and acted as microfluidic channel [16]. Narrow bandpass optical filters have
been demonstrated by Hawkeye et al. It is reported that, during TiO, STF deposition, a defect
layer were inserted into the film in controllable manner, and the resulting films established
passband within a stop band [17].

In this thesis, STF methodology has been used to fabricate a platinum electrode for a
DSSC, a copper cocatalyst for CO, and a SnS thin film used in an electrochemical solar cell. The
first two applications were performed using e-beam evaporation whereas the last application was
via rf sputtering. As expected, the last application had much less precise morphology than the

first two applications because of the larger source and higher pressure utilized in sputtering.
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Chapter 3

Sculptured Platinum Nanowire Counter Electrodes for Dye-sensitized Solar
Cells

Dye-sensitized solar cells (DSSCs) have been of great interest since efficient solar cells
with more than 7 % conversion efficiency were reported by Gratzel and coworker in 1991 [1].
Due to the nature of materials used and fabrication method, DSSCs are advantageous in
fabrication cost in comparison with other inorganic solar cells based on vacuum facilities and
energy intensive high temperature processes. Moreover, DSSCs can be used in decorative
applications through use of various colors of dyes [1-3].

Chapter 3.1 and 3.2 review the basic of DSSCs including operating mechanisms and
materials for each component. Chapter 3.3 gives motivation on the research for sculptured
platinum counter electrodes. Chapter 3.4 talks about the experiment for this research, while the

results and discussion are provided in Chapter 3.5 and are summarized in Chapter 3.6.

3.1 Concept of Dye-sensitized Solar Cells

DSSCs are fundamentally classified as excitonic solar cells, in the same category as
organic solar cells [4]. As indicated by its name, DSSCs produce bound electron-hole pairs—
namely, excitons—while conventional inorganic solar cells such as silicon based solar cells
generate free electron—hole pairs with incident light. Excitons must be dissociated to generate
free carriers and, thereby, allowing current to flow through the solar cells. However, since exitons
are hard dissociate by the internal electric field established in solar cells, DSSCs feature a
heterojunction structure that can provide excitons with sufficient potential energy for their

dissociation [4].
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A schematic of typical a DSSC is shown in Figure 3-1. DSSCs have three main
components: photo electrode, redox electrolyte, and counter electrode. The photoelectrode plays
an essential role in absorbing light energy and transporting electron generated. Dye molecules are
excited from the ground state (S° > S”) when exposed to incident light. At this time, excitons are
generated and diffuse away toward the interface of semiconductor/dye molecule. Excitons that
arrived at the interface are dissociated by the potential difference and, then, unbounded electrons
and holes are subsequently generated. These free electrons can be injected to the conduction band
of semiconductor materials—herein, TiO, —at the semiconductor/dye molecule interface. The
electrons in the conduction band continue to diffuse along the pathway paved by semiconductor
materials and flow out to the external circuit. In the mean time, oxidized dye molecules (S*)
return to their ground states and are regenerated by electrons from redox couples in the electrolyte.
The counter electrode—herein, Pt electrode—reacts with oxidized species with an electron from
external circuit at the electrolyte/counter electrode interface [1-5]. Recapture and recombination
can be occurred between conduction band electrons and I3 species and between oxidized dye
molecules and conduction band electrons, respectively. The operating cycle is summarized by

reactions (3.1) to (3.5) listed below [5].

TiO,|S + hv — Ti0,|S* excitation 3.1
TiO0,|S* - Ti0,[S™ + e(e, injection (3.2
Ti0,|2S* + 317 - Ti0,|2S + I3 regeneration (3.3
I3 - 2epy — 317 reduction (3.4)
I3 > 2e(y,y — 317 recaption (dark reaction) (3.5

TiO,|ST + ep) — Ti0z|S recombination (dark reaction) (3.6)
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Figure 3-1. Schematic of dye-sensitized solar cells showing reactions and energy potential
(Ref. [3]). NHE stands for normal hydrogen electrode.

All these processes to generate current mentioned above in equations (3.1) through (3.6)
in DSSCs can be realized by the competition between the processes. In DSSCs, electron injection
from the excited dye molecules to the TiO, and dye regeneration after electron injection occurrs
in femto- and nano-seconds, respectively while electron transport through the interconnection of
TiO, particles and interfacial recombination at TiO,/electrolyte interface takes place in
millisecond range [2]. Faster reactions in electron injection and dye regeneration enable DSSCs to
work efficiently.

In addition, for designing a DSSC, two main points must be considered. First point is

how efficiently dye molecules absorb the light energy. This is determined by the light-harvesting
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Figure 3-2. Schematic of dye-sensitized solar cells (Ref. [2]).

efficiency (LHE). LHE is described with absorption coefficient, a in terms of light wavelength, A

below,

LHE() =1—10" (3.7)

Where d is the thickness of the semiconductor oxide film [2]. The film thickness should be
enough thicker than absorption length 1/o for higher LHE. Second point is how much current can
be extracted from a DSSC. The incident photon to current conversion efficiency (IPCE)— it is
also referred to external quantum efficiency—explain on this part. IPCE is related to

monochromatic photons and, thereby, generated photocurrent as in below,

IPCE(A) = LHEQ) - dinjlcon (3.8)

Where ¢iy; is the quantum yield for electron injection from the excited sensitizer in the conduction
band of the semiconductor oxide and ny is the electron collection efficiency [2]. In order to
achieve an efficient DSSC, all photogenerated charge carriers must be transferred to external
circuit. For this reason, the pathway of current that flow out of the DSSCs should be designed by
considering diffusion length of charge carrier through a semiconductor oxide film. The carrier

diffusion length of charge carrier, L is explained as,
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L=+vD< (3.9)

where D is the diffusion constant of electron and t is the charge carrier lifetime. When
semiconductor oxide thickness is within the range of charge carrier diffusion length,

photogenerated carriers can be efficiently collected to external circuit [2].

3.2 Materials for Dye-sensitized Solar Cells

Oxide Semiconductor: DSSCs adopt oxide semiconductor materials such as TiO, [1-3, 5] and
ZnO [6, 7] as dye molecule supporting medium. TiO, is widely used for its high refractive index,
excellent charge transport, and corrosion resistance. Anatase, rutile and brookite are obtainable
forms of TiO, crystalline structure. The anatase structure with bandgap of 3.2 eV is preferred in
DSSCs because its ability to be fabricated at lower temperatures, higher surface area per unit
volume and packing density compared to other crystal types [8]. The most common type of TiO,
film is porous structure composed of interconnected nanoparticles as shown in Figure 3-3 (a)

because of larger surface area for dye adsorption on TiO; surface. A general way of fabrication

Figure 3-3. Various TiO, film morphology: (a) nanoporous film (Ref. [3]), (b) nanotube film
(Ref. [9]) (c) nanowire film (Ref. [10]).
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for TiO, porous film is to implement doctor blading with TiO; slurry, controlling the thickness of
film by tape attached to substrate. Then, the TiO, film are subjected to annealing process at 450 °C
or 500°C to burn out organic materials in the slurry and to make interconnection between TiO,
nanoparticles and the film to be formed in anatase crystal structure. Nanostructures such as
nanotubes and nanowires as shown in Figure 3.3 (b) and (c) are also possibilities as

photoelectrodes and might have enhanced electron diffusion coefficient and life time.

Dye: The dye molecule and its sensitization are important starting point of light-to-electricity
conversion in DSSC system. The common dyes consist of polypyridyl complexes of ruthenium or

osmium. The general structure of efficient dyes can be expressed as ML,(X), where L is 2,2’-

+— Black dye
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Figure 3-4. (a) Incident photon to charge carrier efficiency of N3 and Black dye (b)
molecular structure of N3 dye (c) molecular structure of Black dye (Ref. [11]).
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bipyridyl-4,4’-dicarboxilic acid, M is Ru or Os and X is halide, cyanide, thiocyanate or water
substituent [11-13].

Figure 3-4 represents incident photon to current efficiency and molecular structure of N3
and Black dye that are well-known for DSSCs market. These molecules have Ru in the center of
the structure with carboxylated bipyridyl ligand. N3 dye absorbs light upto 750nm in Figure 3-4
(a). Another Ru polypyridyl complex is illustrated in Figure 3-5 (c). It is called “Black dye” and
the dye absorbs light more in the IR range (upto ~920 nm) in comparison with N3 dye [11]. This
black dye is close to an ideal dye that has 900 nm as its absorption threshold wavelength and 1.4
eV band gap [11].

Optical transitions under incident light occur via MLCT (metal to ligand charge transfer)
that electrons from Ru metal are transferred to the n* orbital of the carboxylated bipyridyl ligand
in forward reaction as represented in Figure 3-5. Backward reaction takes place from Tis** to the

Ru atom directly [2].

MLCT EXCITATION
forward reaction

Backward transfer

Figure 3-5. Schematic of metal to ligand charge transfer involving the interface at TiO,/dye
molecules in DSSCs [2].
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Electrolyte: The electrolyte is the medium necessary for transferring electron from counter
electrode to oxidized dye molecules. Since the research of Gratzel et al. in 1991, I /I5” redox
couple -based liquid electrolyte has been popular [1]. Other redox couples such as Br/Br,, SCN
/SCN,, SeCN/SeCN,, have been suggested but those are less successful due to energy level
mismatch and their lower diffusion coefficients in the comparison with that of 1" /I5” redox ion.
Selection of the solvent for liquid electrolyte is important for dissolution and diffusion of the
redox couples [5, 14-15]. Organic solvents like acetonitrile and 3-methoxypropionitrile are
generally used for good dissolution and diffusion of redox ions and resulting good performance of
DSSCs. Moreover, further improvement can be observed with addition of electric additives such
as 4-tert-butylpyridine and cations such as imidazolium derivatives and Li* ion in voltage and in
photocurrent, respectively [5, 16]. However, use of organic solvents does not guarantee long term
performance of DSSCs. Leakage and volatilization canoccurr from DSSCs with corrosion against
the sealing material by electrolyte. In order to resolve these problems, other types of electrolytes
have been developed. lonic liquids exhibit excellence in chemical and thermal stability, lower
vapor pressure, nonflammability and ionic conductivity. Wang et al. reported remarkable light-to-
electricity conversion efficiency of 7.5-8.3 % with 1-etyl-3methylimidazolium selenocyanate
(EMISeCN) [17]. However, ionic liquid-based DSSCs still experience leakage and volatilization
from its cells. Solid state electrolyte could be the alternatives in this aspect. Studies have been
done with inorganic hole transport materials (HTMs) like Cul, CuSCN and organic hole transport
materials like spiro-OMeTAD, polyaniline and PEO (poly ethylene oxide) containing
iodide/triiodide redox couple. These HTMs have advantages in leakage and volatilization but
disadvantages have been investigated. Inorganic HTMs show poor stability and organic HTMs
have the weaknesses of poor intrinsic conductivity, incomplete penetration through
nanostructured photo electrode and higher recombination [18-22]. In addition to these, DSSCs

with gel electrolyte, namely, quasi-solid state electrolyte have been reported with comparable
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conversion efficiency to DSSCs with liquid electrolyte owing to improved conductivity and

stability [23].

Counter electrode: Electrons from the external circuit are conducted through the counter
electrode within DSSC system. The counter electrode enables triiodides in electrolyte with
transferred electrons to be reduced to iodides. Platinum has generally been employed because of
its superior conductivity and catalytic reaction on triiodides for their reduction. However, since Pt
is an expensive materials, other research groups have focused on finding alternatives. Promising
candidates suggested are carbon materials such as carbon powder, carbon nanotubes and
conducting polymers such as polythiopene and polypyrrole [24-28]. Several examples are shown
in Figure 3-6. Unfortunately, the performance of these materials as a counter electrode could not
exceed that of a conventional planar platinum electrode in DSSC system.

Pt electrodes have been fabricated by sputtering, thermal decomposition, electro-
deposition and electron beam evaporation [13, 29-33]. The attempts to improve Pt electrodes

themselves have been carried out in order to increase the reactivity and resulting in a more

Figure 3-6. Surface morphologies of various counter electrodes: (a) activated cabon (Ref.
[17]), (b)multi-wall carbon nanotube (Ref. [18]) and (c) polythiophene composite counter
electrodes (Ref. [19]).
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efficient counter electrode. Morphological and structural modification have been tried, for
example, by using additives into the base solution used for electrodeposition or controlling
sputtering conditions. Patterned masks have been used to obtain net-like Pt electrodes as well [29-
30, 32-33]. Resulting films have shown improved performance over the standard planar platinum

as counter electrode for DSSCs.

3.3 Motivation of Research

As mentioned above, dye-sensitized solar cells (DSSCs) are conventionally composed of
three main components: 1) the photoanode electrode incorporating a semiconductor oxide such as
TiO, or ZnO with adsorbed photo-reactive dye molecules on its surface, 2) electrolyte with redox
couples such as I'/13, and 3) counter electrode for which a platinized electrode is conventionally
used [1, 34]. Since efficient solar cells were first demonstrated by Gréatzel in 1991 [1], much
research has been performed in pursuit of higher efficient DSSCs. For the first component, novel
structures such as nanotubes and nanowires [6, 9] have proved favorable in obtaining higher
surface area and longer life time of electrons for photoanode. For the second component, more
efficient dye molecules which absorb a wider range of light energy thus generating more
electrons by incident photons have been also been developed [13].

For more efficient DSSCs, component 3), the counter electrode must also be investigated
and improved. The counter electrode in DSSCs plays a significant role in reducing I3 in close
proximity to the surface of the electrode and conducting electrons from the external circuit to
provide electrons to oxidized dye molecules for regeneration. Since platinum, which is considered
as conventional material for counter electrode due to its high conductivity and excellent catalytic

activity, is expensive, several research groups have focused on finding alternatives and have
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suggested the replacement of platinum. Promising candidates include carbon materials such as
carbon powder, [24] carbon nanotubes [35] and conducting polymers such as polythiopene [27]
and polypyrrole [28]. However, the performance of these materials as a counter electrode could
not outdo that of an ordinary planar platinum electrode in DSSCs [24, 27, 28, 35].

To date, Pt electrodes have been fabricated by sputtering [13, 29, 30, 36], thermal
decomposition [31], electrodeposition [32, 33, 37] and electron beam evaporation [41]. However,
the fabrications that have carried out by those groups have been only for Pt planar electrodes.
Hence, in order to achieve highly chemical reactive and efficient counter electrode,
morphological and structural modification have been tried, for example, by using additives into
the base solution used for electrodeposition [32, 33] and controlling sputtering conditions [30].
Patterned masks have been used to obtain net-like Pt electrodes as well [29]. Resulting films have
shown improved performance over the standard planar platinum as counter electrode for DSSCs
[29, 30, 32, 33].

Another method to obtain morphological and structural change of the film is to “sculpt”
the film. Sculpture thin films (STFs) are created by obliquely directed physical deposition and, by
self-shadowing, STFs show porous and columnar structure [38]. Due to its high surface area and
valuable optical properties, STFs have been used in optical or biological applications [38-40].

In the rest of this chapter, a highly structured sculptured platinum thin film was made by oblique
angle electron beam evaporation and these sculptured platinum nanowire electrodes were
incorporated as counter electrode for DSSCs. The morphology of the electrodes was compared to
bare FTO and Pt planar electrodes made by evaporation. In addition, the effects of chloroplatinic
acid treatment on the surface of different counter electrodes also were investigated. The

performance of DSSCs with these counter electrodes was evaluated under AM 1.5 illumination.
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3.4 Experimental Section

3.4.1 Preparation of Pt Counter Electrodes

~40 nm thick Pt planar counter electrodes (PtPs) were deposited by electron beam
evaporator on FTO (fluorinated tin oxide) glasses. Prior to evaporation, the FTO glass was
cleaned with sonication in isopropyl alcohol for 10 min and then rinsed with deionized water
under sonication again. The base pressure of the chamber for deposition was 2 x 10° Torr and the
deposition rate was 0.4 A/s. Pt STFs were fabricated by electron beam evaporator with 5° vapor
incidence angle (x,) and 4.7 A/s of deposition rate on FTO as shown in Figure 3-7.

The thickness of the Pt STF was ~230 nm and labeled PtW. For the comparison of

beam

Electron gun

Figure 3-7. Fabrication of sculptured platinum thin films: (a) electron beam evaporator
system (b) schematic showing the fabrication of sculptured thin films by electron beam
evaporation (y,: incident flux angle).
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performance, six different counter electrodes were prepared. Along with bare FTO electrode, the
planar Pt electrode (PtP), and the STF platinum electrode (PtW), each of these three kinds were

acid-treated with 5mM chloroplatinic acid solution (H,PtClg in isopropyl alcohol) and were

subjected to annealing at 385 °C for 15 min in ambient air. The bare FTO glass, PtP and PtW

samples that received this acid treatment are labeled as FTO-a, PtP-a, and PtW-a, respectively.

3.4.2 Preparation of Photoelectrodes and Cell Assembly

The TiO, photoelectrodes were prepared with commercial paste (DSL 18 NR-T, Dyesol)

on FTO glass by “doctor blade method.” FTO glass was cleaned with the same procedure as that

of the counter electrodes. The commercial paste electrodes were annealed at 450 °C for 30 min in

air to induce the transformation to the anatase phase. Through repetition of the deposition process,
about 16-um-thick films were obtained. Then, the prepared TiO, films were immersed 0.3 mM N-
719 (Ruthenium 535-bis TBA, Solaronix) in 1:1 acetonitrile/tert butanol solution for 48 h. A

rinsing process with acetonitrile was carried out after taking the TiO, electrodes out of N-719

solution. The prepared photoelectrodes were assembled with the six different types of counter
electrodes prepared above, keeping the space between the two electrodes at ~40 um thickness, by
using a stretched Parafilm. Commercial liquid electrolyte (EL-HPE, Dyesol) was injected into the

gap between the electrodes and after connection to the external circuit, cells with 0.25 cm? active

area were measured under AM 1.5 illumination.
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3.4.3 Measurement of Symmetrical Cells with Various Counter Electrodes

The six different counter electrodes were assembled as symmetrical cells for

electrochemical impedance spectroscopy (EIS) in order to evaluate charge transfer resistance and

series resistance. The active area was 0.25 cm? and a stretched Parafilm (=40 pm) was used as a

spacer. The scan range of frequency was 0.01 ~ 3x10° Hz and the spectroscopy was obtained at

zero dc bias with 10 mV of ac amplitude.

3.5 Results & Discussion

The surface of bare FTO has a rough morphology similar to previous observations; it
appears to be deeply faceted with grains on the order of 100 to 200 nm as shown in Figure 3-8 (a)
[32, 36]. With chloroplatinic acid treatment, theFTO surface is coated by additional Pt particles
(FTO-a), which are reduced by thermal decomposition from chloroplatinic acid solution (Figure
3-8 (b)). The surface morphology of FTO-a is not significantly changed compared to that of FTO
because the Pt particles are much smaller than the grains and appear to be scattered on the
surface. However, agglomeration between Pt particles with reduced Pt particles onto FTO surface
is observed and the crevices between FTO grains appear to be filled with the Pt particles. In AFM
measurements, the RMS roughness decreased from 17.9 nm t016.8 nm after the acid wash,
supporting this idea of filling in of the crevices. PtP is prepared by electron beam evaporation on
FTO and its morphology imitates that of bare FTO. The resulting surface of the PtP shows a
slightly rougher morphology than that for bare FTO (19.1 nm). Like FTO-a, PtP was also
subjected to H,PtClg treatment. Reduced Pt particles are present on the surface of Pt planar film

and its agglomerated Pt particles are observed, with the particles filling the gaps between
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platinum morphology as shown in Figure 3-8 (d). This PtP-a sample shows lower RMS roughness
than that of PtP (19.1 - 18.1 nm). A sculptured Pt electrode is shown in Figure 3-8 (e).
Sculptured Pt is grown vertically in the shape of nanowires by evaporation at an oblique angle
(PtW) with a lot of pores around Pt columns and, due to its structure, the roughness of PtW
sample is considerably enhanced in comparison with PtP samples (19.1 - 44.4 nm). Figure 3-8
(f) shows the surface of PtW after chloroplatinic acid treatment, namely, PtW-a. Unlike for the
planar Pt or bare FTO samples, in Figure 3-8 (f), any visible difference is not observed in
comparison with PtW (Figure 3-8 (e)). However, the reduction in the RMS roughness of PtW-a
(44.4 - 39.4 nm) suggests that the presence of thermally decomposed Pt particles some minor
filling of crevices with the Pt particles.

Figure 3-9 shows electrochemical impedance spectroscopy of the symmetrical cells

adopting the six different electrodes. Among the data, the diameter of the semicircle at high

Figure 3-8. Surface morphology of various counter electrodes: a) FTO glass without acid
wash, b) FTO glass with acid wash, c¢) planar Pt on FTO, d) planar Pt on FTO with acid
wash, e) sculptured Pt on FTO and f) sculptured Pt on FTO with acid wash.




29

frequency corresponds to the charge transfer resistance (R) in the inset of Figure 3-9 and this is
one of the critical factors needed to evaluate the performance of the counter electrodes [10, 13,
20]. With respect to the R, the Pt film deposited by normal evaporation or thermal

decomposition of the acid on FTO causes more than 100 times improvement in comparison with

bare FTO. The R.s of FTO-a and PtP were 0.786 Q*m’ and 0.578 Q-an’, respectively. PtP shows

more chemical reactivity with H,PtClg solution treatment (0.509 Q-n’). In the case of PtW, five

times more charge transfer reactivity is measured (0.121 Q- ), which we suspect originates from

a rougher and more porous nanowire structure. Furthermore, nearly fourteen times more charge

transfer reactivity (0.04025 Q-n’) is observed on the sculptured Pt electrode (PtW-a) with
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——FTO ——PtP ——PtW
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Z [ohm]

Figure 3-9. Nyquist plots of electrochemical impedance spectroscopy from the symmetrical
cells with various electrodes at 0 dc vias: FTO, FTO-a, PtP, PtP-a, PtW and PtW-a (inset Rs:
series resistance, R charge transfer resistance, W: Warburg impedance and C:double layer
capacitance).
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chloroplatinic acid treatment than on the FTO-a electrode. In addition to this, variation of EIS in
Rs, which is described by the resistance of the electrodes, is observed in Figure 7-3 unlike other
previous experiments [32, 33]. The series resistance of the electrodes is affected by the thickness
and structure of the Pt films by evaporation and acid treatment. As thickness of the film increases,
the film has a lower R, and, with acid treatment, the resistance further decreases. However, since
DSSCs are one of electrochemical cell and electrodes react with the surface of electrolyte,
chemical reactivity of surface of electrode which is defined with R is the main contributor to the
performance of whole cells regardless of the series resistance of electrodes. Previous experiments
done by Fang et al. [36] demonstrate the fact that sheet resistance of counter electrode does not
have an influence of the performance of DSSCs.

Figure 3-10 and Table 3-2 show J-V characteristics and parameters of DSSCs
incorporating the six different kinds of the counter electrodes. The DSSCs with bare FTO shows
very poor performance as shown in Figure 3-10 and Table 3-2. FTO material itself does not act as
good catalyst for the liquid electrolyte. However, when adopting either acid solution or

evaporation of Pt, the entire performance of DSSCs is abruptly improved. Only a few tens of

Sample Name R, [Q*an’] Ret [Q*]
PtwW-a 2.92 0.04025
PtwW 4.75 0.121
PtP-a 3.43 0.509
PtP 6.31 0.578
FTO-a 11.58 0.786
FTO 10.86 3.47e2

Table 3-1. Series resistances and charge transfer resistancesof six different kinds of counter
electrodes.
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nanometers of platinum demonstrate excellent catalytic activity as a counter electrode as shown
by the EIS data and thus the performance of DSSCs are highly enhanced in FTO-a and PtP cell.
These results are consistent with large increase in R from EIS above and the results of previous
experiments by other group [36, 41]. More importantly, the DSSCs show a marked improvement
with the adoption of the nanowire Pt structure. In particular, the increase in J is remarkable.
When Pt nanowire film is used for counter electrode, DSSCs shows better performance than the
planar platinum electrode with and acid wash (PtP-a), yielding a current density up to about 9.776
mA/cm? and an efficiency up to 5.1 %. The DSSC made with the nanowire Pt counter electrode

plus acid wash (PtW-a) demonstrates a 5.63 % efficiency with highest J;; among the measured

14 T T T
o FTO
iz L o FTO-a
e ¢ PtP
x %
L Ptha
""""""““‘“““’“‘“M,. ¢ PtW

Current density [mA/cm’|

Voltage [V]

Figure 3-10. J-V characteristics of DSSCs adopting the counter electrodes, FTO, H,PtClg —
treated FTO (FTO-a), Planar Pt (PtP), H,PtCls—treated PtP(PtP-a), Sculptured Pt (PtW) and
H,PtCls—treated and sculptutred Pt (PtW-a). These cells are tested with 0.25 cm? active area
under AM 1.5 (100 mW/cm?).




DSSCs. We believe this is due to the rougher nanowire structure which increases the active

surface area for the charge exchange and more area to bond the Pt agglomerates from the acid

wash.

Sample Name  J. [mA/cm?] Ve [V] FF 1 [%]
FTO 2.46 0.542 0.658 0.087
FTO-a 7.949 0.739 0.695 4.06
PtP 8.468 0.750 0.678 431
PtP-a 8.644 0.762 0.685 4.49
PtW 9.776 0.738 0.707 5.1
PtW-a 10.94 0.729 0.707 5.63

Table 3-2. Characteristic parameters of the DSSCs.

3.6 Summary

A platinum nanowire sculptured thin film which is porous and columnar film was made

by electron beam evaporation with a 5 incident flux angle. The platinum nanowire film shows

44.4 nm higher RMS roughness than that of conventional Pt planar film. When evaluating

symmetrical electrodes using EIS, the Pt nanowire electrodes show an R, of 0.121 Q-m’ which is

five times less in comparison with that of Pt planar electrodes. Moreover, with H,PtClg solution

treatment, a further improvement in R, down to 0.04025 Q-m’ is observed. The performance of

DSSCs made with the Pt nanowire film as a counter electrode was 5.1 %, which is an 18.3 %



improvement in efficiency compared to a DSSC made with a Pt planar film and, with the acid

treatment, the efficiency using the Pt nanowire counter electrode is enhanced to 5.63 %.
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Chapter 4

Plasmonic Enhancement of CO, Conversion to Methane using Sculptured
Copper Thin Films Grown Directly on TiO,

Reduction of atmospheric CO, and its conversion into fuels at the same time have been of
interest to researchers who are eager to mitigate green house effects while simultaneously
acquiring an alternate energy source. Conventional ways of obtaining useful fuels such as
hydrogen, methane and ethane from the atmospheric CO, have been tried thermochemically,
electrochemically or photocatalytically [1-8]. However, the thermochemical and electrochemical
methods require heat concentrated by huge system and electricity, which is not sustainablefor
CO, reduction. Adopting photocatalysts for CO, conversion appears to be more simple and
attractive.

In this chapter, a brief history of CO, conversion into fuels by photocatalysts and an
explanation of CO, conversion mechanism will be examined Materials for CO, conversion will
be discussed in Chapter 4.1as well as a basic understanding of plasmonic effect by plasmonic
metals and its role in photocatalysis for CO, conversion. Motivation on adopting sculptured
copper thin films on TiO, will be presented in Chapter 4.2 while experimental information will be
given in Chapter 4.3. Results of the experiments will be presented and discussed in Chapter 4.4

and Chapter 4.5 will summarize the main results.

4.1 Literature Review on CO, Conversion by Photocatalytic Semiconductors

4.1.1 CO, Conversion by Photocatalytic Semiconductors and TiO, Photocatalysts



39

After Halmann’s initial work for CO, conversion based on electrochemical cells
fabricated with p-type GaP in 1978 [5] Inoue et al. succeeded CO, conversion to hydrocarbon
fuel by possible photocatalytic powders such as TiO,, WOs, ZnO and CdS as shown in Figure 4-1

[4]. Inoue et al. describe the CO, conversion mechanism by semiconductor catalysts as follow,

Generation of Electron-hole pairs

catalyst +hv > catalyst” (€ cong + N*var) (4.)
Oxidation

H,0 + 2h*y > 1/20, + 2H* (4.2)
Reduction

CO, (aq) + 2H" + 2e";og > HCOOH (4.3)
HCOOH + 2H" + 2€"gng > HCHO + H,0 (4.4)
HCHO + 2H" + 2€"ong > CH;OH (4.5)
CH3OH + 2H" + 2€";nq = CH, + H,0 (4.6)

where catalyst” is the excited catalyst by light energy, hv, € wnq is the electron in conduction band
and h*,, is the hole in valence band of catalyst [4]. A multistep reduction process is required for
CO, conversion as represented reaction equation (4.1) to (4.6).

In the experiment with semiconductor photocatalysts depicted in Figure 4.1, all the
catalysts except for WO; produced HCHO and CH;OH under filtered illumination which are the
chemicals are necessary for obtaining CH.. Yields of HCHO were ranged from 1x107® to 2x107
M and yields of CH;OH were ranged from 2.3x10™ to 53.5x10™ M. In particular, TiO, catalysts
showed no yields under the illumination with light wavelength longer than 500 nm [4].

Among these photocatalysts mentioned above, TiO, has been considered one of the most

appropriate candidates for CO, conversion because of stability against corrosive reactants and
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excellent oxidation properties. The CO, conversion into hydrocarbon fuels only by TiO,
photocatalysts can be realized, but the hydrocarbon production rate of the fuels from CO, and
water are small and the conversion can be activated within a limited wavelength range of light as
reported above.

Several attempts for enhancement in CO, conversion by TiO, photocatalysts have been
carried out. One of attempts implemented by research group was that nitrogen doping of TiO,
materials [6, 9]. The resulting TiO, catalysts exhibited elongated range of absorption wavelength.
Undoped TiO, materials usually show high absorption only within ultraviolet region (<400 nm)
due to a bandgap of 3.2 eV for anatase TiO, but, after nitrogen doping, TiO, showed a larger

absorption peak even within visible range, especially, in the range of 400 nm < A <500 nm. This

A
N
20 g
GaP
| Z
sl Z s =
cB Z HCOOH/H,CO
1.0 (sl
| 0 4 — wcHomyco,
z TiO, wo ——— H,/H,0
- ZzZ .S SO, ~ CH,0H/H,CO.
cB ZzZ - . 3 2003
o0 L 8 Z CHy/CO,
= 2.3 | c8 4
ES eV 24
= i eV - 0, /H,0
2 eV
w10 — 3.2 .
VB 3.0
- Z= = e 2.8 _
VB VB v
20 ™~ eV 3.8 ” pH 5.0
E = Z e - Redox system
Z Z
30 - VB VB VB A
Semiconductors =

Figure 4-1. Conduction and valence band positions of various photocatalyst materials (Ref.
[4, 10]).
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improvement also leads an increase in the performance of catalysts [6, 9]. Another way of
enhancing photocatalytic performance of TiO, materials was adopting nanostructure. Varghese et
al. fabricated ~50 um long TiO, nanotube catalysts by anodic oxidation of titanium. With a
copper cocatalyst, the nitrogen-doped TiO, nanotubes produced hydrocarbons, including methane
and others, at a rate of 104 ppm-cm-h™.% Feng et al. reported a methane production rate of 25
ppm-cm?-h™ by using ~30 pm long TiO, nanotubes decorated with Pt nanoparticles via a
microwave-assisted solvothermal approach [19]. Tan et al. achieved ~2.91 ppm-cm™-h™* by
adopting TiO, nanorods decorated with Cu nanoparticles [20]. The other attempt was
implemented with using cocatalysts. Various metals are usually chosen as cocatalysts such as Cu,
Pt and Au. These metal cocatalysts help reactants to be adsorbed easily and to facilitate redox
process [6-8, 11, 12]. Conventionally, previous research groups have incorporated these
cocatalysts by sputtering [6], evaporation [11], wet impregnation method [7, 8, 11] or
photoreduction [12]. These groups carried out cocatalyst deposition made of only small particles

which appear to be ‘islands’ on the TiO, surface [6, 9].

4.1.2 Plasmonic Effect by Nanostructures

Nanostructures, such as nanowires and nanotubes have been used effectively for various
materials in order to enhance the performance of a final application owing to their larger surface
area or innate one-dimensional nature [6, 10, 13, 16, 19, 20, 22, 23, 29-32, 34].

In particular, metal nanostructures have unique optical properties due to a plasmonic
effect. Nanostructured plasmonic metals feature strong interaction with the resonant frequency of
incident photons via the excitation of surface plasmon resonance (SPR). Collective oscillation of

valence electrons induced by resonant photons is established through the existence of frequency
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matching between incident photons and surface electrons of a plasmonic metal [13]. The optical

features, including resonant wavelength and SPR intensity, of plasmonic metals are different for

different materials.
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Figure 4-2. Plasmonic effect in various nanostructured metals: (a) Normalized extinction
spectra of Ag, Au Cu nanoparticles with the intensity of solar radiation (black dots) (b)
normalized extinction spectra depending on shape variation of Ag nanostructure (Ref. [13]).

Figure 4-2 (a) exemplifies different optical properties of various plasmonic metals.
Plasmonic metals exhibit their own SPR in extinction spectra. Ag, Au and Cu interact with
ultraviolet and visible photons as shown in Figure 4-2 (a). Moreover, the plasmonic behavior
depends on the composition, size and shape of plasmonic metals. For example, extinction spectra
of Ag can be controlled by changing its shape of wire, sphere or cube as shown in Figure 4-2 (b)
[13].

SPR concentrates incoming photon energy at, or near, the surface of the nanostructure.

Figure 4-3 (a) and (b) demonstrate the built-up intense and spatially non-homogeneous electric

field surrounding a nanocube [13].
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Figure 4-3. Unique features of plasmonic effect by Ag nanocube:(a) Spatial distribution of
the SPR-induced enhancement of electric field intensity at the SPR peak wavelength (b)
Enhancement in the electric field intensity at the SPR peak wavelength as a function of
distance, d (Ref. [13]).

4.1.3 Energy Transfer Mechanisms through the Plasmonic Effect

Concentrated photon energy by SPR can be transferred to the materials that are in contact
directly or indirectly to plasmonic nanostructures and this can contribute to improvement of
photocatalytic performance via its energy transfer.

The energy transfer by the plasmonic effect is explained by three mechanisms. First, the
energy through SPR is able to be injected to semiconductors from plasmonic metals at the
semiconductor/plasmonic metal interface. This mechanism is called SPR-mediated charge
injection [13]. An example of this is given in Figure 4-4. Figure 4-4 represents the schematic of
an energy band diagram for a water splitting cell. Excited surface plasmons by interband
transition make this mechanism possible to be explained. This mechanism can similarly describe
what occurs in a dye-sensitization process in which dye molecules absorb light energy and inject
generated electrons to the conduction band of semiconductor. Like the dye-sensitization process,

plasmonic metal absorb resonant photons and electrons near the Fermi level of a metal, E; are
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excited to SP (surface plasmon) states. Electrons in SP states are subsequently transferred to
allowed states within the semiconductor CB (conduction band). Injected electrons travel distance
approximately equal to thecarrier diffusion length until they react with a chemical species near
semiconductor surface. This mechanism is dominant in the structure composed of a plasmonic
metal with a low SPR energy and a semiconductor when they are directly in contact. The
structure of a semiconductor covered with plasmonic metal nanoparticles is one such example

[13].
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Figure 4-4. Energy diagram for SPR-mediated charge injection mechanism at
semiconductor/plasmonic metal interface for water splitting cells (i) excitation of electron
near metal Fermi level, E; to SP (surface plasmon) states (ii) electron injection to
semiconductor CB (conduction band) at semiconductor/plasmonic metal interface (iii)
electron reaction with neighboring hydrogen ions for hydrogen evolution half reaction (Ref.

[13]).
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The second and third mechanisms are near-field electromagnetic and scattering
mechanism. Anestablished intense and spatially non-homogeneous field by SPR- for instance, as
shown in Figure 4-3 (a), not only at the surface but also near surface of a plasmonic metal. When
semiconductors are in close proximity to the plasmonic metal, the semiconductors encounter the
intense electric field even if two materials are separated by thin non-conductive spacer. This
contact within the range of intense field leads the increase in the rate of electron-hole pair
formation and probability of photoreaction. In addition to this, scattering also can occur in the
presence of plasmonic nanostructured metal. Increased path length by scattering when passing
through a plasmonic metal and semiconductor materials provides more passes for photon and

increased electron-hole pairs in semiconductor [13].

4.1.4 Photocatalysis on Nanostructured Plasmonic Metal

Unstructured metals have been considered as poor photocataytic materials due to their
poor charge-carrier formation and short lifetime in spite of inherent chemical activity and
selectivity on chemical transformation [14, 15]. However, plasmonic metal nanostructures exhibit
superior photocatalytic activity when interacting with resonant photons [11, 12, 16]. When the
plasmonic metals encounter adsorbed gas species, they can transfer energy to the species directly
just as in SPR-mediated charge injection mechanism of Chapter 4.1.3. This energy transfer model
between plasmonic metals and nearby chemical gas species is described with energetic electron
transfer from SP states to unpopulated adsorbate states. The negative ion which resulted from
rapid reaction between the metal surface and the gas species is generally referred to as TNI
(transient negative ion) [13, 35-37]. Figure 4-5 explains on this energy transfer mechanism.

Adsorbates on the plasmonic metal are on their ground state initially (Figure 4-5 (a)). Electrons
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scattered by light energy, hv, transfer energy to absorbates on the surface and produce TNI (8).
Adsorbates travel on TNI potential state for lifetime, T as shown in Figure 4-5 (b). The absorbates
return to their ground state once the electrons decay back from TNI to the metal Fermi level. If
the transferred energy overcomes the activation barrier for dissociation, E,, the reaction with the
adsorbate will occur (Figure 4-5 (c)).

This mechanism has several features. It is reported that the probability of transformation
driven by SPR-induced electron on plasmonic metal is affected by (1) availability of low-lying
molecular orbitals on the absorbate, (2) the potential energy landscape for the charged and neutral
adsorbates, (3) the lifetime of the charged adsorbate state (4) the surface-plasmon intensity and (5)
temperature of the plasmonic nanostructures [13]. Another feature is that the plasmonic
nanostructures can couple multiple stimuli efficiently. For example, the plasmonic nanostructures
can couple the effect of the incoming photo flux and the thermal heating effect. General tendency
in this case is that most reactions on a semiconductor are inversely proportional to temperature
due to the negative relationship between temperature and the lifetime of excited charge carrier.
However, plasmonic nanostructure leads higher photocatalytic reaction rates depending on

temperature [13].
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4.2 Motivation of Research

Photocatalysts that convert carbon dioxide into useful fuel have intrigued researchers
because they simultaneously aid in the consumption of carbon dioxide and in the production of
alternate energy sources. Also, unlike thermochemically [1] or electrochemically [2, 3] activated
catalysis, photocatalysis is activated in a sustainable manner by solar energy without the need to
apply any additional energy source.

In 1979, Inoue et al. reported the photocatalytic conversion of CO, into organic
compounds, using various semiconductor powders such as TiO,, WOs, ZnO and CdS in aqueous
solution [4]. Other research on liquid-based CO, conversion has been reported since this work [7,
17, 18]. However, for practical applications, gas-phase CO, conversion is more desirable, and
direct CO, conversion to useful hydrocarbon fuels has also been demonstrated [6, 19, 20].

TiO, is considered to be one of the most appropriate materials for catalyzing CO,
conversion to fuels due to its stability against corrosive reactants and its excellent oxidation
properties. However, photocatalytic reactions mediated by TiO, alone are limited, due to its wide
bandgap of 3.2 eV. The electrons that are excited and thus available for chemical reactions are
only those that come from ultraviolet light. As a result, TiO, itself does not contribute much to
the photocatalytic production of hydrocarbon fuel.

Strategies for enhancing the photocatalytic conversion of CO, to hydrocarbon fuels
include the design of nanostructured catalysts and the decoration of TiO, with metal cocatalysts.
Adopting TiO, nanotube or nanoload structures have been reported as one of favourable way for
achieving more efficient chemical formation with CO, and H,O gas species [6, 19, 20]. However,
these studies have focused on nanostructuring of the TiO, catalysts to maximize surface areas.

Since metal cocatalysts play an essential role in adsorbing chemical species and accelerating
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chemical reactions, the metal cocatalysts themselves can also be engineered to achieve an
increased conversion rate.

In addition, it is well known that metal nanoparticles, including Au, Ag, and Cu that is
used as a CO, reduction cocatalyst, exhibit a plasmonic effect with response to the resonant
frequency of photons. This plasmonic effect can act as an accelerator for photocatalytic reactions
by enabling energy to be concentrated on or near the surface through the reaction between
scattered electrons and adsorbates [11-13, 21-23].

To date, metal cocatalysts for CO, conversion have been prepared by sputtering [6], wet
impregnation methods [7, 8, 18, 23] or electrochemical deposition [20] onto other catalysts. Cu
nanostructures have been fabricated by reduction within aqueous solution with heat [24, 25],
potentiostatic electrochemical deposition [26] and chemical vapor deposition [27]. Ideally,
nanostructures grown on top of TiO, films and vertical nanostructures are desired in order to
prevent the blocking of gas species during a reaction. Cu is promising because Cu exhibits not
only excellent catalytic reactivity but also a plasmonic effect within the visible range (Amax = 600
nm) for appropriately sized particles [13, 21, 23]. In addition, Cu has an advantage in cost over
Au, Ag and Pt. Constructing a Cu nanostructure on the surface of TiO, is one way of utilizing and
magnifying these advantages.

One method to obtain vertically aligned nanostructures of TiO, is to “sculpt” films using
oblique angle evaporation. Sculptured thin films (STFs) are typically fabricated by obliquely
directed physical vapor deposition via self-shadowing. STFs show porous or columnar
morphologies, depending on the angle of vapor flux. Due to their high surface area and tailorable
optical properties, STFs have been proposed and used in a variety of optical and biological
applications [28-31].

In following sections, we demonstrate the fabrication of a nanostructured copper thin film

sculptured using an obliquely evaporated vapor flux directly on top of a TiO, film, along with its
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use as a cocatalyst for CO, conversion to methane. The performance of the TiO,/Cu STF system
was evaluated in terms of its methane production rate. The observation of a plasmonic effect with
the Cu STFs is seen in the absorption spectra of the sample and a resulting enhancement in
methane production rate is concomitantly observed. A threshold for this Cu plasmonic effect is

found to be a function of the length of the Cu columnar structure.

4.3 Experimental Section
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Figure 4-6. Schematic of sculptured copper thin films fabrication by electron beam
evaporation.

TiO, films were prepared from a commercial TiO, paste (Dyesol, DSL 18NR-T, mean
size: 20 nm) by doctor blading the TiO, paste to form a film with a thickness of approx. 11 um.
This technique has been described in Chapter 3.4.2 The TiO, samples were then annealed at 500

C for 30 min with a 2.5 C/min ramping rate. This yielded 2x2 cm? samples of anatase TiO,.
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Copper STFs were grown directly on top of the TiO, films (referred to as “TiO,/Cu

STFs”) by using electron beam evaporation. The deposition was implemented with an incident
vapor flux angle, y,, of 5° by using a substrate holder installed obliquely as shown in Figure 4-6.
The chamber was evacuated to a base pressure of 2 x 10°® Torr before deposition. Then, Cu STFs
were grown at room temperature at a rate between 2.53 and 3.52 A/s to yield columnar structure
lengths between 61 and 331 nm.

The physical shape and length of Cu STFs was characterized by field emission scanning
electron microscopy (FESEM), and the materials deposited on the substrate were identified using
powder X-ray diffraction (XRD) with Cu Ko radiation (1.5406 A). The optical properties of the

prepared samples were investigated with UV-visible absorption spectroscopy in the range of

300~850 nm.
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Figure 4-7. Schematic of CO, conversion rate measurement unit.

In order to measure the conversion rate of CO,to methane, a 2 x 2 cm? sample was

loaded into the Teflon reaction chamber for each measurement. The chamber was evacuated to ~
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40 mTorr in order to remove air. High purity (99.99%) gas phase CO, and water were introduced
into the reaction chamber via a deionized water bubbler at a total flow rate of 3.18 mL/min. The
introduction and evacuation process for CO, gas with H,O was repeated five times. The relative
humidity was measured to be ~ 80%. After the reaction chamber was again filled with the
CO,/H,0 mixture, it was illuminated under AM 1.5 illumination (100 mW/cmZ) for one hour.
Quantitative detection of reactants and products was performed using a Shimadzu GC-2014 gas
chromatograph (Restek Rt-QBond column, ID=0.53 mm, length=30 m) equipped with flame
ionization (FID) and thermal conductivity detectors (TCD). Details of the reactor setup are

described in Ref. [32] and shown in Figure 4-7.

4.4 Results & Discussion

Cu STFs were deposited at a 5° incident vapor flux angle directly onto the top of TiO,
film. Six different TiO,/Cu STF samples were evaluated for photocatalysis; 5 had a different
deposition time for the Cu STFs (to produce samples with different Cu column lengths), and one
was a TiO, film without a Cu STFs. As shown in the SEM image in Figure 4-8 (a), the TiO, films
exhibit a porous and sponge-like structure, which consists of interconnected TiO, nanoparticles.
Due to the oblique incident vapor flux, all of the Cu STFs grown on top of the TiO, are porous,
slanted and have a columnar structure with a round top, as shown in Figure 4-8. This round
columnar structure likely resulted from adatom diffusion during STF deposition. In general, lower
melting point materials have higher adatom mobilities and thus longer adatom diffusion lengths,
and vice versa [28]. When heated as the incident vapor flux arrives at the substrate, adatoms on

the copper surface can diffuse further because copper has a relatively low melting point (1084 °C)
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Figure 4-8. (a-c) SEM images showing the surface morphologies of TiO,/Cu STFs with 160
nm Cu columns: (a) 45° cross sectional view, (b) top view at higher magnification, and (c)
top view at lower magnification. (d) SEM image of TiO,/Cu STF with 331 nm Cu columns.
All Cu STFs were fabricated directly on top of a TiO, film by electron beam evaporator with
5° of incident vapor flux.

When compared to many other metal or oxide materials. For this reason, Cu STFs are
sculpted into more round and smooth shapes in comparison with higher melting point materials
such as Pt (1768 °C) and TiO, (1843 °C) due to their slower adatom diffusion rates. This can be
seen in Figure 4-9 and in previous studies [30, 31].

The deposition parameters and corresponding Cu column lengths for all of the samples
are listed in Table 4-1. The Cu column length of Sample Il was estimated using the fitted curve in

Figure 4-10, a plot of Cu column length vs. deposition time, since its small size made it difficult
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to measure directly in the SEM. The Cu STFs grow as a non-linear function of deposition time.
The growth rate of Cu STFs increases as deposition time increases up to 455 s but decreases with
further deposition. We postulate that as the deposition time increases, the substrate is exposed to
heated energetic particles during deposition and this leads to longer adatom diffusion on the Cu
surface. This increased adatom diffusion can cause lateral growth of STF columns and a
corresponding decreased vertical growth [28, 33]. This also creates more dense films as shown in

Figure 4-8 (c) and (d).

Figure 4-9. Surface morphology of TiO,/Cu STFs with (a) 129 nm, (b) 206 nm and (c) 331 nm
Cu columns and (d) Pt STFs for comparison. All STFs were sculptured with 5° angle of vapor
flux by electron beam evaporator.
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Sample Name Deposition time [s] Length of Cu Deposition rate
column [nm] [A/s]
I 0 0 -
Il 242 ~61 25
il 393 129 3.3
v 455 160 3.5
V 606 206 34
VI 1212 331 2.7

Table 4-1. Deposition parameters and corresponding lengths of Cu columns for Cu STFs on
porous TiO, films. The length of the Cu column in Sample Il was estimated using the fitted

curve in Figure 4-10.
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Figure 4-10. Correlation of the Cu column length with deposition time. A fitted curve is
shown in the Figure. Fitted curve is expressed as Y= 418.349 - 507.335-exp(-0.00145x)
where Y is length of Cu column and X is deposition time based on measured length.
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Powder XRD patterns (Figure 4-11) for all of the prepared samples show evidence for

nanocrystalline anatase-type TiO,, with strong diffraction observed from the (004), (200), (105),
(204), (220) and (215) planes. The (101) reflection is more intense than expected, suggesting that
preferred orientation of the TiO, crystallites occurs in the anatase TiO, films, which have an
average thickness of 10.75 = 0.46 um. The (111) reflection of Cu from samples Il and 111 was not
detectable by XRD due to the small amount of Cu in the samples. All other TiO,/Cu STF samples
show the (111) reflection of Cu. Although the existence of a thin oxidized layer on the surface of

the Cu STFs is probable since the Cu STFs are exposed to H,O and O, during the reaction [21], a

crystalline CuO layer was not observed by XRD.
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Figure 4-11. X-ray diffraction patterns of TiO,/Cu STFs. Pattern labels correspond to the
samples listed in Table 1.
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Figure 4-12 presents the methane production rates measured for the six photocatalytic
films. Without illumination, a baseline methane production rate of 1.14 ppm-cm™-h™ was
observed, which is believe to be due to unintentional exposure to light during injection of the CO..
However, no measurable methane production was detected in the experiment when only argon
(without CO, and H,0) was introduced under AM 1.5 illumination. The sample with smallest Cu
STF cocatalysts, with a column length of ~61 nm, shows a 2-4 fold increase in methane
production rate relative to the sample without copper. Surprisingly, no further improvement of
methane production rate was observed for the 129-nm-long Cu columns in sample Ill. However, a
significant and reproducible increase to 124.3 ppm-cm™®-h™ was observed for the 160-nm Cu
columns in sample V. This represents a 160-fold increase in the methane production rate relative
to the TiO, sample without Cu STF cocatalysts (sample 1), and is higher than reported previously
for other 1D TiO, nanostructures [6, 19, 20]. With a further increase in the length of Cu columns,
the methane production rate is observed to decrease. We hypothesize that the number of
accessible reaction sites may be decreased in the more dense STFs, which is consistent with the
morphology shown in Figure 4-8 and Figure 4-9. Regardless, the samples still have good
photocataytic performance, converting CO, into methane at a rate of more than 39.4 ppm-cm?-h™,
Collectively, these methane production rates suggest the existence of a threshold Cu column
length of between 129 and 206 nm for the highest methane production rates. During front side
illumination experiments, where the illumination is directed onto Cu STFs, a similar trend is
observed, with a maximum in methane production rate occurring for the 160-nm Cu STFs.

Two possible scenarios can help to explain this large enhancement in methane production
rate: a threshold in reflection and/or a plasmonic effect. Since Cu itself is a reflective material, Cu
can reflect light penetrating through the TiO, film. An elongated path length of light in the TiO,
induced by reflection may be able to contribute more electron-hole pairs within TiO,. However,

TiO, can absorb photon energy only within the range of <400 nm due to its wide bandgap of 3.2
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Figure 4-12. Methane production rate vs. length of Cu columns for TiO2/Cu STFs. All
measurements were carried out under AM 1.5 illumination (100 mW/cm?) for 1 hour.
Illumination was directed at the glass substrate for back side illumination (BSI) and at Cu
STF for front side illumination (FSI).

eV, and most of the light energy within this range is absorbed by the TiO, because its thickness is

more than 10 pm. Hence, we suspect that only a small fraction of reflected light energy may

participate in electron-hole pair generation in TiO, and contribute to the observed methane
production rates.

The other possible scenario is a plasmonic effect due to the Cu STFs. Plasmonic effects,
which are well known for Cu nanostructures [13, 20, 21, 23], can produce energetic electrons on
the surface of a catalyst through surface plasmon resonance, and these electrons can then transfer
their energy to that needed for dissociation of gas species that are attached to the surface. If the
transferred energy is sufficient to overcome the activation barrier for dissociation, dissociation

will occur and dissociated species can be involved in CO, conversion [13]. Figure 4-13 shows the
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Figure 4-13. UV-visible absorption spectra of (a) TiO,/Cu STFs and (b) TiO,/Cu STFs with
160 nm Cu columns before (black) and after (red) oxidation. Inset: powder XRD pattern after
oxidization of TiO,/Cu STF sample with 160 nm Cu columns.

UV-Visible absorption spectra for all TiO, and TiO,/Cu STF samples. All the samples exhibit

significant absorption in the ultraviolet region, which results from interband transitions of TiO,.
All TiO,/Cu STF samples also show noticeable absorption beginning at around ~600 nm due to
the presence of the Cu STFs. However, this absorption starts to become more significant
beginning with the 160-nm Cu columnar structures (Sample I11), and the absorption peak
becomes more pronounced as the length of Cu column increases. This absorption peak at ~600
nm has been previously reported to correspond to a Cu plasmonic effect [13, 20, 21, 23]. A
control sample consisting of a TiO, film containing a 60-nm planar Cu sample without
nanostructuring does not show a significant absorption peak at ~600 nm (Figure 4-14), suggesting
that the columnar nanostructuring plays a key role in the observed plasmonic effect. The Cu
plasmonic effect is most noticeable in sample VI (160 nm Cu columns) with regard to the abrupt
enhancement in methane production rate. Therefore, we hypothesize that the large enhancement

in methane production rate originates, at least in part, from the plasmonic effect caused by the Cu
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STF nanostructure. We speculate that the high surface area Cu STFs, coupled with the plasmonic
enhancement, help to facilitate one or more of the chemical reactions necessary for CO,

conversion into methane.

-~ --TiO,/160 nm thick Cu planar film
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Figure 4-14. UV-visible absorbance spectra of TiO, film with planar Cu film (top) and
TiO,/Cu STF with 160 nm Cu columns.

One possible drawback to the use of Cu cocatalysts is that partial oxidation of Cu is
inevitable under the reaction conditions. The oxidation of Cu nanoparticles is well known, but it
has been reported that if the diameter of the Cu core is greater than 2 nm, the plasmonic effect
will still be observed [21, 23]. In the case of our Cu STF samples, the column diameters are all
greater than 30 nm. We evaluated sample 1V after the Cu STFs were completely oxidized to CuO
under ambient air and found that the methane production rate decreased concomitantly with loss
of the plasmonic effect from sample 1V as shown in Figure 4-13(b). The methane production rate
decreased to 0.15 ppm-cm™-h™* (below the baseline production rate), although production rates of
other hydrocarbons increased. For example, in the case of propane, the production rate was

measured as 4.37 ppm-cm™-h™ after complete oxidation of the Cu STFs, while propane was not
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detected at all with sample 1V before it was oxidized. We speculate that this is due to a difference
in selectivity between Cu and CuO to absorbed gas species and to the differences in

photocatalytic activity.

4.5 Summary

We have demonstrated that Cu STFs directly grown by e-beam evaporation at a 5° angle
of incident vapor flux on top of a TiO, porous film are an excellent cocatalyst for photocatylitic
CO, conversion to methane. Cu STFs have a porous slanted nanocolumnar structure with a high
surface area. Examination of the absorbance spectra for Cu STFs of different lengths revealed an
increase in absorption at ~600 nm for columns > 160 nm, which can be attributed to surface
plasmon resonance. It is found that there is a large enhancement in methane production rate with
the 160 nm long Cu columnar structure and that a threshold exists between Cu column lengths of
129 nm and 160 nm. The methane production rate reached a maximum of 124.3 ppm-cm™?-h™,
which is more than 160 times higher than the TiO, films that did not contain a Cu STF. This
transition was largely attributed to a plasmonic effect by the Cu STFs, along with a possible small
effect from reflection. TiO,/Cu STFs with Cu columnar structure longer than 160 nm showed a
decrease in methane production rate in spite of an intense plasmonic effect. We speculate that
this is because Cu STFs become denser and have less active catalytic sites for thicker STF
depositions, however even the denser films with less active areas show an excellent methane
conversion rate of more than 39.4 ppm-cm™-h™. Overall, the use of Cu STFs on TiO,
demonstrates an alternate route for fabricating highly efficient photocatalytic thin films for CO,

conversion to methane.
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Chapter 5

Tin Sulfide Thin Film Deposited by Radio Frequency Magnetron Sputtering
for Solar Cell Applications

Semiconductor materials incorporating IV-VI elements such as PbS, PbSe and SnS
feature excellent optical properties, in particular for the IR region. The innate narrow band gap of
IV-VI semiconductors facilitates their application to near infrared or infrared devices such as
solar cells and infrared detectors [1-3]. Tin sulfide (SnS) is one of the semiconductor materials in
IV-VI group and has been considered as a promising light absorber material for the photovoltaic
industry. SnS also has the advantage of being nontoxic and earth-abundant. SnS exhibits a
remarkable absorption coefficient of 10* cm™ at its fundamental absorption edge [4]. SnS can
have both indirect and direct bandgap types and the electrical, optical and material properties of
SnS can be engineered depending on annealing temperature or Sn/S ratio [5-8].

Chapter 5.1 provides a literature review on the fundamental properties of SnS materials
and thin films and reviews solar cells that have been demonstrated by other groups. Motivation
for the research of SnS thin films will be explained in Chapter 5.2. Experimental setup and
technique will be described in Chapter 5.3. Chapter 5.4 will discuss the results on deposition of

SnS thin films. A summary for this chapter will be given in 5.5

5.1 Literature Review on SnS Thin Film and Solar Cell Application

5.1.1 SnS Thin Film Fabrication and its Properties

SnS films have diversity in their fabrication method. Physical or chemical methods have

been reported for SnS thin film deposition. For example, thermal evaporation [4, 6, 8], electron
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beam evaporation [9], radio frequency sputtering [10], spray pyrolysis [11], atomic layer
deposition [12], chemical vapor deposition [13] and chemical bath deposition [14] have been
conventionally used for the thin film preparation.

As of now, thermal evaporation has been the most reported method for preparation of
SnS thin films. Thermally evaporated SnS thin films have been investigated by many researchers.
The pioneer study on thermally evaporated SnS thin films for solar cells was published by
Noguchi et al. in 1994 [4]. They reported that their SnS thin films had an energy gap, E, of 1.48
eV, mobility of 400-500 cm?/V-s and resistivity of 13-20 Q-cm. A 10* cm™ of absorption
coefficient at the fundamental absorption edge was also reported. Devika et al. [15] evaluated 50
nm thin films prepared by thermal evaporation deposited at 150°C. After annealing, the films had
an E4 of 1.98 eV, mobility of 41 cm?/V-s and carrier concentration of 4.2 x10*®*cm?and had a
<111> orthorhombic structure. Ghosh et al. [16] reported on evaporated SnS and post deposition
annealing in an argon ambient. Top-down scanning electron microscopy (SEM) images show
significant microstructure for all samples. They reported a direct bandgap that ranged from 1.33-
1.53 eV, a resistivity from 80-120 ohm-cm and mobility between 0.8 and 28.6 cm?/Vs. Guo et al.
[17] studied the influence of substrate temperature on vacuum evaporated SnS. They succeeded in
the deposition of a stoichiometric SnS film and reported an E, of 1.402 eV for a film grown at
150°C. They measured a ratio of dark-to-photoconductivity of 8. Zhang and Cheng incorporated
Cu into SnS films for doping up to 23 atom% by a two step evaporation process (SnS then Cu)
then annealed [18]. They reported a decrease in the direct E4 with the doping (1.54 eV > 1.17
eV) and a large increase in carrier concentration (1.53x10" cm™® - 8.57x10" cm™®) with a
corresponding decrease in mobility (802 cm?/V-s = 0.312 cm?/V-s). Bashkirov et al. [19]
deposited SnS by hot wall deposition, which is another evaporation technique. They reported
direct Eq that ranged from 1.07 eV to 1.27 eV depending on film thickness for samples made at

210 °C and 300 °C, respectively.
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Reference  SnS growth DirectE;  Carrier mobility ~ Carrier Resistivity

method (eV) (cm?/V-s) concentration (Q-cm)
(cm®)

[4] Thermal 1.48 400-500 6.3x10%- 13-20
evaporation 1.2x10%

[15] Thermal 1.98 41 4.2x10% 36-128
evaporation

[16] Thermal 1.33-153 0.8-31.6 10%-10% 80-120
evaporation

[17] Thermal 1.402 - - 100
evaporation

[18] Thermal 1.54 1.53x10% 802 899
evaporation

[19] Hot wall 1.07-1.27 - - -
deposition

[11] Spray pyrolysis  1.32 128 1.65x10% 30

[14] Chemical bath 1.38 - - -
deposition

[12] Atomic layer 1.87 - - -
deposition

[10] RF sputter 1.08-1.18 1100-97000

[20,21]  RF sputter 1.1-18 - - 0.1-147

Table 5-1. SnS thin film properties deposited by various methods. All the values listed here

are the numbers at room temperature without any doping.
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A variety of other techniques have also been reported. Reddy et al. [11] reported on SnS
thin films prepared by spray pyrolysis. These films exhibited orthorhombic structure and showed
an average electrical resistivity of 30 ohm-cm, Hall mobility of 128 cm?%V-s and carrier density
of 1.6 x 10™® cm 2, These films had an optical band gap of 1.32 eV with an absorption coefficient
greater than 10* cm™. A. Tanusevski [14] prepared SnS thin films from a chemical bath
deposition. The resulting films had a 1.38 eV direct optical band gap and 0.96 eV indirect band
gap. With thermal treatment, the indirect band gap increased, but the direct band gap remained
unaffected. J. Y. Kim and others [12] implemented SnS film growth by atomic layer deposition
through sequential exposures of tin(l1) 2,4-pentanedionate (Sn(acac),) and hydrogen sulfide (H,S).
Sn/S ratio was unchanged (~1.0) and they reported a bandgap of ~1.87 eV.

Sputtering has been also used for deposition of SnS films. Hartman et al. [10] reported on
RF sputtered SnS thin films with an indirect band gap of 1.08-1.18 eV and resistivity was ranged
from 1100 to 97,000 ohm-cm. Structured SnS films with “rice shaped” grains were observed in
SEM images as shown in Figure 5-1. Stadler et al. [20, 21] is the only group to publish multiple

papers on sputtered SnS thin films. This group used a 2-inch sputter gun and has evaluated throw

B: 10 mTorr D 60 mTorr

A:5mTorr C:30 mTorr

Figure 5-1. Surface morphology of sputtered thin films depending on the deposition pressure
by Hartman et al. [10].
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distance (2.5-6 inches), pressure, power, substrate temperature and frequency (dc to pulsed-dc to
RF). They have characterized the films using UV-Vis NIR and 4-point probe for electrical
conductivity. They reported an E4 of 1.1-1.8 eV and resistivities of 0.1-147 Q-cm, as well as an
absorption coefficient > 1 x 10* cm™. All the parameters of SnS thin film properties by various
deposition tools are summarized in Table 5.1.

In order to modify the properties of SnS thin films further after deposition by various
deposition techniques, annealing can be considered. Johnson et al. [6] reported that dark- and
photo-conductivity of evaportated SnS thin films can be varied by post-deposition annealing for
10 min in air and argon, by using the heater installed inside of the chamber. Devika et al. [8]
found out that the post-deposition annealing can allow the grain size and surface roughness to be
varied, accompanying by possible re-evaporation of sulfur. The resistivity of the SnS thin films
decreased from 37.4 to 9 Q-cm as the annealing temperature decreased. In addition, a shift to the
shorter wavelength of transmittance peak was observed with increasing temperature. Ogah et al.
[23] also reported the effect of annealing for evaporated SnS thin films. They found out that, by
annealing the SnS thin films, more oriented and crystalline films can be obtained. Moreover,
annealing have an influence on the narrowed optical absorption edge and decreased the resistivity.
Ramakrishna Reddy et al. [11] used the annealing technique in a sulfur atmosphere to improve
physical properties for SnS thin films by chemical spray phyrolysis. They reported that the
annealing in a sulfur atmosphere is effective in suppressing low intensity peak other than that of
(111) peak and decreasing resistivity from 30 Q-cm to 5 Q-cm. In general, post-deposition

annealing seemed to produce a favorable change in the deposited SnS films.
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5.1.2 SnS Thin Films and Energy Band Diagram Models

A band diagram model for SnS films is invaluable in the design of solar cells, from metal
contact formation to designing the junction formation between window layer and absorber layer.
Since the reported properties of SnS are greatly varied depending on the deposition conditions, a
study on the energy band diagram model of SnS films can become a stepping stone for fabrication
of solar cells. Basically, SnS is known as a p-type semiconductor material established by Sn
vacancy [33, 45]. The SnS energy diagram model for SnS thin films has been suggested by M.
Devika and others [32] for their thermally evaporated samples and is shown in Figure 5-2 (a).
The model was described with 4.2 eV of work function, @, and 3.14 eV of electron affinity, ys.
Another energy diagram model for the SnS prepared with chemical spray pyrolysis exhibits
similar band gap of 1.33 eV but relatively higher electron affinity of 3.7 eV and work function of
4.92 eV as shown in Figure 5-2 (b). It was found that two donor defect levels, D>, Ds*", which

result either from sulfur vacancies or existence of Sn®* and Sn** ionized states of Sn, can exist
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Figure 5-2. Suggested energy diagram model for SnS film by (a) M. Devika et al. from Ref.
[32] where @, is work function, ys is electron affinity, E, is band gap, FL is Fermi level, VB
is valance band, CB is conduction band VL is vacuum level (b) T. H. Sajeesh et al. from Ref.
[33] where E is Fermi level, D, and Ds** are donor defect levels.




within its bandgap in Figure 5-2 (b) [33].

In addition, it is reported that trap levels can be formed within the band gap resulting

from the presence of oxygen [33]. As shown in the examples of SnS energy band diagrams in

72

Figure 5-2, unique band diagram is necessary for sputtered SnS thin films since the band diagram

of SnS thin films is varied, depending on deposition condition or method.

5.1.3 CdS/SnS Heterojunction Solar Cells

For SnS solar cells, multiple types of structures have been studied. The main stream of

SnS solar cells are heterojunction with n-type semiconductor materials such as CdS, Cd,SnO, or

CdO, making p-n junction [4, 22, 23]. Noguchi et al. [4] was one of the first to report a SnS/CdS

heterojunction cell. The SnS was evaporated at 200-300 °C and had 1.48 eV of energy gap, E,,

SnS growth CdS growth Voe N FF n Ref.

Technique technique (mV) (mA/cm?)

Spray pyrolysis  Vacuum 260 9.6 0.53 1.3 [11]
evaporation

Electrochemical Photochemical 170 3.3 0.37 0.20 [28]

deposition deposition

Chemical bath ~ Chemical bath 340 6.0 - - [29]

deposition deposition

Vacuum Vacuum 120 7.0 0.35 0.3 [4]

evaporation evaporation

Table 5-2. CdS/SnS thin film solar cells grown by various techniques. The parameters, Vi,
Jse, FF and n stands for open circuit voltage, photocurrent density, fill factor and conversion

efficiency, respectively.
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0.29 % of conversion efficiency, 1, 0.35 of fill factor, FF, 7 mA/cm? of photocurrent density, Jq

and 0.12 V of open circuit voltage, V.. The Ogah group [23] has reported on SnS/CdS

heterojunction cells. Annealing at 400 °C for 30 min densified the film and reduced minority

phases. They reported 7 mA/cm? of J.., 200 mV of V.. and 0.3 of FF in separate devices. Table 5-

2 below summarizes results for this type of heterojunction made by different techniques [23].

5.1.4 Other Strategies for Efficient SnS Solar Cells

Sugiyama et al. [24] reported on band offset for CdS/SnS solar cell with a Ga:Zn0O/ZnO
window layer on the CdS and the SnS grown on SnO, or ITO (indium tin oxide). Jiang et al. used
this material to make a heterojunction with a-Si with a Mo contact to the SnS yielding a J;; of
1.55 mA/cm? and a V. of 0.289 V [25]. The lone prior art for a SnS/ZnO heterojunction was
from Ghosh and others. In their paper, they deposited a 0.3 pm ZnO by electodeposition onto
ITO-coated glass and then thermally evaporated 1 um thick SnS film. They showed good ohmic
contacts using indium. They reported a V. of 0.12 V, a J,. of ~39.91 uA/cm? and an efficiency of
0.003 %. Both the ZnO and the SnS are shown to have significant morphology on the order of
100 nm [26].

Electrochemical solar cells using SnS film as an absorber were demonstrated by Wang
and others [31]. SnS films deposited by chemical bath deposition were fabricated with liquid
electrolyte and Pt/FTO counter electrode. These solar cells showed a higher voltage of 0.471 V
but lower current of 0.3 mA/cm?, leading to 0.1 % of conversion efficiency.

Homojunction solar cells using SnS nanowire have also been demonstrated by using a
doping technique. Yue et al. [27] prepared SnS crystalline nanowire for solar cells via Au

catalyzed chemical vapor deposition process and boron and phosphorus doped to the SnS
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nanowire to make a p-n junction. The solar energy conversion efficiency of 1.95 % was reported
with higher short circuit current density of 7.64 mA/cm? and open circuit voltage of 650 mV.
Recently, efficient SnS solar cells have been demonstrated by Sinsermsuksakul et al. [32]
via band-offset engineering. They fabricated SnS/ZnO heterojunction solar cells, inserting the
layer composed of zinc oxysulfide buffer layer. The SnS film was deposited by pulsed chemical
vapor deposition. A 25~30 nm thick zinc oxysulfide layer and 10-nm-thick zinc oxide layer were
deposited by atomic layer deposition on top of the SnS film. A 2.04 % of NREL certified

conversion efficiency was reported [32].

Junction Type  Window Layer V. Jse FF n Ref.
(mV)  (mA/cm?)

Hetero Zinc Oxide 0.12 0.03991 0.33 0.003 [26]

Hetero Titanium 471 0.3 0.71 0.1 [31]
Dioxide

Hetero Amorphous 289 1.55 0.37 0.17 [25]
Silicon

Homo n-type Tin 650 7.64 0.39 1.95 [27]
Monosulfide

Hetero Zinc Oxide 244 19.42 0.4297 2.04 [32]

Table 5-3. SnS thin film solar cells incorporating various window layers.

5.1.5 SnS Thin Film Research at the Pennsylvania State University

Initial research on SnS solar cells at the Pennsylvania State Univerisity began with

theoretical analysis that performed by AMPS-1D (Analysis of Microelectronic and Photonic
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Structure-1D) which is devised by Dr. Fonash’s group at the Pennsylvania State University [50].
As shown in Figure 5-3 (a) below, the suggested structure of SnS/ZnO thin film solar cells has a
finger shape front contact with high work function metal such as Pt and a Mg/Mo metal contact
used as a back contact. The extracted energy band diagram from AMPS-1D is shown in Figure 5-
3 (b). The analysis on this structure suggests that the SnS/ZnQO heterojunction solar cells are

promising and expected light-to-electricity conversion efficiency is more than 20 % [46].
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Figure 5-3. Simulation of SnS/ZnO thin film solar cells by AMPS-1D: (a) schematic of
SnS/ZnO thin film solar cells with Pt and Ag/Mo conctact (b) Energy band diagram of
SnS/ZnO thin film solar cells. E is Fermi level and E, is vacuum level. (Ref. [46]).

In order to realize this simulation, SnS thin film deposition and characterization was
begun by the Horn & Brownson group. SnS thin films were deposited by radio frequency
magnetron sputtering [38, 40, 47]. A wide variety of SnS thin films were deposited and all were
nearly stoichiometric (1:1 of tin to sulfur ratio) films. Significant changes of the films in the
shape, size and density of crystallites were observed under various deposition conditions. XRD
patterns of all the samples were well-matched to herzenbergite SnS and preferential growth
orientations were (111) and (101). For optical analysis, spectroscopic ellipsometry (SE) was

utilized. The absorption coefficient as a function of energy is shown in Fig 5-4. The figure shows
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Figure 5-4. Absorption coefficient obtained by SE (spectroscopic ellipsometry) and UV/Vis
(ultraviolet-visible spectrophotometry). Black bold is the absorption coefficient obtained by
SE. Red and blue dashed lines are the absorption coefficients from UV/Vis by considering
reflection and by ignoring reflection, respectively (Ref. [38]).

good agreement between the modeled SE data and that measured with UV-vis transmittance and
reflectance, in particular, in higher energy region. A high absorption coefficient of >10° cm™ at
>1.6 eV of photon energies is shown. In addition, a 1.2-1.3 eV of indirect gap, 1.3-1.34 eV of the
forbidden gap and 1.47-1.55 eV of direct gap has been calculated [38].

Recently, it has been reported on the possible existence of multiple phases in SnS thin
films sputtered [40]. Rietveld anlaysis of XRD patterns confirms the existence of the multiple
phases as shown in Table 5-4. It is found that although the predominant phase is the herzenbergite
phase, a secondary peak such as orthrthorombic (Cmcm) or cubic (Fm3m) can exist in the SnS
films, depending on the deposition parameters. Also, it is reported that deposition rate is the
essential parameter to decide the phase randomness and substrate heating suppresses changes by

various deposition modes [40].
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PDF Card Space Lattice Parameter (A)

Number Crystal Structure | Polymorph | Group a b ¢ Notes

39-354 Herzenbergite o-SnS Pbnm 43291 11.1923 | 3.9838 | Standard card quoted in the literature

4-4-3831 Orthorhombic B-SnS Cmem 4.128 11.48 4.173 Data collection at 1000K

4-4-3833 Herzenbergite o-SnS Pbnm 4242 11.32 4.05 Data collection at 700K

4-4-8426 Cubic Rock Salt Fm3m 5.8 58 5.8 Compound preparation: epitaxial
growth onto (100)NaCl at 670-770 K

4-4-8696 Herzenbergite o-SnS Pbnm 4.32 1115 3.97 Data collection at 300K

Table 5-4. Summary of card data for potential SnS phases (Ref. [40]).

5.2 Motivation for Research of Sputtered SnS

Tin Sulfide is of great interest for promising absorber materials in a field of solar cells.

Since tin sulfide materials themselves are abundant in earth crust and non-toxic, SnS thin films

are more advantageous in environmentally friendly solar cell applications when compared with

other thin film light absorber materials such as CdS and CdTe. Moreover, SnS exhibits more than

10* cm™ of high absorption coefficient at fundamental absorption edge and its band gap reported

by research groups is ~1.3 eV, which is close to the ideal value that Loferski suggested [4, 35].

As of now, SnS thin films have been deposited by various physical and chemical

methods. For example, thermal evaporation, electron beam evaporation, radio frequency

sputtering, spray pyrolysis, atomic layer deposition, chemical vapor deposition and chemical bath

deposition have been used for the preparation [4, 6-14, 20, 21]. These research groups have

investigated on the morphological, optical electrical properties of the SnS thin films by the

multiple deposition techniques. However, previous research is inconclusive as to what is the best

choice of the film for solar cell fabrication. Considering mass production in the thin film solar

cell industry that will be expected for SnS thin films, a physical vapor deposition technique such

as radio frequency sputtering or evaporation should be highlighted. Among these two techniques,

only a few research groups have investigated SnS thin film deposition by sputtering while
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evaporation has been extensively studied as a SnS deposition tool [4, 6, 8-10, 20, 21]. Further
fundamental research on the SnS thin film formation by RF sputtering is necessary for the
realization of efficient and economical commercial SnS solar cells.

In this chapter, SnS thin films deposited radio frequency sputtering for solar cell
application are discussed. Several SnS thin films were prepared with various deposition
conditions such as deposition power, deposition pressure, throw distance and substrate
temperature to understand the effect on SnS thin films depending on the deposition parameters.
In order to understand their properties, the deposited SnS thin films were characterized
morphologically, optically and electronically by field emission scanning electron microscope,
atomic force microscope, X-ray diffraction, spectroscopic ellipsometry and transfer length
method for film resistivity. The possible solar cell structures for these sputtered SnS thin films are

also demonstrated.

5.3 Experimental Section

5.3.1 SnS Thin Film Deposition by RF Magnetron Sputtering

Tin monosulfide thin films were deposited in a Radio-Frequency (RF) magnetron
sputtering system in a downward vertical geometry under Ar plasma atmosphere as shown in
Figure 5-5 (a) and (b). High vacuum was achieved using a turbo molecular pump with backing-up
roughing pump. Argon plasma ignition was accomplished at 30 mTorr and 115 W with target
shutter closed. Predepositions were carried out at desired deposition pressure and power ranging
from 10 to 50 mTorr and 105 W-155 W, respectively for 2 min. After that, a SnS thin film was

deposited at the desired deposition pressure and power. The range of the reflected power for the
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film deposition was from >5 W to ~25 W, depending on deposition power. The target used for
these depositions was SnS of 99.999% purity (LTS Research Laboratories, Inc.) and was 3
inches in diameter. Tin monosulfide films were deposited by RF-magnetron sputtering onto
crystalline silicon wafers covered with 500 A of silicon nitride (SiN, ) and transparent slide
glasses with or without substrate heating. Colloidal graphite was painted on the substrates prior to
deposition. After deposition, the painted graphite was removed with isopropyl alcohol in

ultrasonic bath to provide a step for profilometry measurements.

RF power
supply

N Ar Plasma

Figure 5-5. SnS thin film deposition by radio-frequency magnetron sputter: (a) deposition
setup and (b) schematic showing sputtering under Ar plasma atmosphere for SnS thin film
deposition.

5.3.2 Characterization of SnS Thin Films

Several characterization methods have been used to characterize these films. Profilometry

measurements in conjunction with spectroscopic ellipsometry (SE) have been used to determine
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thickness and growth rates of the films and to extract extinction coefficient, k for the calculation
of the absorption coefficient, a. SE measurements show comparable thicknesses to the
profilometry measurements. Details for calculation will be discussed in Chapter 5.4.2. Field
emission scanning electron microscopy (FESEM, Leo 1530) and atomic force microscopy (AFM)
were used to examine the surface morphology of the SnS thin films. Root mean square (RMS)
roughness of the films was determined by AFM. Resistivity for SnS films was obtained from
transfer length method (TLM) on probe station. In each section, the specific analysis method and

the instrument used will be discussed in detail.

5.4 Results & Discussion

In this chapter, various aspects of SnS thin films by RF magnetron sputter are examined.
Chapter 5.4.1 investigates varying morphological and crystal structural features of the SnS thin
films, depending on deposition parameters: deposition power, deposition pressure, throw distance,
and substrate temperature. Optical properties of the SnS thin films are studied in Chapter 5.4.2
with spectroscopic ellipsometry. Chapter 5.4.3 provides the electrical properties obtained with
transfer length measurement. The attempts at the fabrication of the SnS thin film solar cells will

be shown in Chapter 5.4.4.

5.4.1 Morphology and Crystal Structure of SnS Thin Film Sputtered by RF Power

Figure 5-6 shows surface morphologies of SnS films deposited by RF sputter at
deposition pressure of 10 mTorr and 30 mTorr, respectively with various RF power. All SnS

films deposited at 10 mTorr exhibit an elongated grain shape, which is called “rice-like” grain,
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with lots of voids in the top view. This rice-like morphology is similar to that reported by another
group [10]. The length of the elongated grain size of SnS is ~100 [nm]. No significant changes in
morphology is found among Figure 5-6 (a), (b) and (c) in spite of the variation in RF power from
155 W to 105 W. SnS films shown in Figure 5-4 (d) through (f) were prepared at 30 mTorr with
different RF power. This set of samples also appears to have similar morphologies regardless of
RF power magnitude change. The depositions were done with similar rate for each set of sample
as shown in Figure 5-7 (a). The thickness of each film was (a) 214 nm (b) 239 nm (c) 212 nm (d)
73 nm (e) 76 nm and (f) 81 nm, respectively in Figure 5-6.

X-ray diffraction patterns follow the tendency in morphology. As shown in Figure 5-7
(b), a set of SnS samples have reflections on (110), (120), (021), (101), (111), (131), (002), (211),
(112), (042) and (212). These reflections are well-matched to herzenbergite SnS phases as both in
our previous reports (PDF #: 39-354) [38, 40, 47] and in other groups by various deposition
techniques with (101) and (111) predominant peaks [10, 11, 16, 26]. Most sputtered SnS films
had either (111) or both (101) and (111) phases as preferred growth orientation. Almost the same
XRD patterns were observed each set of samples in Figure 5-7 (b) and (c). Large reflection at
~55° including a shifted peak at ~54° is attributed to the SisN,/Si substrate, which may be
resulted from porous and columnar nature of deposited SnS film with thin thickness (few hundred
nanometers). It is noted that (111) or (101) XRD peak in Figure 5-7 does not exactly match the
reference peak provided XRD software. It is possible that this distortion in XRD pattern is
resulted from strain in the film and variation of the lattice constant, which is caused by interfacial
interaction between the film and the substrate as reported by Nozaki et al. [39]. In the similar
aspect, our group reported that a-SnS (herzenbergite structure) itself can have various lattice
constants as in Table 5-4 under different crystal formation energy conditions. This can cause the
distortion in XRD pattern [40]. More importantly, this indicates that the SnS depositions are

affected by the energy applied during the deposition. In order to elucidate the origin of these



Figure 5-6. Deposition power dependence: SnS films sputtered with (a) 155 W at 10 mTorr,
(b) 115 W at 10 mTorr and (c) 105 at 10 mTorr, (d) 155 W at 30 mTorr (¢) 145 W at 30
mTorr (f) 105 W at 30 mTorr. All these samples were deposited in 17 cm throw distance for
10 min at room temperature.
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findings or to understand the relationship between SnS deposition and the crystal formation
above, the mean free path of vapor flux should be considered first. The mean free path, £, is
expressed as below,

1
- 27a’n

where a is the molecular diameter and n is the gas concentration [41]. Also, the gas concentration

( (5.1)

can be expressed as,

(5.2)

where p is the pressure, Na is Avogadro’s number, Ry is the gas constant and T is the temperature
in absolute number. The equation (5.1) and (5.2) indicate that high pressure provides higher gas

concentration and shorter mean free path and vise versa. Considering a typical molecule with 0.3
nm diameter at 10 mTorr at 25 °C, the mean free path is 0.78 cm following the equation (5.1) and

(5.2). Hence, according to the definition of Knudsen number, Kn below,

Kn= (5.3)

l
L
where L is the distance between the source and substrate. The 0.78 cm mean free path, in this
case, is included in the intermediate range, considering 17 cm throw distance here since Knudsen
diffusion is dominant for Kn >1 and vapor transport by molecular diffusion is dominant for
Kn<0.01 [41]. In the intermediate range, collisions and scattering with other gas species are not
negligible in this case and the transport of the vapor flux led by two diffusion mechanisms,

namely, Knudsen diffusion and the molecular diffusion. Hence, the total diffusion, J is expressed

below [41, 48],

dn

J :_DAe&

(5.4)
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Figure 5-7. SnS films by varied deposition power: (a) deposition rate Vs deposition power,
normalized X-ray diffraction pattern of SnS films sputtered (b) at 10 mTorr with 105 W, 115
W and 155 W (c) at 30 mTo rr with 105 W, 145 W and 155 W. (d) X-ray diffraction pattern
in log scale for Figure 5-6 (b). All these samples were deposited in 17 cm throw distance for
10 min at room temperature.

where Dg, is effective diffusion coefficient and dn/dx is one dimensional concentration gradient.

The effective diffusion coefficient, D, is expressed as [48],

==+ (5.5)
DAe DKA DAB

where Dga is Knudsen diffusion coefficient and Dag is binary gas phase diffusion coefficient. In

equation (5.5), since Dka is proportional to L while Dag is proportional to £, Dae ® Dag. The
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vapor flux flow in this situation can be explained with molecular diffusion. Since Dag is also
proportional to mean speed of molecule, it is found that the deposition in this situation is related
to the kinetic energy of vapor flux.

Therefore, small differences XRD pattern in log scale (Figure 5-7 (c)) by varied power
power, which are found at ~25° and ~45° are possibly caused by the fact that higher power
deposition provides vapor flux with higher initial kinetic energy and contributes to either the
formation of more crystallites or the various formations of SnS polymorphs by the energy.

Another finding from the Figure 5-7 (b) and (c) is the presence of (101) growth
orientation. A 10 mTorr deposition includes the (101) peak in Figure 5-7 (b) but the 30 mTorr has
no (101) growth orientation in Figure 5-7 (c). Since the set of the samples were deposited under
30 mTorr in Figure 5-7 (c), ¢ is 1/3 shorter than that under 10 mTorr. This means that vapor flux
has more chance to experience collision and scattering and to lose their kinetic energy during
their travel to the substrate. Therefore, it is surmised that (101) peak is related to higher energy
deposition.

The effect of deposition pressure on the growth of SnS deposited at 105 W and 155 W of
RF power is shown in Figure 5-8. As shown in Figure 5-8 (a) through (c), like the previous
results of SnS films deposited with 10 mTorr above, SnS samples sputtered with 105 W at 10
mTorr show rice-like morphology but the surface morphology of the SnS thin films turns into the
film with smaller round shape grains as deposition pressure increased. The crystallite size of the
SnS films decrease into few nanometers length at 50 mTorr deposition as the deposition pressure
increase. This transition in grain shape is found in the set of other SnS films prepared with 155 W
in Figure 5-8 (d) to (f) in the same manner. At this time, deposition rate were dependant on
deposition pressure as shown in Figure 5-9 (a). The thickness of each sample investigated here
was (a) 214 nm (b) 81 nm (c) 30 nm (d) 174 nm (e) 73 nm and (f) 51 nm, respectively in Figure

5-8.
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Figure 5-8. Deposition pressure dependence: SnS film sputtered with (a) 105 W at 10 mTorr,
(b) 105 W at 30 mTorr (c) 105 W at 50 mTorr (d) 155 W at 10 mTorr (e) 155 W at 30 mTorr
(f) 155 W at 50 mTorr. All samples were deposited for 10 min with 17 cm throw distance at
room temperature.
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XRD results in Figure 5-9 (b) and (c) reflect the transition in surface morphology.
Although large peak still exists from substrate due to the thin thickness of the films, the XRD
pattern for the most of the SnS thin films in Figure 5-9 (b) and (c) represent (101) or (111)
growth orientation like in above experiment, again, being well-matched to herzenbergite SnS
phases. The remarkable difference between higher and lower pressure depositions is that the
number of growth orientations is limited in higher pressure deposition. The SnS thin films in
Figure 5-8 (b), (), (e) and () exhibit only two or three phases with an amorphous hump while the
SnS thin films in Figure 5-8 (a) and (d) have relatively more growth orientations. Moreover, like
in Figure 5-6 and 5-7, (101) phase is observed in the SnS thin film deposited only under 10 mTorr
deposition pressure in Figure 5-9 (b) and (c).

Considering the fact that all the depositions implemented under 10 mTorr, 30 mTorr and
50 mTorr shown in Figure 5-8, the depositions are carried out in the intermediate range by
equation (5.1) through (5.3) owing to large L. In particular, the deposition under 50 mTorr of
deposition pressure has nearly 0.01 of a Knudsen number. This means that the vapor flux is
transported by molecular diffusion and almost no Knudsen diffusion occurs in this condition.

For all SnS samples here, the total molecular diffusion during the deposition, J can be explained

as below,

10, (L) 6o
Where D, is the effective diffusion coefficient, dn/dx is one dimensional concentration gradient
and c is the mean speed of molecule [41]. It is obvious that when the vapor flux travels in lower
pressure (e.g. 10 mTorr), the vapor flux will experience less collision and scattering with other

gas species, which means longer mean free path helps to conserve the kinetic energy of vapor

flux more efficiently. That is to say, higher €T is expected in shorter £ when the vapor flux arrived
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Figure 5-9. SnS films by varied deposition pressure: (a) deposition rate Vs deposition
pressure, normalized X-ray diffraction pattern for SnS films sputtered (b) with 105 W at 10
mTorr, 30 mTorr and 50 mTorr (c) with 155 W at 10 mTorr, 30 mTorr and 50 mTorr (d) X-
ray diffraction pattern for Figure 5-8 (b). All samples were deposited in 17 cm throw distance

at room temperature.

at the substrate. So, the deposition with higher energy is favorable in formation of more

crystallites in various growth orientations. In addition, the fact that (101) phase are only measured

with the samples under 10 mTorr pressure reconfirms the speculation that (101) phase is related

to higher energy deposition.
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In another aspect, the lower pressure deposition condition is favorable for more vapor
flux diffusion than that in higher pressure due to longer mean free path and subsequent enhanced
diffusion coefficient. This larger diffusion also attributes to higher deposition rate onto the
substrate during the deposition. For example, the deposition rate of SnS thin films under 10
mTorr, 30 mTorr and 50 mTorr with 105 W power (Figure 5-8 (a)-(c)), are 2.9 A/s, 1.22 A/s, and
0.23 A/s, respectively.

Another important finding from Figure 5-9 (b) and (d) is that additional reflection that is
not matched to herzenbergite SnS was measured at ~44°. This indicates that secondary peaks
formed by various SnS polymorphs having another crystal structure such as orthorhombic or
cubic structure can exist in herzenbergite SnS as reported by our group [40]. Under high-energy
deposition, formation of such various phases for SnS is probable, following the Table 5-4. It has
been known that the rock salt form of SnS has slightly larger energy of formation than that of a-
SnS and B-SnS has the largest energy of formation [42]. Therefore, the SnS thin films deposited
here can includes additional peaks possibly from rock salt or B-SnS structure other than the peaks
from herzenbergite crystal structure and this results in difference in XRD pattern from Figure 5-9
(b) and (c).

Moreover, the energy provided from vapor flux onto deposited film possibly also has an
influence on the surface morphology. Since the deposition under lower pressure takes place with
higher energetic vapor flux, more energetic adatoms can diffuse further onto the surface of the
SnS film during lower pressure deposition to form additional phases with higher energy. It is
speculated that this surface diffusion by the energetic adatoms and the subsequent formation of a
high-energy phase stimulate the vertical direction growth as shown in Figure 5-8 (a) and (d). In
contrast to this, higher deposition pressure, such as 50 mTorr, leads to a slower deposition rate
and vapor flux transport with relatively lower energy due to more possibility of higher collision

and scattering during deposition owing to reduced mean free path. This higher pressure
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deposition facilitates lower energy crystal formation with less crystallinity. In the end, denser and
thinner films are obtained under higher pressure such as shown in Figure 5-8 (c) and (f).

In Figure 5-10, the effect of throw distance for SnS thin film deposition is investigated.
As shown in the examples in Figure 5-10, SnS thin films were prepared at throw distances of 6.5
cm, 12 cm, and 17 cm, respectively at a 10 mTorr deposition pressure. Although Figure 5-10 (b)
and (c) appears to be similar other than less lateral growth in Figure 5-10 (b), Figure 5-10 (a) that
is deposited at 6.5 cm exhibits a visible difference in surface morphology. So-called “rice-like”
crystallites are not observed any longer in Figure 5-10 (a). Larger and more bulky features are
contained in the film instead. The deposition rate was increased as throw distance was increased
as in Figure 5-11 (a). The film thickness of each sample used was (a) 1057 nm (b) 381 nm, and (c)

281 nm, respectively in Figure 5-10.

Figure 5-10. Deposition pressure dependence: SnS film sputtered at the throw distance of (a)
6.5 cm (b) 12cm (c) 17 cm. All samples were deposited with 155 W under 10 mTorr at room
temperature. The deposition time was 10 min.
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This change is also observed in XRD pattern from Figure 5-11 (b)-(d). A shorter throw

distance yields a more narrow intensity peaks in (111) and (101) angles. This implies that shorter
throw distance deposition is favorable to obtain more crystallized SnS thin films. In addition,
some differences are observed in secondary growth orientations. The differences in reflections
between the SnS thin films are measured at ~44°, 55° and 66° as shown in Figure 5-11. It is
surmised that this additional growth orientation in the films or change in the preferential growth

orientations has an influence on the surface morphology of the SnS thin film. These differences
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Figure 5-11. SnS thin film by varied throw distance: (a) deposition pressure Vs throw
distance, (b) normalized and (c) log scaled X-ray diffraction pattern for the samples from
Figure 5-10.
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facilitate the growth of the film not only in vertical but also lateral direction as shown in Figure 5-
10 (a).

This change in surface morphology and XRD pattern also can be explained by the mean
free path and kinetic energy of vapor flux. Reduced throw distance leads larger Knudsen number,
following the equation (5.3), and, at the same time, this indicates lesser possibility of collision
and scattering, and vapor flux with higher energy reaching to the substrate. In the end, this shorter
throw distance helps the SnS thin film to form higher energy crystal structure and, thereby, the

SnS thin film is possible to include secondary phases such as rock salt or $-SnS which other than
those of herzenbergite phases. These findings suggest that the SnS film is able to form secondary
crystal structure when the film is grown with higher energy, at this time using a reduced throw
distance.

Moreover, according to the change in throw distance, large difference in deposition rate
is observed. The deposition rates were 17.62 A/s, 6.35 A/s and 3.57 A/s when the depositions
were implemented with 6.5 cm, 12 cm, and 17 cm of throw distances, respectively. Since the
shortest throw distance is 6.5 cm and this distance is still much longer than mean free path of
vapor flux, the equation (5.6) is still valid. As shown in equation (5.6), deposition rate is related
to vapor flux diffusion. In this case, considering the fact that all these depositions were done in
the same deposition conditions except for throw distance, diffusion transport is independent on

the mean free path, £ However, the total diffusion is affected by the gradient of vapor flux,
dn/dx since the diffusion is exponentially decreased in terms of distance—namely, shorter

throw distance mode provides higher dn/dx ,— and by mean speed of molecule, ¢ due to
consecutive collision. This leads to a larger diffusion and results in higher deposition rate that

have an influence on the various oriented growth.



93

Figure 5-12 shows the SnS thin films deposited at various substrate temperatures. The
substrate was heated with the heater installed the inside of the chamber in vacuum in order to
study the annealing effect during deposition. Morphological changes of SnS thin films are
observed by FESEM in Figure 5-12. The interesting changes in surface morphology are observed
in Figure 5-12 (a)-(c). The depositions were done under 60 mTorr deposition pressure. The grain

shape is changed with added heat in the form of elongated shapes which have been observed in

100 nm
=g

Figure 5-12. SnS film deposition with substrate heating at (a) room temperature (b) 149 °C
(c) 281 °C. (d) room temperature (e) 198 °C (f) 234 °C. The samples of (a)~(c) and (d)~(f)
were deposited at 60 mTorr for 20 min and 10 mTorr for 20 min, respectively with 155 W in
12 cm throw distance.
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the deposition with lower pressure and higher energy. A set of the samples prepared at 10 mTorr
pressure is shown in Figure 5-12 (d)-(f) which shows a change in morphology as the temperature
changes. Unlike the set of the samples in Figure 5-12 (a)-(c), the samples at 10 mTorr deposition
pressure in Figure 5-12 (d)-(f) are remarkable in lateral growth. The thicknesses of the samples

used for this investigation were ~200nm for (a)-(c) and ~868 nm for (d)-(f), respectively in Figure

5-12.
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Figure 5-13. SnS thin films by varied substrate temperature: normalized X-ray diffraction
pattern of the SnS film depositions with substrate heating at (a) RT (room temperature), 149
°C and 281 °C (from Figure 5-12 (a)-(c)), (b) at RT, 198 °C and 234 °C (from Figure 5-12 (d)-
(F)) and (c) X-ray diffraction pattern in log scale (from Figure 5-12 (a)-(c)).
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Figure 5-13 shows the XRD patterns for the SnS thin films in Figure 5-12. In an XRD

study of these films shown in, especially, Figure 5-13 (a) and (c), the (101) orientation reflection
which has been observed only in the deposition with lower pressure and higher energy from the
SnS films prepared at 149 °C and 281 °C even if the SnS thin films were prepared at lower energy.
The more growth orientations were measured in various peaks from the SnS thin films at higher
temperature while SnS thin film deposited at RT has no (101) orientation reflection and exhibits
limited growth orientations.

Moreover, heated samples during deposition exhibit additional growth orientations at 2
theta angles of ~35 °, ~44° and ~55°. Again, all findings from here prove that secondary phases
exist with added heat, namely, with additional energy. In the same manner, Figure 5-13 (b) shows
additional growth orientation at ~44° and narrower peaks in (120), (101) and (111) orientations. It

is implied that further crystal structure change is possible with increased thermal energy.

5.4.2 Optical Properties of SnS Thin Film Sputtered by RF Power

The absorption coefficient, a is an essential parameter for determining absorption
capability and bandgap of a semiconductor film. A general way of obtaining a is based on Beer-

Lambert law shown with uniform o through the material below,

I (x)=1(0)exp(—ax) (5.7)
where I(x) is the light intensity in terms of distance and 1(0) is the intensity just inside of surface.

Then, if the reflectance, R is negligible, the equation (5.7) can be expressed as below,

o =—%In(T) (5.9)

where d is thickness of the film and T is transmittance from I1(x)/1(0).
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In the same way, in case of nonnegligible R, the equation (5.8) can also be expressed as,

1 T

For a more convenient method for obtaining the absorption coefficient, a spectroscopic
ellipsometer can be used [37, 38, 40, 47]. In particular, analysis, in conjunction with
transmittance data using a structural model has been demonstrated by our group [38, 40]. The
optical constants, namely, index of refraction, n and extinction coefficient, k were extracted from
a SnS model that was based on Tauc-Lorentz and Cody-Lorentz oscillator. The o was obtained
from the extinction coefficient measured by the SE system. Extraction of a follows the equation

below,

4k
a=——

7 (5.10)

where A is wavelength in cm. Optical energy direct band gaps also were extracted from Tauc

equation below.
(ahv)' = B(hv-E,) (5.11)

where a is absorption coefficient, h is plank constant, v is frequency of photon, f is constant and
E, is optical bandgap and n is an exponent. In this equation, the band gap type is determined by n.
(ahv)? vs hv and (ahv)* vs hv can be used for direct and indirect bandgap, respectively [4, 14,
15]. Here, in this section, equation (5.10) and (5.11) are used to assess the absorption coefficient
and the bandgap of different SnS thin films based on the analysis method suggested by our group
[38, 40].

In order to investigate optical properties of SnS thin films, several kinds of samples were
chosen. Since higher power is favorable in obtaining higher deposition rate and analyzing sample
easily, SnS films were deposited with 155 W at various deposition pressures and throw distances.

The prepared samples are shown in Table 5-5 below. All these depositions were carried out at
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room temperature for 10 min and the base pressure was 1 x 10° Torr. The samples in Table 5-5
were used in this section and the following section (Chapter 5.4.3) for optical properties and

electrical properties, respectively.

Sample Name Deposition Power Deposition Pressure Throw distance (cm)
(W) (mTorr)
A 155 10 12
B 155 30 12
C 155 50 12
D 155 10 17
E 155 30 17
F 155 50 17

Table 5-5. SnS thin films by RF sputter.

Figure 5-14 shows the surface morphology investigated by atomic force microscopy
(AFM). Just like in previous reports and the SEM pictures shown previously, the same porous
structure with rice-like grains at lower deposition pressures were observed through AFM. The
variation in size and shape of grains are identified, depending on deposition pressure variation
and throw distance. The samples prepared at a lower deposition pressure in Figure 5-14 showed
larger grain size and columnar shape while the samples made at higher deposition pressures show
smaller and round shape grains as shown in Chapter 5.4.1. As shown in Figure 5-15 (a),
deposition rate increased with decrease in deposition pressure and decrease in throw distance.
Highest deposition rate was 6.35 A/s in 10 mTorr with 12 cm throw distance and lowest

deposition rate of 0.56 A/s was observed in 50 mTorr with 17 cm throw distance. Figure 5-15 (b)
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shows the Root mean square (RMS) roughness of the samples. The RMS roughness decreased

generally with an increase of deposition pressure as shown in sample D through F. However,

0.0 Height Sensor 2.0 um

Figure 5-14. Surface morphologies of SnS films by atomic force microscopy. The films
deposited with deposition parameters as shown in Table 5-3.

deviation from this tendency was observed in a set of the samples prepared with 12 cm throw
distance samples. The RMS roughness of the sample A rather decreases in spite of the highest
deposition rate among the samples.

This appears to be the results of the film growth in other crystal orientations. Since
shorter throw distance has multiple growth orientations or different orientation growth patterns

which are formed by higher energy during deposition except for (111) or (101) growth orientation
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Figure 5-15. Deposition rate and RMS roughness of SnS films by change of deposition
pressure and throw distance. All the samples are fabricated at room temperature.

as shown in Figure 5-11, the film becomes rather dense and compact even if the sample is
deposited at a higher deposition rate.
Figure 5-16 shows the absorption coefficients for this series of SnS thin films, A through

F, in terms of wavelength. All the prepared samples exhibit high absorption coefficients of more
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Figure 5-16. Absorption coefficient of SnS thin films.
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than 10* cm™ in the ultraviolet and visible range of wavelength, as reported in previous researches.
In particular, the samples with relatively higher deposition pressure exhibit broader and higher
absorption coefficient in longer wavelength region. For instance, sample C, E and F have almost
10* cm™ even at 1100 nm and the absorption is very high in the range of <400 nm.

12

Figure 5-17 and 5-18 shows (ahv)? Vs photon energy plot and (ahv)*? Vs photon energy
for the calculation of direct and indirect bandgap, respectively following the equation (5.11),
namely, the Tauc equation. Direct bandgaps of SnS films determined by the Tauc equation from
Figure 5-17 are ranged from 1.33 to 1.55 eV and the indirect bandgaps are ranged from 1.07 to
1.39 eV, depending on the deposition conditions in Figure 5-18. All the values for the direct and
indirect band gap are summarized in Table 5-6. In case of Figure 5-18, the indirect band gap
obtained does not account for phonon energy since the indirect band gap values here mean the
summation of the indirect band gap and phonon energy [49]. However, the values from Figure 5-
17 are still meaningful since they provide the approximated values for indirect band gap with
small phonon energy reported [49]. The remarkable point here is that all the samples exhibit
higher absorption coefficient even in the range of longer wavelength than in their bandgaps. This
indicates that the SnS thin films experiences high density of Urbach tail states below its
conduction band edge or above it valence band edge, which is related to the distance of molecules
or their orientation [43]. This is well-matched to the fact that the SnS thin films can have various
polymorphs, depending on the deposition modes as mentioned in Chapter 5.4.1. In addition to
this, absorption is possibly affected from high density of defect levels within the bandgap as
found by Sajeesh et al [33]. The defect levels can be formed by unwanted oxidization of the
films within bandgap. No noticeable tendency was found in the change of bandgap with

deposition conditions.
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Figure 5-17. Plots of (ahv)? Vs photon energy for the direct bandgap investigation SnS thin
films. Red bold line for each graph is linearly fitted line. The graph (a) through (f) are
matched to the sample A through F, respectively.
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Sample Name  Direct bandgap (eV) Indirect bandgap (V)

A 1.55 1.39
B 1.39 N/A
C 1.44 1.28
D 1.46 1.31
E 1.37 1.16
F 1.33 1.07

Table 5-6. Direct and indirect bandgap of SnS thin films. N/A means “not applicable.”

5.4.3 Electrical Properties of SnS Thin Film by Radio-frequency Magnetron Sputter

Electrical properties of SnS thin films were investigated for the set of SnS thin film
samples from Table 5-5. These electrical properties of the films were evaluated by using transfer
length measurement (TLM). TLM is one of the convenient ways to determine electrical properties
of the films. The electrical properties that can be discovered by TLM include sheet resistance,
contact resistance and resistivity. The most essential goal of this measurement here is to
determine the metals that can make an ohmic contact to SnS. This is because making ohmic
contact to SnS is the first and crucial step for other electrical characterization of thin films and
device fabrication. The size and shape of pattern used here for TLM is shown in Figure 5-19.
Several metals have been reported as possible ohmic contact metals to SnS materials. Indium is

the most common materials used for ohmic contact to SnS [15, 26, 33, 36, 37]. Moreover, Al, Sn
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Figure 5-19. Pattern of transfer length method for SnS films (d1: 200 pum, d2: 300 wm, d3:
500 um d4: 700 um and Z: 6 mm). d denotes the distance between two metal bars and Z is
the lengh of the metal bar.

and Ag are reported as promising materials for metal contact of SnS when accompanied with
thermal treatment [33, 37].

Figure 5-20 show the results by TLM from the SnS film prepared with 155 W at 10
mTorr in 12 cm throw distance. The metal used here was a 100-nm-thick indium contact that was
prepared with a shadow mask by thermal evaporation. As shown in Figure 5-19 and 5-20, four
measurements were done for each sample with five metal bar contacts. The TLM has four
different distances between two bars to measure 1-V curve: 200 um, 300 pm, 500 um and 700
um. To determine the ohmic contact, the linearity of I-V curve at each measurement is required
first and the total resistances calculated from I-V curves should show the linearity again in terms
of distance. The linearity can be evaluated by the square of correlation coefficient, r* and r*=1 is

the ideal ohmic contact [32]. The prepared SnS film in
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Figure 5-20. Transfer length method for SnS films: () 1-V characteristics depending on
various distances (b) Total resistance in terms of distance. Fitted curve (black solid line) was
expressed as Y= 2061x + 172528. The SnS films used here were deposited at 155 W and 10
mTorr for 10 min at a 12 cm throw distance and In contact was used.

Figure 5-20 exhibits linearity with In contact in I-V curve and total resistance plot in
terms of distance (r*=1). This indicates indium contact make ohmic contact to SnS. By using
linear fitting, the sheet resistance and contact resistance were determined from the gradient of the
graph in Figure 5-20 (b) with film thickness. The sheet resistance and contact resistance are 2.1 X
10° Q/o and 1.7 x 10° Q, respectively. Resistivity of the film was 471 Q-cm, which is extracted
using the film thickness from 5-20 (b).

Figure 5-21 shows results from TLM patterns on SnS films with In contact. All samples
exhibit linearity in the I-V curve indicating an ohmic contact between SnS and In metal contact
(see Figure 5-21 (a) and (c)). No trend in total resistance in terms of deposition pressure can be
found because of film thickness variations as shown in Figure 5-15. However, interesting points
in this experiment were found in results of RMS roughness and resistivity as show in Figure 5-21

(b) and (d). Figure 5-21 (b) and (d) show the resistivity and RMS roughness in terms of
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Figure 5-21. SnS films deposited at varied deposition pressure and throw distance with In
contact: (a) I-V characteristics of SnS fims prepared in 12 cm throw distance measured at 200
um transfer length (b) Root mean square roughness and resistivity of SnS films prepared in
12 cm (c) I-V characteristics of SnS fims prepared in 17 cm throw distance measured at 200
um transfer length (d) Root mean square roughness and resistivity of SnS films prepared in
17 cm.

deposition pressure and throw distance. The trend of the resistivity follows that of RMS
roughness in Figure 5-21.

Highest and lowest points of RMS roughness correspond to highest and lowest points of
resistivity. Considering SEM and AFM results on morphology in Chapter 5.4.1 and Figure 5-14
together, it is suspected that the samples with columnar and vertical structure such as sample B
and D have higher RMS roughness and highest resistivity (B: 17. 4 nm & 533 Q-cm, D: 16.7 nm

& 1.68 x10* Q-cm, respectively) while the samples with denser morphology such as C and F
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have a lower RMS roughness and resistivity (C: 4.69 nm & 241 Q-cm, F: 0.577 nm & 358 Q-cm,

respectively). Since TLM is in the lateral direction, it is possible that there is a longer carrier
pathway in case of porous and columnar structure films. With this range of resistivity, the

majority carrier mobility, u can be estimated, by following the equation below,

p=— (5.12)

where p is the resistivity and ns is the carrier concentration. The carrier concentration that has
been reported for SnS films is the range of 10'°-10* cm™[4, 11, 16]. Then, if one assumes 5x10%
cm’® as the carrier concentration, the mobility can be estimated with the range of 0.07-5.19
cm?/V-s.

Other metals, Al, Ti and Pt were deposited to investigate another candidate for SnS
contact materials as shown in Figure 5-22 (a)-(c). Yet, the I-V curve does not show good linearity
in the curve and, thus, the resulting currents are in the range of few tens of nanoamperes. Indium

is the excellent material to make an energetically favorable for ohmic contact to SnS but the low
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Figure 5-22. 1-V characteristics of SnS films with various metal contacts: (a) Al contact (b)
Ti contact (c) Pt contact.
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melting temperature of indium (~157 °C) limits the availability in high temperature process such
as annealing and high-energy deposition. Further study on other possible metal contacts or
techniques to make ohmic contact is necessary.

The photoresponse was also investigated with a set of SnS films as shown in Figure 5-23.
In this measurement, SnS thin films deposited with 155 W power at 12 cm throw distance are
evaluated at varying deposition pressures; these are the A, B and C samples in Table 5-5. The
experiment was carried out under dark condition and AM 1.5 illumination (100 mW/cm?) with
indium TLM pattern as shown in Figure 5-18. The conductivity, ¢ was obtained via general

expression for conductivity, or resistivity below,

== (5.13)

where R is the total resistance, W is the width of metal contact, L. is the distance between two
metal contacts and t is the film thickness. In this measurement, W was 300 and L is 300 um. Due
to inherent high resistivity, the dark conductivity, o4 calculated from the equation (5.13) is low: (a)
5.53x10° Q*.cm™, (b) 3.33x10° Q™*-.cm™ and (c) 2.01x10* Q*.cm™ in Figure 5-22. Calculated
photoconductivity, o, in the same manner exhibits only small difference in the magnitude and
the ratio of oy, to o4 are 1.21, 1.23 and ~1 for Figure 5-23 (a), (b), and (c), respectively. This is the
evidence that the SnS thin films absorb the light energy and transports generated carrier under
applied bias. The interesting finding is shown in Figure 5-23 (c). The opn /04 is ~1 for the SnS thin
film deposited under 50 mTorr in spite of higher 4. Obviously, the sample C has capability to
absorb the light energy efficiently as shown in Figure 5-16 but the results mean that no
photogenerated carrier transport is occurring in the Sample C for this particular lateral
measurement. The reasons can be surmised that either no carrier generation has occurred in the

Sample C or the carrier transport is affected by lots of defects. The former is not plausible
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because Sample C also has been determined and its bandgap and the simulator illuminates
Sample C with the wavelengths that give higher energy than that of the bandgap. The latter is
more possible since the Sample C was deposited with higher deposition pressure- that is, lower
energy deposition. SnS thin films prepared in higher deposition pressure include lower
crystallinity by lower energy deposition and the crystallites that exist in the SnS films are very
small as mentioned in Chapter 5.4.1. Hence, lots of crystallite interfaces can lead lots of defects in

the film and, thereby, the generated carriers can be consumed by trap states that are generated by

the defects.
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Figure 5-23. Photoresponse of SnS thin films with indium metal contacts. The SnS thin films
are deposited with 155 W at 12 cm throw distance under (a) 10 mTorr (b) 30 mTorr (c) 50
mTorr. I and V represent current and voltage, respectively. Black and red bold lines represent
the I-V curve measured under dark condition and under AM 1.5 illumination, respectively.

5.4.4 Fabrication of SnS Thin Film Solar Cells

SnS thin films deposited by RF sputtering have been used to make solar cells in two
different configurations. The first attempt was carried out using ZnO thin films to form a

heterostructure, similar to the device simulation done by AMPS-1D. For the device fabrication,
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~200 nm thick SnS thin film was prepared with 155 W of power at 17 cm throw distance under
10 mTorr in deposition pressure. This was deposited on a 100-nm-thick film of n-type Al doped-
ZnO0 that was deposited by plasma enhanced atomic layer deposition from Dr. Jackson’s group. A
100-nm-thick aluminum metal contact- which is considered as a promising ochmic contact
material to SnS at that time,- deposited onto the SnS thin films through electron beam evaporation.
Figure 5-24 (a) show the |-V curve obtained from the SnS/Zn0O heterojunction thin film solar
cells under AM 1.5 illumination. As in the experiment from Chapter 5.4.3, photoresponse was
indentified in the range of higher voltage area but the structure has no open circuit voltage and,
thereby, no photocurrent in the lower voltage region. This implies that SnS/ZnO heterojunction
has unfavorable band alignment to establish internal electric field within the structure as reported
by Sinsermsuksakui et al. [31]. Investigations on energy band diagram model for sputtered SnS
thin films and band-offset engineering based on that is necessary for further research on this type
of SnS thin film solar cells. The lack of photoresponse could also be due to several other factors,

including high surface recombination on the very columnar SnS or poor electrical contacts to the
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Figure 5-24. SnS thin films solar cells: (a) FTO/AZO (100 nm)/SnS (200 nm)/Al (100 nm)
solar cells (b) FTO/TiO, (6 um)/SnS (30 nm)/liquid electrolyte/Pt (40 nm) electrochemical
solar cells.
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heterostructure.

Another attempt to use SnS in a solar cell configuration was to implement it in a type of
electrochemical cell. As shown in Figure 5-24 (b), TiO, films were obtained from a commercial
TiO, paste (DSL 18 NR-T, Dyesol) by the doctor blade technique described previously. After
annealing at 450 °C for 30 min, a 6-um-thick TiO, film was obtained. A SnS thin film was
deposited with 155 W power at 12 cm throw distance under 10 mTorr pressure. A 40-nm-thick Pt
counter electrode was prepared by electron beam evaporation. To make a cell, ~40-um-thick
parafilm was used as a spacer and the commercial liquid electrolyte (EL-HPE, Dyesol) was
injected between the TiO,/SnS electrode and the Pt counter electrode. This SnS electrochemical
cell shows 0.025 mA/cm? of short circuit current, 350 mV of open circuit voltage, and a fill factor
of 0.251. The resulting conversion efficiency is 0.0022 %. Photocurrent can be extracted from the
solar cells owing to existence of V., although the magnitude is too small, even with the
comparison with previous SnS electrochemical solar cells [30]. Moreover, 350 mV of the open
circuit voltage is relatively smaller than that in the solar cells by Wang et al. or conventional
DSSCs which have similar structure [44]. This is believed to result from a low concentration of
carrier injection since the open circuit voltage from this structure is obtained from the difference
between Fermi level of TiO, and redox level of the electrolyte. As in Figure 5-24 (a), it is
speculated that unfavorable TiO,/SnS junction is one of reason for the low current density. In
addition to this, long carrier path length due 8um thick TiO, film may have an influence on the
conversion efficiency.

Figure 5-25 (a) and (b) shows SEM pictures of sputtered SnS thin films at normal angle
and the films that are sculptured with 5° of obliquely incident vapor flux on TiO, colloidal thin
film. For this time experiment, a relatively thin TiO, film (~3 pm) was used to reduce the effect
of a long carrier path length. The deposited SnS STFs show a highly ordered columnar structure

in Figure 5-25 (b). A solar cell was prepared in the same way as described for that of Fig 5-24 (b).
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Figure 5-25. Sculptured SnS thin films and electrochemical cells: (a) surface morphology of
non- sculptured SnS thin films (b) surface morphology of sculptured SnS thin films by 5°
obliquely incident vapor flux (c) I-V curve for SnS electrochemical solar cells incorporating
sculptured SnS thin films. I and V in Figure 5-22 denotes current and voltage, respectively.
The inset in Figure 5.24 (c) show the schematic of SnS electrochemical cells consisting TiO,
(3 um)/SnS (200 nm)/liquid electrolyte/Pt(40 nm).

Small increases in open circuit voltage and fill factor are measured (V.= 0.38, FF=0.26),
respectively in Figure 5-25 (c). It seems that improved series resistance is resulted by the reduced
thickness of the TiO, film and, in particular, enhanced V. is resulted from more injected carrier
from SnS to TiO, since V. is determined by the difference between Fermi level of TiO, and
redox potential of electrolyte in this system [51]. Therefore, we believe that the highly ordered
columnar structures lead to improved conversion efficiency, 0.0025 % due to structural features

of STFs.
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5.5 Summary

SnS thin films were deposited by RF magnetron sputtering under variation of deposition
parameters, including deposition power, deposition pressure and deposition time, throw distance
and substrate heating temperature. Almost all of the grown SnS films exhibited herzenbergite
crystal structure. Applied deposition power was one of factors to obtain the change in growth
orientations in SnS thin films. Surface morphology of SnS film deposited varied in deposition
modes from columnar and porous structure to dense film with small crystallites. The deposition
pressure had a large influence on formation of specific surface morphology. Shorter throw
distance and substrate heating also contributed to additional growth orientation. The possibility
on the inclusion of secondary phases and existence of various lattice parameters were discussed
according to deposition mode and found that is remarkable in higher energy deposition.

All these changes in surface morphology and crystal structure can be somewhat
correlated to the energy arriving at the substrate based on the mean free path and mean speed of
vapor flux. Also, it was found that deposition rate is related to the diffused vapor flux.

Optical properties of the SnS films were investigated by spectroscopic ellipsometry and
Tauc equation. The measured absorption coefficient was more than 10* cm™ even in the range of
>1000 nm wavelength. Less crystallized SnS films exhibited broader absorption wavelength and
higher absorption coefficient. The direct bandgap and indirect bandgap of SnS thin films was
calculated and ranged from 1.33 to 1.55 eV and from 1.07 to 1.39 eV, respectively. The SnS thin
films prepared under lower energy deposition exhibited a higher possibility of existence of
Urbach tails and trap states within their bandgaps.

In examining the electrical properties of SnS films by the transfer length method, indium

was found to make ohmic contact to sputtered SnS films. It was found that the measured
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resistivity of the SnS films is related to their surface morphology. The SnS films with lower root
mean square roughness exhibited lower resistivity while more structured SnS film showed higher
resistivity. Estimated mobility varied from 0.07 to 5.19 cm?/V-s. Photoresponse was observed in
the SnS films deposited under lower pressure. The ratios of photoconductivity to dark
conductivity were 1.21 and 1.23 while SnS thin films with higher deposition pressure showed no
photoresponse, indicating the existence of trap states.

Solar cells with SnS thin film were fabricated in two different types. Improved
photocurrent was observed in higher voltage area but no open circuit voltage measured for SnS
thin film solar cells. In electrochemical SnS thin film solar cells, 0.025 mA/cm? of short circuit
current, 350 mV of open circuit voltage, 0.251 of fill factor were measured. When the SnS STF
were incorporated, enhancement in open circuit voltage, fill factor and efficiency are observed
(Vo= 0.38, FF=0.26 and n=0.0025 %=) owing to structural features of STFs. For more efficient
solar cells incorporating SnS thin films, it seems that deeper understanding on SnS materials
themselves is necessary, including work function, electron affinity or defect levels. At the same

time, investigating the proper candidate of n-type semiconductor materials is also important.
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Chapter 6

Conclusion and Future work

6.1 Conclusion

In this dissertation, three different applications for light energy utilization were
researched and fabricated: dye-sensitized solar cells incorporating sculptured platinum thin films
as a counter electrode, TiO, photocatalytic films with sculptured copper film as a cocatalyst and
SnS for use in thin film solar cells. For each section, a bulleted list of the conclusions reached in
this dissertation is provided below. For a discussion of these conclusions, see each section

discussion as listed.

6.1.1 Sculptured Platinum Nanowire Counter Electrodes for Dye-sensitized Solar Cells

(Chapter 3)

e Sculptured platinum nanowire thin films were fabricated by 5° incident vapor
flux angle via electron beam evaporation.

e Sculptured Pt thin films exhibited higher roughness of 44.4 nm than other Pt
films prepared as counter electrodes.

o H,PtClg solution treatment onto platinum thin films caused a decrease in surface

roughness.
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e Electrochemical analysis that was implemented in symmetrical cells showed that

a lower charge transfer resistance of 0.121 Q-m* was measured in the sculptured

platinum nanowire counter electrode than that in planar platinum counter

electrodes (0.578 Q- ).

o Further improvement in the charge transfer resistance was measured for planar Pt

electrode (0.578 Q-an* - 0.509 Q-m’) and sculptured Pt counter electrode (0.121

Q-m’ =>0.04025 Q-m’).

o Dye-sensitized solar cells incorporating sculptured platinum nanowire counter
electrode exhibited 5.1 % and 5.64 % of conversion efficiency without H,PtCl,
solution treatment and without it, respectively, showing the increase in
photocurrent density under AM 1.5 illumination compared to standard Pt counter

electrodes.

6.1.2 Plasmonic Enhancement of CO, Conversion to Methane using Sculptured Copper Thin

Films Grown Directly on TiO, (Chapter 4))

e Sculptured copper thin films were grown by 5° incident vapor flux angle directly
on TiO, photocatalytic film for CO, conversion.

o Fabricated copper films showed porous and columnar surface morphology

e The length of Cu columnar structures was varied by controlling the deposition

time. The measured lengths were ranged from 61 nm to 331 nm.
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Methane production rate had maximum number of 124.3 ppm-cm-h™" in the
TiO,/Cu STFs phtocatalytic film at the 160 nm long Cu columnar structure. After
that, the methane production rate decreased as the length increased.

The plasmonic effect of sculptured Cu thin films was found at ~600nm in the
absorbance spectra and other evidence was observed in 160 nm planar Cu film
experiment.

Totally oxidized Cu thin films exhibited nearly no contribution for CO,
conversion to methane.

The plasmonic effect seen for sculptured Cu thin films was the essential factor to
explain the 160-fold increase in methane production rate in the comparison with

TiO, photocatalytic sample without Cu STFs.

6.1.3 Tin Sulfide Thin Film Deposited by Radio Frequency Magnetron Sputter for Solar Cell

Application (Chapter 5)

SnS thin films were deposited by radio frequency magnetron sputtering as an
absorber material for photovoltaics by changing deposition parameters such as
deposition power, deposition pressure, throw distance and substrate temperature.
Higher deposition power was favorable for more crystallized films due to higher
energy imparted to the vapor flux.

Deposition pressure played an essential role in the variation in surface
morphology of SnS thin films. In lower pressure depositions (e.g., 10 mTorr),
surface morphology of SnS films exhibited columnar structures and in higher

pressures (e. g., 50 mTorr), SnS thin film became more compact.
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Inclusion of SnS polymorphs and resulting additional phases was seen in lower
pressure depositions, showing more crystallization of the films.

Larger size and different shape of grains were observed in shorter throw distance
films (e.g., 6.5 cm) because of other growth orientations by the inclusion of
another SnS polymorph as in lower deposition pressure films.

Substrate heating affected surface morphology of SnS thin films and crystal
structure with possible inclusion of SnS polymorphs and more crystallization.
Variation in morphology and crystal growth pattern based on changed deposition
parameters were explained by the mean free path and energy of diffusing vapor
flux.
All the SnS films exhibited >10° cm™ of high absorption coefficient in visible
range and even in near infrared range.

Direct and indirect energy band gaps were calculated and ranged from 1.33 to
1.55 eV and from 1.07 to 1.39 eV, respectively. The SnS thin films prepared
under lower energy deposition exhibited more possibility of the existence of
Urbach tails and trap states within their bandgap.

Transfer length measurements with Indium contacts deposited at room
temperature made ohmic contact to most of the sputter deposited SnS thin films.
Resistivity measured by transfer length measurement showed a correlation to
surface roughness. Lower root mean square roughness showed lower resistivity
and vice versa.

Photoresponse was found in the SnS thin film deposited under lower pressure
while the SnS thin films prepared under higher deposition pressure showed no

measurable photoresponse under AM 1.5 illumination in the TLM configuration.
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o SnS thin film solar cells were fabricated in two ways: SnS thin film solar cell
with ZnO thin film and SnS electrochemical cells with TiO, films.

e No open circuit voltage was found in SnS/ZnO thin film solar cells because of
unfavorable band alignment

e SnS/TiO; electrochemical cells exhibited photovoltaic performance and with
incorporation of sculptured SnS thin film, showed improvement in open circuit

voltage and fill factor.

6.2 Future work

This chapter suggests ideas for future work that were based on the findings of this
dissertation. Some specific experiment procedures are suggested while other suggestions while

are for larger project level ideas.

6.2.1 Energy Band Diagram for Sputtered SnS Thin Films

In order to fabricate more efficient solar cells, unique properties of the sputtered SnS thin
films should be investigated further. In particular, investigating energy band diagram including
electron affinity, work function, carrier concentration and trap states is very important since this
will help to design solar cells with other semiconductor materials and metals. Moreover, this can
provide a strategy for efficient solar cells based on more understanding about band alignment and
resulting possible mechanism.

The practical ways that | suggest for obtaining proper band diagram model are to use

Kelvin probe force microscopy (KPFM) and Hall measurement. Since the material
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characterization lab at Penn State already have the capability for KPFM, the work function of

sputtered SnS thin films can be obtained by the relationship between the measured local surface

potential difference, ASP and the work function of the sample, ¢, below [1],
ASP = (g, —9.) & (6.1)
Where ¢;, is the work function of the conductive tip and e is the magnitude of the electronic

charge. In addition, Hall measurements can contribute to modeling the band diagram of the
sputtered SnS thin films. This measurement is available on campus at the Applied Research
Laboratory. Simply, Van der Pauw Hall measurement patterns can be tried as shown in Figure 6-
1. Since the deposited SnS thin films have large sheet resistance (>10" ©), micro size hall
measurement pattern is necessary which and must be designed by photolithography.
Photolithography can be carried out with a base etchant such as a NaOH solution. However, the
study on etching rate with a specific etchant should be done first to obtain good definition of the
Hall measurement pattern. From the measurement, many valuable parameters can be extracted

such as type of the semiconductor and majority carrier concentration. The electron affinity can be

Metal contact

SnS film

Substrate

Figure 6-1. An example of hall measurement pattern. The figure shows van der Pauw
pattern.
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calculated from the combination of the results from KPFM and hall measurement. The band gap
can be investigated with spectroscopic ellipsometry as shown in Chapter 5.4.2. Moreover,
temperature dependent photoluminescence can be used to determine the trap levels within the

band gap.

6.2.2 Further Research on Sputtered SnS Thin Films and Fabrication of Thin Film Solar Cells

Up to now, we found out many notable features of sputtered SnS thin films. For example,
it is found that the surface morphology and crystallinity of the SnS thin films are related to energy
of deposition mode. Optical and electrical properties were investigated in Chapter 5. However,
the SnS thin films could not be optimized for thin film solar cells because room temperature
deposition that was presented in this thesis did not show exceptional electrical properties. That is
to say, higher energy deposition led higher deposition rate and higher crystallinity but it had
secondary phases and higher resistivity. In lower energy deposition, the films showed lower
possibility of secondary phase existence and lower resistivity but lower crystallinity and lower
deposition rate. Therefore, simple adjustment based on deposition parameters at room
temperature appears to have some limitations for further improvement.

The suggestion that can be easily made is to add additional source of energy for SnS thin
films. For example, like in the experiment with substrate heater from Chapter 5.4.1, the additional
energy can be provided during deposition or the films can be annealed in vacuum after deposition.
Both cases can lead some changes in crystallinity and surface morphology of the SnS thin films.
These changes will affect their optical and electrical properties in addition to the varied properties
of SnS thin films depending on varied deposition parameters. In reality, several SnS thin film

researches have been done for annealing [2-4] and substrate heating [5] under different deposition
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systems. These additional sources of energy during or after deposition occur change in material,
optical and electrical properties. So, annealing or substrate heating for SnS thin films by RF
magnetron sputter could be the way to find desirable thin films that have advantages in material,
optical and electrical properties for more efficient solar cells. For this idea, fundamental research
like in Chapter 5.4 is necessary.

Another future work that can be suggested is the fabrication of Schottky barrier SnS thin
film solar cells. As shown in Chapter 5.4.4, the efficiency was too low or not measurable
although we could demonstrate the two different types of solar cells. In particular, SnS/ZnO solar
cells did not show any open circuit voltage and photocurrent, which is the evidence that the band
alignment is not favorable between our sputtered SnS and ZnO layers that were used for this
experiment. So, before making a p-n junction with other n-type semiconductor, fabrication of thin
film solar cells with relatively simple structure would be beneficial to understand features of SnS
thin film solar cells and to achieve more efficiency under p-n junction structure. Schottky barrier
SnS thin films have a simple structure and they have an advantage in fabrication. Since it is found
that indium makes ohmic contact to SnS, work function of sputtered SnS thin film is expected to
be near the work function of indium metal. For other side, lower work function metal can be
considered to make Schottky junction since SnS is usually reported as a p-type semiconductor
material. Figure 6-2 shows the example using simulation for SnS Schottky junction solar cells
done by AMPS-1D. Simulated band structure of Schottky junction solar cells with 600 nm thick
SnS thin film is shown in Figure 6-2 (a). The similar work function of SnS thin films to indium
(4.09 eV) is assumed for back contact. For front contact one of lower work function materials,
Mg (3.66 eV) is considered to build Schottky barrier to SnS thin films. Considering transparency
of front contact layer, thin metal film or unique design such as finger-shaped contact can be
considered. Ignoring the effect from the trap levels which may be located within the band gap,

6.254 % of conversion efficiency can be obtained from Figure 6-2 (b). By fabricating the SnS
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Schottky barrier solar cells and investigating its features, more understanding on SnS thin films

solar cells is possible and this would be a basis for the realization of the SnS thin film solar cells.
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Figure 6-2. SnS Schottky junction solar cells with Mg and In metal contacts by AMPS-1D (a)
simulated band diagram (b) J-V characteristics under AM 1.5 illumination. E., Er and E,
denote conduction band edge, Fermi level and valence band edge, respectively.
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