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Advances in energy technologies and electronics have typically
occurred through either heightened performance or cost reduction. This
dissertation explores both routes through a series of fundamental material
studies that may contribute to the enabling of next generation devices.
Solution based syntheses and deposition of chemical products offer a low
cost alternative to conventional vacuum based methods, and is examined
through the wet synthesis of CuZnSnS, light absorbing nanopatrticles. The
nanoparticles were synthesized by both microwave-assisted and continuous
flow techniques, and at relatively modest temperatures with inexpensive
solvents. Varying the initial concentration of precursors allowed a facile
method to modify the nanoparticle composition. For the continuous flow
system, consideration of fluid flow dynamics provided a means to control the
generation of gas within the reactor to allow for improved mixing. Processing
of as-deposited solution based films to form more functional variants was

studied in further detail by way of the Hf(OH)4-2x-2y(02)x(SO4)y-qH20 (HafSOX)



material system. Surface analytical techniques revealed that control of the
catalytically active acid sites may be possible with optimization of water
exposure and post-exposure annealing temperature of dehydrated films.
Thermal and electron stimulated desorption of peroxide containing HafSOx
films revealed complex surface dynamics. The total desorption cross
sections of O, for 500-2000 eV incident electrons was ~10™° cm?. Interfacial
formation and chemistry was investigated by evaporating platinum onto
amorphous indium gallium zinc oxide, an increasingly common interface type
found in memristors and other novel electronics. Metallic indium formed upon
platinum deposition, and the interface had an unexpectedly low Schottky
barrier height of 0.25 eV, likely as a result of the reactive interface. Finally,
the surface properties of highly oriented LaFeOs; films were characterized and
modified through reductive annealing. Iron was found to exist in three
oxidation states depending on the annealing temperature and location within
the film. In addition, the concentration and types of oxygen species were also
found to vary based on proximity to the surface and the thermal treatment.
Together, the aforementioned studies are related by the potential
manufacturing steps of inexpensive, innovative energy and electronic
devices. These steps include solution synthesis and deposition, processing to
form a functional film, interface formation, and adapting the film’s surface

properties to suit its intended application.
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FUNCTIONAL MATERIALS FOR ADVANCED ENERGY AND
ELECTRONIC DEVICES

CHAPTER 1
INTRODUCTION



In any commercial technology or research endeavor, two matters
regularly pervade the minds of the scientists and engineers: cost reduction
and process enhancement. Progress in these areas is not mutually
exclusive, and it is through both monetary savings and improved or added
functionality that science and technology evolve. If cost reduction could be
achieved by switching to less energy intensive production methods or
reducing the required energy budget, this would have the added benefit of
lessening the contribution to anthropogenic climate forcing. Future political
climates may require decreased energy use during manufacturing, or
consumer preferences could drive reductions in this area, for example by
buyers purchasing solar panels with a shorter energy payback period (how
long it takes for the solar panel to produce the amount of energy that was
needed to make it). Concurrent with cost reduction, process and device
enhancement is critical for enabling innovative end products. More efficient
solar cells, faster computer processors, artificial neural networks, and
“intelligent” car exhaust catalysts form a short list of current research efforts,
and the materials potentially used in these applications are explored in more

detail in this dissertation.

A diverse set of materials were examined to gain a basic
understanding of their material properties, which may enable modifying these
properties to suit novel energy and electronic applications and manufacturing

methods. From a broad perspective, a number of steps could be involved in



new low cost, high performance manufacturing processes. These include
solution-based synthesis and deposition methods to produce the desired
chemical product and film, processing to form a functional film, interface
formation with other parts of the device, and finally tailoring of the surface
properties to suit the device’s function. The first step mentioned above was
examined through the solution-based synthesis of CuzZnSnS, (CZTS)
nanoparticles for solar cell applications, and it forms the basis of Chapters 2

and 3.

To appreciate the motivation for research on CZTS, it is helpful to
understand how it fits into the larger picture of photovoltaic technology.
Currently, about 85-90% of the photovoltaic (PV) market is held by crystalline
silicon PV modules [1]. The raw material for crystalline silicon PV modules is
typically quartz, and it is relatively energy intensive to produce solar grade
polysilicon from this feedstock. The direct chlorination Siemens process is
widely used for this purpose, and to produce one kilogram of polysilicon, it
takes 120-200 kWh[2]. To put that in perspective, it is approximately the
same amount of energy as on the monthly electric bill of the two story house
that | rent. Producing monocrystalline wafers from polysilicon via the
Czochralski process would require even more energy. Thin film PV
technologies, of which CZTS is included, can be produced with significantly
less energy than their silicon counterparts. One measure to determine the

relative merits of these technologies energy-wise is to compare the total
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amount of energy a solar panel will produce over its lifetime versus how much
energy was required to produce it. The current leading thin film PV
technology, CdTe, will be used as a basis for comparison. For panels
installed in the American Southwest, a CdTe panel will produce 50 times as
much as energy as was used to produce it over its lifetime, compared to 25
times as much for crystalline silicon solar panels (mono- or multi-

crystalline)[3].

With the advantage of reduced energy consumption and lower
manufacturing costs, thin film PV could command more market share
provided its efficiency increased to the level of crystalline silicon. A potential
issue with increased production output for two of the leading thin film PV
technologies, CdTe and CulnGaSe; (CIGS), is material scarcity and price. It
has been forecasted that more than 30 TW of new power generation needs to
be installed worldwide by 2050[4], and hopefully renewables such as solar will
make up a significant fraction of the new installed capacity. As shown in
Figure 1.1, the abundance of the constituent elements in CdTe and CIGS are
appreciably lower than those in CZTS, and they correspondingly have a
higher price[5]. Given current annual production levels of the raw materials,
CdTe (9 GW/yr) and CIGS (28 GW/yr) are limited to manufacturing levels that

fall well short of meeting future power demand[6].

Non-vacuum synthesis and deposition techniques are well suited to

meet the challenges of such large production volumes. In relation to



conventional vacuum-based techniques, solution synthesis and deposition
offers higher throughput, broad spatial compositional homogeneity,
manufacturing equipment with much lower capital costs, and reduced material
waste[7]. Through this lens, research interest into solution-based CZTS can
be understood, and is discussed in greater detail in Chapters 3and 4. As a
final aside, it is worth mentioning that CZTS is nearly lattice-matched with
Si[8], with a lattice mismatch of about 1%, and so possibilities exist for a high

efficiency multi-junction tandem solar cell combining the two materials.

The next step in the manufacturing process mentioned above after wet
synthesis and deposition is film functionalization. This was investigated using
the material system Hf(OH)4-2x-2(02)x(SO4)y-qH20, or HafSOx. The HafSOx
films were spin coated from aqueous precursors, and very smooth films have
been demonstrated using this process[9]. These films have applications as
solid superacid catalysts and patternable lithography resists, naming only two.
In terms of catalysis, gasoline additives such as ethanol are used to increase
gasoline’s octane rating and thus reduce the damaging effects of engine
knock. There are substantial amounts of n-alkanes in petroleum, and so
transformation of these linear alkanes into their branched isomers could boost
the octane rating while reducing the amount of additives needed[10].

Sulfated zirconia, an isoelectronic analog of sulfated hafnia, has
demonstrated high catalytic activity for isomerization[11]. The catalytic

activity is thought to derive from the strong electron withdrawing ability of the



sulfate groups bound to metal sites, which generates electron accepting
Lewis acid sites. Exposure to water can then generate proton donating
Bregnsted-Lowry acid sites, which has implications for HafSOx’s ability to
isomerize n-alkanes and creates opportunities to functionalize the film for

catalytic purposes.

Besides its superacid capabilities, a major thrust of research at Oregon
State University concerns the utility of HafSOx as a model resist for the
patterning of next generation integrated circuits. Advances in circuit
performance such as processing speed and memory density are related to
the number of transistors per chip. As the feature size of transistors
continues to shrink, it will be more difficult to fit more components on a single
chip, and thus new resists with the ability to pattern periodic nanometer-sized
features on chips are needed[12]. Patterning of small features has already
been demonstrated with this resist in a near-production environment[13], and
it is known that the addition of peroxide controls condensation and thus its
patternability (see Figure 1.2). The peroxide bonds in a y, manner and
decomposes upon exposure to heat or sufficiently energized light or
electrons. Crosslinking and densification accompanies peroxide
decomposition in the film. Insights into this decomposition mechanism could
lead to greater patterning sensitivity in the material and yield a basic

understanding that could be used to alter the sensitivity by metal dopants and



other means, and ultimately will help determine whether or not this material

system is suitable for advanced lithography and circuit design.

After film functionalization, typically another material is deposited to
form an interface, such as the n-type material to form the critical p-n junction
in a solar cell or the metal electrodes deposited on an oxide in an amorphous
metal oxide transistor. The chemistry and material properties at interfaces
can be quite distinct and independent of the bulk properties of the two parent
materials, such as the conductivity exhibited at the LaAlO3/SrTiO3 (001)
interface despite both materials being bulk insulators[14]. For this reason, the
interfaces used in next generation devices warrant thorough examination, and
in this dissertation the platinum/amorphous indium gallium zinc oxide (Pt/a-
IGZO) interface currently being used in memristors and other novel

electronics is studied.

The memiristor, first proposed in 1971[15], is a device that is capable of
switching between a low resistance state (LRS) and a high resistance state
(HRS) depending on the history of applied voltage, and so in a sense the
device acts as a resistor that “remembers” its past usage. The device
structure typically includes the switching or channel material sandwiched in
between two metal electrodes, which all rests upon a passivated substrate as
shown in Figure 1.3. During operation, one electrode is connected to ground

while either a positive or negative voltage is applied to the other electrode,



inducing chemical and structural changes at the metal/channel interface

which gives rise to the memristive behavior[16].

One interesting application of these Pt/a-IGZO memristors is for
artificial neural networks due to their operational similarity to the brain’s
synapses during a learning event or memory recall. The strength of certain
synaptic connections in the brain changes during a learning event, and these
altered connections can be reactivated by remembering the event[17].
Essentially, the neural activity and response of the affected synapses
increases, or is potentiated, and endures for a long time, hence the
phenomenon is called long-term potentiation[18]. This effect can be
experimentally produced by short bouts of high-frequency stimulation to a
synaptic pathway in the hippocampus, which causes an immediate and
sustained increase in the efficiency of synaptic transmission[19]. This
behavior is similar to the memristor, where before the learning event the
synaptic connections can be thought of as in a HRS, but after learning
stimulation the connections abruptly switch to a LRS, and can remain in this
state indefinitely. As mentioned above, the defects and chemistry at the Pt/a-
IGZO interface governs the performance of the memristive device, and is the

subject of Chapter 7.

Along with interfaces, the surface of a material can have remarkably
different properties than the bulk material. The surface properties may be

tailored to suit the device’s intended function as one of the final steps in



device manufacturing. The surface properties of a catalyst are particularly
important since the conversion of one molecular species to another takes
place at the surface of the catalyst. Lanthanum iron oxide (LFO) is a simple
perovskite that may be doped with other elements to catalyze the conversion
of undesired exhaust gases to more benign products in an automobile’s

catalytic converter[20].

A catalytic converter is designed to reduce the level of carbon
monoxide, unburned hydrocarbons, and nitrogen oxides emitted by
automobiles. Carbon monoxide is poisonous, while effluent hydrocarbons
and nitrogen oxides can react to generate smog and ozone in the
atmosphere. The converter must oxidize carbon monoxide and hydrocarbons
to carbon dioxide and water, while also reducing nitrogen oxides to molecular
nitrogen. Catalysts used for this purpose generally consist of palladium
particles dispersed on an oxide support[21]. Some of these catalyst
formulations exhibit resilience to palladium aggregation, which hinders
catalytic performance. This resilience is attributed to palladium’s ability to
reversibly move into and out of the oxide support depending on whether the
atmosphere is oxidative or reductive[20], and so these catalysts are said to be
“intelligent”. Engine emissions can vary substantially depending on the
engine temperature and the air to fuel ratio, as shown in Figure 1.4, and so
the catalyst is subjected to both oxidizing and reducing conditions. Several

research groups have completed surface studies on these types of catalysts
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under oxidizing conditions because of the relevance to both catalytic

converter and solid oxide fuel cell operation. A surface sensitive

characterization of a model perovskite oxide under reducing conditions was

warranted, and the results are presented in Chapter 8.
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Figure 1.1 — Earth abundance and price of elements in thin film PV absorbers.
Prices taken from reference [5].
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A variety of analytical techniques were used in this work, and a basic
understanding of them will assist the reader in understanding the
interpretation of data in Chapters 3-8. The experimental methods of Chapter
2, the microwave assisted synthesis of CZTS nanopatrticles, will be reviewed
first.

Inductively coupled plasma — atomic emission spectroscopy (ICP-AES)
is a technigue used to quantify the atomic concentration of a sample, typically
a liquid or gas. The sample is pumped to a nebulizer where it mixes with Ar
gas and is carried towards the plasma source. An Ar plasma (gaseous
mixture of electrons and ions) is generated by high powered radio-frequency
induction coils, which heats the plasma to temperatures well exceeding 6000
K and is sufficient to atomize the constituents in the carrier gas. As the
ionized atoms relax to lower energy level by releasing photons, light is
emitted with energy characteristic of the parent atom. This process of
ionization and relaxation repeatedly cycles in the hot plasma, emitting a
sufficient quantity of light for analysis. The intensity of light emitted at a given
energy can then be correlated to the concentration of the element in the
sample using a spectrometer[1].

X-ray diffraction (XRD) gives information on the structural properties
and crystallite size of a solid sample, and in many labs it is used as a
gualitative measure of the sample purity. In a common XRD experiment, the

sample is bombarded with Cu Ka x-rays (0.1542 nm wavelength), some of
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which are scattered and interfere constructively at characteristic diffraction
angles depending on the spacing of atomic planes in the material. The
condition for interference effects is famously given by Bragg’s law:
2d sinf = nl

For this equation, d is the interplanar spacing of atoms, 6 is the diffraction
angle, n is the order of diffraction, and A is the incident x-ray wavelength. A
schematic of a constructively interfering x-ray beam is shown in Fig. 2.1[2].
The interpretation of Bragg’s law is that few x-rays should be expected from
the sample unless they are at an angle 6 which satisfies the above equation.
For a particular crystallographic plane, diffraction occurs forn=1, 2, 3, ..., but
the first order of diffraction is typically the only one considered. For higher
orders of diffraction, multiples of the Miller indices of the plane are used. For
example, when dealing with the second order diffraction (n = 2) of a (112)
plane, planes present at half the spacing are imagined and termed the n =1
diffraction from a (224) plane. A detailed discussion of the structure factor for
a given plane is beyond the scope of this introduction, but it should be noted
that the structure factor can be used to show that reflections from certain
planes are forbidden][3].

To calculate the crystallite size, Scherrer's equation is commonly used:

B KA
" Bcos6

p
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The crystallite size is given by p, K is a morphology dependent shape factor, A
is the x-ray wavelength, the peak full width at half maximum is given by B,
and 0 is the Bragg angle. K =1 may be generally used for a morphology
independent estimate of the crystallite size[4], although tabular values of K
may be found for a particular morphology and set of Miller indices[5]. The
limitations of the Scherrer equation as an estimate of the true particle size
result from the fact that peak width is not solely dependent on particle size.
Other factors contributing to peak width include lattice strain and faults,
crystallite size distribution, and instrumental broadening (e.g. imperfect
focusing, slit width, etc.).

Another useful technique for characterizing nanoparticles is Raman
spectroscopy. In Chapters 3 and 4, Raman analysis was used to discriminate
between different possible compounds to confirm synthesis of CZTS. Raman
spectra are acquired by irradiating a sample with monochromatic visible light
or light close to this energy range. Molecules can absorb a photon and reemit
a photon at the same energy (Rayleigh scattering), or either a higher (anti-
Stokes scattering) or lower (Stokes scattering) energy than the incident light.
The shift in energy or frequency of the emitted photon corresponds to the
vibrational frequency of the molecule, and thus Raman spectroscopy can be
used for molecular identification.

The excitation of the molecule upon absorption of incident light with

energy hvi, is shown in Fig. 2.2. Excitation to a virtual state j is said to occur
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since the energy of the incident light normally is insufficient to excite the
molecule to the lowest excited electronic states[6], and thus the depicted
process is not quantized. When the molecule is initially in the ground state (v
= 0), it absorbs energy equal to hv;,, which excites it to state j before the
molecule relaxes to excited state v = 1. During the relaxation process it emits
a photon with lower frequency than the incident light, h(vin — wip), Where vy is
the vibrational frequency of the molecule. As mentioned above, this is termed
Stokes scattering. During anti-Stokes scattering, the molecule is initially in
the v = 1 excited state, and after promotion to state j and relaxation to the
ground state a photon is emitted with energy h(vi, + wip). At room
temperature the relative number of molecules in the v = 1 state is small, and
Stokes emission is heavily favored and generally used for Raman analysis[7].
Scanning electron microscopy (SEM) was used in this work to analyze
the morphology of synthesized nanopatrticles and films as well as to
determine their chemical composition by energy dispersive x-ray
spectroscopy (EDS). For sample imaging, a sample is irradiated with
electrons ranging from 1-30 kV which lose energy as they penetrate and
interact with the sample. This energy dissipation causes secondary electron
emission from the sample. The secondary electrons are collected by a
phosphor-photomultiplier device, or Everhart-Thornley detector. The spatial
location of the primary electron beam and intensity of the detected secondary

electrons are then converted into an image|[3].
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The EDS process begins with the ejection of an atom’s inner-shell
electron by the incident beam. An outer-shell electron fills the newly created
core-hole, emitting an x-ray characteristic of the difference in energy between
the levels, and of the atom itself. This is schematically shown in Fig. 2.3[8].
A silicon energy-dispersive x-ray detector is used to discriminate between x-
rays originating from different atoms in the sample. Incident photons
generate a current in the detector which is proportional to the photon energy
and number of photons. The current that flows from an x-ray lasts for a short
time and is recorded as a pulse. The detector system amplifies the pulse and
transmits the signal to a multichannel analyzer, which determines the channel
(x-ray energy) to which the pulse belongs. The counts per second recorded
for a given pulse is then related to the amount of constituent material
(chemical composition). Several important limitations for this technique
should be considered. X-rays of a higher energy from one atom may
generate x-rays of a lower energy from a different atom in a sample. For
example, in a sample containing both zinc and copper, zinc Ka (8.64 eV) x-
rays can excite extra copper Ka (8.05 eV) x-rays, which can lead to
overestimating the amount of copper in the sample, and underestimating the
amount of zinc in the sample. In addition, if two identical photons may enter
the detector simultaneously, the detector will register this as a single photon

with double the energy, termed the sum peak effect. A third source of error
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results from x-ray generation from the Si atoms in the detector, or the silicon
escape peak[3].

Transmission electron microscopy (TEM) provided insight into the
nanoparticle size, crystal orientation, atomic planar spacing, and material
composition in this dissertation. Rather than the thick samples appropriate for
SEM, TEM samples are typically less than 100 nm, and images are produced
by the primary electrons transmitting through the sample and impinging on a
phosphor screen, with an image ultimately produced by a charge-coupled
device which converts the emitted photons from the phosphor into an image.
As shown in Fig. 2.4[9], diffraction patterns can also be used from TEM
analysis to provide information on phase purity and crystallinity, much in the
same way as XRD. Whereas diffraction in XRD is a bulk technique, electron
diffraction in TEM allows the researcher to collect diffraction patterns from
individual nanoparticles to determine phase purity and planar spacing.
Fourier transforms of high-resolution TEM images provide information similar
to a diffraction pattern. A transform of an image converts data from the
spatial domain to the frequency domain, where periodic structures in the initial
image appear as bright points in the resulting transform. Each point is
representative of a particular frequency (e.g. from lattice planes) within the
original spatial domain image.

The band gap and absorption properties of CZTS nanoparticles are a

critical factor in determining its utility for solar cells, and these were analyzed
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with ultraviolet-visible (UV-Vis) spectroscopy. For UV-Vis experiments in this
work, a nanoparticle film was spun on a glass substrate, and a UV-Vis
spectrophotometer measured the intensity of light transmitted through the
sample compared to the incident light intensity. Light transmittance can be
simply converted to absorbance for band gap determinations. For a
semiconductor, the following relationship may be used to determine the band
gap[10]:

(hva)/™ = C(hv — E,)
Here, hv is the photon energy, a the absorption coefficient, C a constant, and
E, the band gap. The exponent n is equal to ¥z for a direct band gap
semiconductor such as CZTS. The absorption coefficient is directly
proportional to absorbance, A, so that plotting (Ahv)? vs. hv yields a Tauc plot.
Extrapolating the linear portion of the curve (absorption onset) to the abscissa
gives the band gap. To determine the absorption coefficient, the Beer-
Lambert Law was used:

InT
— =
—t

The natural logarithm of the transmittance T is divided by the negative of the
film thickness to yield the absorption coefficient, which is a function of the
photon energy.

Thermogravimetric analysis (TGA) is a relatively simple technique that

measures a sample’s mass as a function of temperature in a controlled
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atmosphere. The change in mass can give information on the amount of
residual capping ligands on the nanoparticles, as well as a measure of
sample purity since different compounds will decompose and volatize at
different temperatures. In a typical experimental setup, the sample powder is
placed into a small metal sample pan, which is then loaded into the furnace
for heating. The thermocouple is placed close to the sample container for
temperature measurement.

Finally, a discussion of the solar cell parameters mentioned in Chapter
3 is appropriate. Electrically, an ideal solar cell may be thought of as a
current generator in parallel with a diode[11]. When the contacts of the circuit
are isolated, the open circuit voltage V. will reach a maximum. If there is no
potential difference across the contacts, the circuit is shorted and the current
density Jsc through the contacts will attain its maximum value. The fill factor
FF is a measure of how closely the operational maximum voltage and current
density (actual maximum power) of the solar cell approach the open and short

circuit values, defined as[11]:

]SCI/OC

The efficiency n of the cell is equal to the power output divided by the incident
light power input, P, or:

— ]SCI/OCFF
P;
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The techniques used in Chapters 5 and 6 differed substantially from
the ones used in Chapters 3 and 4, and include temperature programmed
desorption (TPD), electron stimulated desorption (ESD) and x-ray
photoelectron spectroscopy (XPS). TPD involves the controlled heating of a
sample and monitoring the desorbed species (gas molecules or ions) with a
mass spectrometer. The Polanyi-Wigner equation has been used in many
cases to model the desorption rate[12]:

do E

_ n _Za
T eXp( RT)

The fractional surface coverage 6 changes with respect to time as a function
of v, the preexponential factor, the desorption order n, the desorption
activation energy Eq4, and the temperature T, where R is the gas constant. A
linear heating rate is used since desorption is temperature dependent. This
prevents artifacts from being introduced into the data. The shape of peaks in
desorption spectra can reflect the order of desorption, with peaks due to
zeroth, first, or second order desorption generally having distinct line shapes
[13]. In this work, first and second order desorption are the two most likely
modes of desorption, where first order is generally attributed to non-
recombinative desorption and second order is typical for molecular or atomic
combination preceding desorption.

A quadrupole mass spectrometer was used to detect the desorbed

species once they escaped from the film surface. This spectrometer works by
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impacting neutral gas molecules with electrons and forming ions. The ions
are accelerated toward four parallel cylindrical electrodes. A dc voltage is
applied to pair while an RF voltage is applied to the other. By varying the
voltages on the pair of rods, the spectrometer can select which ions will be
detected. Only those ions with the appropriate mass-to-charge ratio will make
it to the detector, while the others will not have a stable trajectory and will not
be detected.

In typical ESD experiments, incident electrons can excite surface
atoms into a nonbonding or antibonding state. After excitation, decay of the
excited state will occur between competing mechanisms. Displacement can
convert the atom’s potential energy into kinetic energy, and/or other electronic
decay mechanisms will relax the atom back to the ground state. If the atom is
in an excited state long enough without relaxing it can translate beyond a
threshold distance from the surface and desorb[14]. The Menzel-Gomer-
Redhead (MGR) model of desorption is typically used to describe an
excitation to a repulsive final state and is broad enough in scope to
encompass more specific excitation and desorption mechanisms[15]. This
model has generally been sufficient to explain the following ESD
observations[16]:

1) More neutrals than ions desorb during ESD
2) Desorption cross sections for neutrals are orders of magnitude smaller

than for gases, and cross sections for ions are even smaller
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3) Different bonding modes of electronegative adsorbates have differenct
desorption cross sections

4) Metallic adsorbates on metal surfaces typically do not desorb by ESD

XPS was a central part of the work performed in Chapters 5-8. XPS is
a photon-in, electron-out analytical technique that can provide the elemental
composition, chemical state (oxidation state, functional groups, etc.), and
electronic properties (work function, ionization potential, etc.) of a sample. It
is surface sensitive due to the fact that the majority of the emitted electrons
originate in the first 2-3 nm of the film. This shallow sampling depth results
from the limited escape distance of electrons ejected from the sample when
using x-rays[17], where monochromatic Al Ka is one of the most common x-
ray source currently used for this technique. Experimentally, the key XPS
equation is:

KE = hv — BE — ¢,

For this equation, the kinetic energy of the electron is given by KE, hv is the x-
ray energy, BE is the electron binding energy, and ®s; is the work function of
the spectrometer. The work function of the spectrometer is used in the above
equation for the detected electron rather than the work function of the sample
due to electronic coupling between the sample and analyzer, as shown in
Figure 2.5[18]. Elemental and chemical state information is possible because

the kinetic energy of the emitted electron is characteristic of the atom to which
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it was bound and the atom’s bonding environment. As a first-order
explanation for a given core level electron, the more electron density
surrounding the atom, the lower the binding energy of the electron. This
allows XPS to distinguish between C=0 and C-O bonds for example, where
the C 1s electron from the carbon atom singly bonded to oxygen will have a
lower binding energy.

The ejected electrons are accelerated or retarded by an electrostatic
lens system to a user defined pass energy. Smaller pass energies will
produce a higher resolution spectrum, but at the expense of signal intensity.
Next, the electrons pass through the entrance slit of the analyzer, which in
this work was a concentric hemispherical type. A potential difference is
applied between the inner and outer hemispheres such that only electrons
with the energy of interest will pass through the exit, while the path of other
electrons will be blocked by the exit slitf19]. The spectrometer detects the
kinetic energy of the photoelectron via a channel electron multiplier, and using
the above equation a plot of binding energy versus counts per second is
constructed. XPS analysis is usually carried out in ultra-high vacuum (UHV)
conditions (~10° torr), primarily to avoid surface contamination. From gas
kinetic theory, it's known that if every gas molecule impacting the surface
sticks, then a monolayer will accumulate in about 1 second at room

temperature and 107 torr, which gives the unit Langmuir [20].
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XPS was used to measure the interface barrier height between
platinum and amorphous indium gallium zinc oxide in Chapter 7, and the
reader is referred to reference [17] for clarification on how to determine barrier
heights from XPS measurements. In Chapter 8, angle-resolved XPS
experiments were performed to enhance the surface signal in the spectra.
The increased sensitivity to the near-surface atoms can be appreciated by
inspection of Fig. 2.6, and considering the attenuation length of electrons as
they travel through a solid. It is shown that the path length of electrons
traveling from the bulk is significantly increased, leading to greater attenuation
of the signal from these electrons at grazing emission angles.

Rutherford Backscattering Spectrometry (RBS) was used in this work
for compositional depth information as well as to determine the crystalline
guality of a film by channeling measurements. In typical RBS experiments
like the ones discussed in Chapter 8, high energy (2 MeV) He" ions are
accelerated toward a sample. Following the subsequent collision with the
sample, the ions are backscattered toward a detector where the quantity and
energy of the ions are measured. The detected signal from the ions is
converted into a voltage pulse, with the magnitude of the pulse being
proportional to the ion energy. The pulses are stored in a channel, and the
number of pulses per channel is recorded. Atomic identification and
compositional information is possible because the energy of the

backscattered ions depends on the mass of the atom from which they were
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scattered[8]. Film thickness information and depth profiling is possible since
these are correlated with the peak width for a given species[21]. During a
channeling experiment with epitaxial films, the film’s major crystallographic
axis is aligned to the incident beam so as to reduce the amount of random
scattering as much as possible. He" ions impinge onto the sample, and the
sample is roated until a minimum in backscattered ion yield is obtained due to
channeling through the film. The backscattering yield is recorded with respect
to angle in a typical experiment to give an estimate of the quality of the film.
Lastly, reflection high energy electron diffraction (RHEED) was utilized
to reveal information about the growth of the LaFeOs film discussed in
Chapter 8. During RHEED analysis, a beam of electrons is directed towards
the sample at a glancing angle to minimize the penetration below the surface.
The electrons are then diffracted onto a collection grid or detector to generate
a RHEED pattern. RHEED is popularly used in combination with molecular
beam epitaxy to monitor the growth of the film. The diffraction pattern, shape
of diffraction spots in a pattern, as well as their oscillations in intensity with
growth time is used to deduce information about surface structure and the

growth mode[22,23].
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Figure 2.1 — Diffracted x-rays are reinforced if the angle 0 satisfies Bragg’s
law. Adapted from reference [2].
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Figure 2.2 — Raman spectra are produced by the scattering of incident
radiation hvj,, molecular excitation to virtual level j, and subsequent relaxation
with photon emission. Lower frequency emission (Stokes) typically
dominates higher frequency emission (Anti-Stokes) at room temperature
because the ground vibrational levels are more populated. Figure adapted
from reference [7].
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Abstract

CuxZnSnS, (CZTS) nanoparticle inks were synthesized for the first time by a
one-pot synthesis method using microwave heating. Precursor solutions
were mixed and reacted at 190 °C for 30 minutes. Varying the initial
concentration of the metal chlorides in ethylene glycol was necessary to avoid
formation of copper rich and zinc poor nanopatrticles. Analysis of the reaction
supernatant indicates that Cu+ was fully utilized while significant amounts of
Zn2+ remained unreacted. The CZTS nanopatrticles were determined to be
7.6£2.1 nm in diameter and which were agglomerated into larger clusters. A
solar cell fabricated with the CZTS nanoparticles had a conversion efficiency

of 0.25%.
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Introduction

Thin film PV technologies offer a route to low cost and high volume
solar cell manufacturing due to reductions in both material and processing
costs. For example, material costs can be reduced since considerably thinner
absorber layers (~1-2 ym) are required for direct band gap thin film
technologies compared to indirect band gap crystalline silicon technologies
(~180 um)[1]. Likewise, processing costs can be reduced since thin film
technologies can take advantage of relatively inexpensive low-temperature
solution-based methods, whereas silicon technologies require several
expensive high temperature and high vacuum based procedures. Increases
in thin film PV cell performance has been demonstrated for both copper
indium gallium diselenide (CIGS) and cadmium telluride (CdTe) which have
achieved champion cell efficiencies of 20.3%[2] and 16.5%[3], respectively.
While these efficiencies are impressive, these compounds suffer from high
costs due to their constituent elements[4] and toxicity issues (Cd). An
alternative direct band gap semiconductor that has received much recent
attention is copper zinc tin sulfide (CZTS), which does not share the same
price and toxicity concerns[5].

The solution-based synthesis of nanoparticle inks can provide a
relatively inexpensive method for the production and integration of CZTS into
thin film solar cells. Solution-based methods avoid the requirement of costly

and inefficient vacuum processes and allow the possibility of roll-to-roll
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printing or spray-coating processes, an attractive option for large scale and
low cost manufacturing. The synthesis of CZTS nanopatrticles was first
reported in 2009[6-9] and recently there has been considerable interest in
both CZTS and CZT(S,Se) nanoparticles[10-26]. The CZTS nanoparticles
have primarily been synthesized by hot-injection and solvothermal methods,
where oleylamine is often used as a solvent/surfactant by each method [13,
15]. The use of microwave heating, in the place of conventional heating, is an
alternative approach to synthesizing CZTS nanopatrticles that has not been
previously studied.

Microwave-assisted nanopatrticle synthesis has several desirable
properties, including rapid heating rates that can reduce reaction times to
minutes or seconds, and uniform volumetric heating which minimizes thermal
gradients, allowing for higher control over nucleation and growth conditions.
Microwave based methods have been used to synthesize a wide range of
inorganic semiconductor nanomaterials[27], including CdTe[28-30] and more
recently CIGS[31, 32]. Areas of focus for microwave-assisted synthesis of
nanoparticles have included optimizing solvents and precursors for high
microwave absorption and controlling the temperature profile during reaction.
The polarization of dipolar molecules and ionic conduction are the two main
sources of heat generation during microwave syntheses[33], so the use of a
polar solvent and/or ionic species is particularly important. lonic liquids

readily absorb microwave radiation and convert it to heat, and the addition of
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ionic species to the precursor solution has been shown to increase reaction
rates. For example, the addition of H+ ions reduced the formation time of
ferric oxide nanoparticles from 21 to 14 minutes[34].

Solar cells utilizing solution based CZTS methods have achieved
efficiencies ranging from 0.16-3.6% [7, 8, 35-44]. The most efficient CZTS
cells have been fabricated by incorporating selenium into the CZTS
system[14, 45]. Partial substitution of sulfur by selenium in the CZTS lattice
has been shown to decrease the band gap of CZTS absorbers and increase
device performance over selenium-rich devices[45]. The record efficiency for
CZT(S,Se) PV cells is 10.1%, where this device was fabricated employing
hydrazine via a solution-based method[46]. It is interesting to note that
CZT(S,Se) is the only PV technology where solution based-methods result in
higher efficiencies than cells processed by vacuum-based methods.

Microwave assisted synthesis has enabled us to produce CZTS
nanoparticles from a simple one pot method at a substantially lower
temperature and shorter reaction time compared to other CZTS synthesis
methods. This solution-based, low energy synthesis could help lead to more
cost effective and less energy intensive methods to synthesize CZTS. In
these studies metal salts and thioacetamide were dissolved in ethylene
glycol, a high microwave absorbing solvent, and reacted at 190 °C for 30

minutes. Optimization of precursor composition allowed the formation of
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CZTS nanoparticles with controlled composition and particle size. Finally, the

CZTS nanoparticles were incorporated into a PV device.

Experimental Methods

Preparation of the precursor solution was done in air under standard
atmospheric conditions. Initial precursor concentrations targeted a copper
poor/zinc rich nanoparticle composition. Metal chlorides were used so that all
the species had the same counterion for increased chemical homogeneity in
solution. Cuprous chloride (CuCl, 0.01 M), zinc chloride (ZnCl,, 0.026 M),
and stannic chloride pentahydrate (SnCl4.5H,0, 0.010 M) were added to 20
mL of ethylene glycol. The precursor solution was adjusted to a pH of 2 using
0.01M hydrochloric acid. In a separate beaker, thioacetamide (CoHsNS,
0.088 M) was added to 20 mL of ethylene glycol. Both mixtures were stirred
separately at 50 °C for 30 minutes until the chemistries were completely
dissolved. After the precursors were cooled to room temperature the
solutions were mixed and 10 mL aliquots were added to four sealed glass
microwave reaction vessels. The reaction was performed at low pH to
accelerate decomposition of thioacetamide [47, 48] for facile incorporation of
the resulting sulfur anions into the CZTS nanoparticles.

The precursor solution was reacted in a microwave reactor (MARS 5,
CEM Corp., 2.450 GHz) and heated to 190 °C for 30 minutes using a 5

minute ramp and 300 W power setting. Reaction temperatures were
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monitored by an optical probe that was encased in a glass well surrounded by
the solution. After reaction, the vessels were allowed to cool to 100 °C before
they were placed in a cold water bath. The reacted solution was then
alternately centrifuged in deionized water and ethanol several times to
remove unreacted species and to purify and collect the CZTS nanoparticles.
Finally, the nanoparticles were suspended in ethanol and dropcast onto an
appropriate substrate for analysis.

X-ray diffraction (XRD) patterns were obtained using a Bruker D8
Discover diffractometer with Cu Ka radiation. Scanning electron microscope
(SEM) images and compositional information using energy dispersive
spectroscopy (EDS) were acquired with an FEI Quanta 3D. Particle size was
determined with a Philips CM12 scanning transmission electron microscope
(STEM), while high resolution TEM (HRTEM) and selected area electron
diffraction (SAED) analysis was done with an FEI Titan FEG TEM. Optical
absorption data was obtained using a JASCO V670 UV-Vis
spectrophotometer. Composition of the nanoparticles was further analyzed
with a Horiba-Jobin Yvon HR800 Raman spectrometer with 532 nm incident
light. The reaction supernatant was analyzed with inductively coupled plasma
atomic emission spectroscopy (ICP-AES) using a Varian Liberty 150
spectrometer. Thermogravimetric analysis (TGA) was performed using a TA

Instruments TGA 2950 system.
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A solar cell was fabricated with a stack consisting of borosilicate
glass/Mo/CZTS/CdS/i-ZnO/Al:ZnO/Ag. CZTS nanoparticles were suspended
in ethylene glycol (50 mg/mL), ultrasonicated, and spincoated onto a
substrate at 300 rpm for 10 seconds followed by 1500 rpm for 30 seconds.
After each coat the substrate was placed on a hot plate at 80 °C to remove
volatile solvents. A total film thickness of 3.0 ym was obtained after 19
coatings. The substrate was placed in a combustion boat with 0.08 g of tin(Il)
sulfide and sulfur powder and annealed under flowing nitrogen at 400 °C for
20 minutes. The annealing conditions were chosen to prevent possible sulfur
loss[49] and phase separation[9, 50]. The ultimate goal of this research is to
fabricate solar cells with only minor thermal processing, so a moderately low
annealing temperature was chosen to evaluate this feasibility. After this
procedure the film thickness was about 2.4 ym. Our CZTS devices were
fabricated using a similar method as reported for inkjet printed CIGS
devices[51]. For this work a 50 nm n-type CdS buffer layer was deposited by
chemical bath deposition on top of the annealed CZTS nanopatrticle film.
Both 80 nm i-ZnO and 300 nm Al:ZnO window layers were deposited by
sputter deposition. Several 0.07 cm2 devices were isolated by mechanical
scribing. Finally, top-contacts were applied using silver paste. Solar cell
performance was tested at room temperature under AM 1.5 illumination with
an Oriel 96000 full spectrum solar simulator calibrated with a standard Si

solar cell and PVIV-200 test station.
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Results and Discussion

In this study varying the initial concentrations of precursors, as shown
in Table 3.1, controlled the composition of the nanoparticles. As indicated in
Table 3.1, it was necessary to significantly reduce the amount of copper
precursor to attain copper poor CZTS compositions. It was estimated that the
EDS compositional data had an error less than £1 atomic %, which was
determined by averaging data from five 275 X 350 um? locations chosen at
random on the substrate. ASTM International has found the overall accuracy
of EDS quantitative analysis with a SEM to be better than +4% relative to a
reference composition[52]. It should be noted that depending on the EDS
detector settings, compositional data may vary significantly if the film is
insufficiently thick, and for these studies care was taken to perform scans in
which the signal from the silicon substrate was minimized as much as
possible. It was found that the film annealed at 400 °C for 20 minutes had a
slightly higher atomic percentage of sulfur than the as synthesized patrticles,
which suggests that the nanoparticles may be sulfur deficient as synthesized.
The appropriate amount of sulfur required for Cu,ZnSnS, can be assumed to
be [S] = [Cu]/2 + [Zn] + [Sn]x2, based on the oxidation states of the metal
cations in the binary sulfides Cu,S, ZnS, and SnS,. From Table 1, the
composition of sample B nanoparticles was Cuj g4Zn 1,00SN1.05S4.03 , Which
corresponds to a stoichiometric amount of sulfur equal to 1.84/2 + 1.09 +

1.05x2 = 4.11, confirming the nanoparticles are likely sulfur deficient. The
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higher atomic percentage of sulfur in the annealed film could then be due to a
combination of changing elemental oxidation states and the accuracy of EDS
guantification.

As discussed above the synthesized CZTS nanopatrticles have a
strong tendency toward copper rich and zinc poor compositions, which is the
opposite of what is desired. It has been proposed that for optimal PV device
performance, it is necessary to form CZTS films with a copper poor and zinc
rich composition[53, 54]. First principles studies of CZTS have indicated that
substitution of copper[55] and tin[56] at zinc sites form unfavorable deep
acceptor levels, which can serve as carrier recombination centers and thus
limit device performance. Furthermore, copper deficiency has been shown
experimentally to enhance hole carrier concentration[57]. Thus it is important
to ensure zinc rich conditions during the formation of CZTS films for optimal
performance in a solar cell. This is not a simple task when synthesizing
CZTS nanoparticles due to the variable reactivity among the metal cations,
and thus controlling cationic reactivity has been a point of emphasis in order
to produce high quality nanoparticles with the desired composition. Our
method of controlling the initial metal cation concentrations is a direct
approach for obtaining the desired composition of the CZTS nanopatrticles,
and ultimately the CTZS films. Other researchers have evaluated other
methods as well. For example, one group found that increasing the reaction

temperature above 220 °C led to a relative increase in Zn and Sn cation
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complex reactivity than the Cu cation complex, thus enabling the formation of
single phase CZTS nanoparticles[20]. Likewise, alkane thiols have been
used to reduce the reaction rate of Cu® and control the Cu/In ratio in CulnS;
nanoparticles[58]. The use of dodecanethiol as a capping agent has also
impacted CZTS nanopatrticle synthesis by enabling formation of wurtzite
phase CZTS nanoparticles as opposed to the desired kesterite structure[16].
The choice of solvent also affects cation reactivity, with one group reporting
success forming CZTS nanopatrticles in ethylene glycol but formation of
Cu,SnS3; when using ethanol[19].

ICP-AES analysis of the reaction supernatant was performed to
estimate the extent of reaction of the chloride based chemistries. In all cases,
no copper was found in the supernatant and the Zn/Sn ratio for the
supernatant was much higher than the initial precursor solution. Using one
sample as a typical example, the precursor metal ratios were Cu/(Zn+Sn) =
0.56 and Zn/Sn = 2.3, while the ratios in the supernatant post reaction were
Cu/(Zn+Sn) = 0.0 and Zn/Sn = 8.4. These results indicate a much higher
reactivity for copper and a corresponding low reactivity of zinc for the
formation of CZTS. A similar finding on the low incorporation of zinc has also
been noted elsewhere[59] for solution-based CZTSe nanocrystal synthesis.
In this prior study, CZTSe nanoparticles were synthesized by the hot-injection
method from metal chlorides and trioctylphosphine selenide, and were

analyzed by EDS and X-ray photoelectron spectroscopy. It was determined
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that ~3% of the initial zinc and ~30% of the initial tin was incorporated in the
CuoZn,SnySe1+x+2y Stannite nanoparticles.

XRD was used to analyze the crystallinity and phase of the CZTS
nanoparticles. In Figure 3.1 we show XRD spectra for both as synthesized
particles dropcast onto a glass substrate and a dropcast film annealed to
400 °C. Three broad peaks attributed to the (112), (220), and (312) planes
are observed (JCPDS 26-0575) for the as synthesized nanoparticles. These
peaks are the most intense for CZTS and are occasionally the only planes
distinguishable in the XRD spectrum for CZTS nanoparticles [9, 11, 12].
There was a slight shoulder on the peak centered at 28.5°, which has been
observed in other CZTS nanoparticle work[6, 8, 60]. It has been proposed
that this shoulder could be caused by a Cu,S impurity phase[24], the
wurtzite phase of ZnS (JCPDS 36-1450), or stacking faults due to cation
disorder in CZTS[16, 61, 62] . The average crystallite size of the
nanoparticles was calculated to be 7.3 nm using the Scherrer method.
Sharper and more intense peaks in the XRD pattern of the annealed sample
suggest higher crystalline order and/or larger domain size, with a calculated
average crystallite size of 26.8 nm. Several additional XRD peaks attributable
to CZTS also appear in the diffraction pattern. These peaks are found at
18.2°, 33.0°, 69.2°, and 76.4°, corresponding to the (101), (200), (008), and
(332) planes, respectively. Since the synthesized nanoparticles are small, the

broad peaks in the XRD spectrum could potentially mask other impurity
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phases so other techniques were used to characterize the nanoparticles,
which will be discussed below.

Raman spectroscopy was performed to further confirm the phase
purity of both the nanoparticles and annealed film and results are shown in
Fig. 3.2. Both spectra have significant peaks centered at 333 cm™ and 287
cm™. These features have been attributed to A; symmetry, a result of the
vibration of sulfur atoms in the lattice[63]. The peak position of the most
intense peak at 333 cm™ is consistent with other CZTS nanopatrticle work [21,
25], however the position is slightly red shifted when compared to other
reported values for large grain CZTS films [63-66]. The red shift may be due
to a decrease in phonon frequency for the A; vibrational mode associated
with particle size[67]. This Raman mode has experimentally been shown to
be the most intense for CZTS as opposed to impurity phases[21, 25, 63-66].
The broad peak at about 287 cm™ is characteristic of CZTS Raman spectra
but not ZnS[68] or tetragonal Cu,SnS3[69] spectra. In addition, we observed
no peaks for Cu,.S at 475 cm™, further suggesting that high quality kesterite
CZTS was synthesized.

The morphology of the CZTS nanoparticle films was investigated using
both SEM and TEM. In Figure 3.3, SEM images were obtained with
magnifications of 5,000x and 200,000x and the appropriate scale bars are
indicated. At higher magnification it is evident that the CZTS nanoparticles

agglomerate and form relatively large nanoparticle clusters. Fig. 3.3a-b are
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for the coated CZTS nanopatrticle films after an initial drying step at 30 °C,
while Fig. 3.3c-d are for the same films after annealing to 400 °C for 20
minutes. A comparison between Figure 3.3a and c indicates the formation of
a denser film with less porosity after the CZTS nanoparticles are annealed.
Furthermore, a comparison between Figure 3.3b and d indicates that larger
grains were formed after the annealing step. Larger grain sizes reduce the
relative number of grain boundaries and the corresponding recombination
centers and traps and should lead to higher PV device performance. High
annealing temperatures and/or long annealing times generally lead to larger
grain formation, but this must be balanced against possible phase separation,
oxidation, or decomposition of the precursors.

TEM images are shown for as-synthesized CZTS nanoparticles in Fig.
3.4a-b, while SAED is shown in Fig. 3.4c. The image in Fig. 3.4a was
obtained with a magnification of 125,000x and shows polydisperse spherical
particles 7.6+2.1 nm in diameter. In the inset in Fig. 3.4a we plot a
distribution of particle sizes as extracted from the TEM image. We find that
these values are in good agreement with the crystallite size calculated from
the XRD data. The spacing of atomic planes in an HRTEM image and a
corresponding fast Fourier transform (FFT) pattern can be used to help verify
formation of CZTS with the kesterite structure. In Fig. 3.4b, a HRTEM image
(620,000x) shows individual atomic planes in a CZTS nanoparticle, while a

FFT pattern is shown in the inset. An interplanar spacing of 0.31 nm was
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measured and attributed to (112) crystallographic planes, and the diffraction
spots in the FFT pattern can be indexed to the CZTS structure, corresponding
to the (112), (220) and (004) planes as viewed along the [110] zone axis.
JEMS software was used to generate a simulated CZTS pattern for indexing
the diffraction spots. Figure 3.4c shows an SAED image that was taken over
several nanoparticles. Three prominent diffraction rings were observed
corresponding to the (112), (220), and (312) planes of kesterite CZTS. These
electron microscopy techniques are particularly important for phase
identification of CZTS nanoparticles due to the broad nature of the diffraction
peaks in XRD and scattering peaks in the Raman spectra.

The optical absorption spectrum of the as synthesized particles is
shown in Fig. 3.5. For direct band gap compounds, the band gap may be
calculated by plotting the product of photon energy and absorbance squared
versus photon energy from the absorbance spectrum, or (ahv)? versus hv,
and finding the intercept of the abscissa. This method gives a band gap of
1.5 eV, which is near optimum for a solar cell and in good agreement with
theoretical[70] and experimental values for CZTS[71-73] . The absorption
coefficient of the formed CZTS films can be estimated to be ~5x10* cm™
which is comparable to values obtained by other studies[72, 74].

To better understand the thermal properties of the CZTS nanopatrticles
we performed TGA by heating the particles to 600 °C with a ramp rate of

29 °C/min under flowing nitrogen. This maximum temperature was used
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since annealing temperatures usually don’t exceed 600 °C for the fabrication
of CZTS solar cells. Figure 3.6 shows the mass change of the nanoparticles
versus temperature. Initially there is a small mass loss below 100 °C, likely
due to the loss of ethanol and water that absorbed to the nanoparticle surface
during the cleaning process. The mass continues to decrease from 100 —
300 °C at a low rate, and the next significant mass loss transition occurs at
~300° C. Weight loss begins to slow after 400 °C and overall there is
relatively little weight change, with a total loss of ~7% over the entire
temperature range. Various nanoparticle compounds were synthesized under
analogous conditions to CZTS and analyzed with TGA to provide further
insight into the CZTS weight loss regime from 300-400 °C, including Cu1.S,
SnS,, ZnS, Cu,SnSs, and SnO,. The results suggest that the weight loss is
not due to the loss of residual organic content, as some compounds had
virtually no weight loss from 300-400 °C. Cuy,S, Cu,SnSgs, and ZnS were the
only compounds with significant weight loss before 400 °C, so the weight loss
in the CZTS sample from 300-400 °C may partially be explained by the
decomposition or volatilization of some combination of these species. Itis
unlikely that the weight loss is due to SnS volatilization, as this doesn’t occur
at a significant rate in CZTS films until 550 °C under vacuum conditions [50].
Chory et al. also used intermediate boiling point organic compounds for CZTS
synthesis, and found that weight loss due to organic decomposition was

virtually completed by 450 °C [12]. Shin et al. utilized aqueous precursors in
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a two step microwave assisted synthesis to produce CZTS nanopatrticles, and
similarly had less than 10% weight loss up to 600 °C[62]. Insight into the
mechanism of film formation is necessary in order to minimize non-
stoichiometric material loss and control grain growth during the annealing
process to produce cost effective, high performance nanopatrticle PV devices.
These data suggest that high quality CZTS nanoparticles can be
synthesized using a one-pot microwave-assisted process. We have
fabricated PV cells to further characterize the optoelectronic properties of
films formed from the CZTS nanopatrticles. The CZTS PV cells were
fabricated as described above and their electrical characteristics are given in
Figure 3.7. The device had an open circuit voltage (Vo) of 289 mV, a short
circuit current of 1.79 mA/cm?, a fill factor (FF) of 47.9%, and a total area
power conversion efficiency (n) of 0.25%. The cell suffers from a very low
photocurrent, which can be explained in part by viewing a cross section of the
device, shown in Figure 3.8. The CZTS layer of the device is seen to be quite
porous, consisting of small grains and thus a corresponding large number of
grain boundaries to act as recombination centers for electron-hole pairs.
Pure sulfide, solution based CZTS solar cells have had low efficiencies
compared to those utilizing vacuum-based methods, as the highest
efficiencies for pure sulfide devices have been 3.6%[40] and 8.4%][75] for
solution and vacuum-based CZTS cells, respectively. There are relatively few

reports in the literature concerning solar cells incorporating CZT(S,Se)
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nanoparticles in which to compare our results. Steinhagen et al. reported an
efficiency of 0.23% for a CZTS cell that was not annealed[8]. Typically
solution-based CZT(S,Se) cells are fabricated with an annealing step in the
500-600 °C range to improve crystallinity and promote grain growth, although
higher temperatures (>550 °C) have also been shown to lead to the formation
of undesirable phases[50]. Guo et al. demonstrated an increase in efficiency
of their CZTSSe devices by altering the CZTS nanopatrticle composition (i.e.,
the Cu/(Zn+Sn) and Zn/Sn ratios), whereby improving the efficiency of their
devices from 0.8% to 7.2%[7, 14]. However, it should be noted in these prior
studies that the particles were synthesized in unreactive ambient
atmospheres, which may reduce incorporation of impurities that can reduce

device performance.

Conclusion

Microwave assisted synthesis of CZTS nanoparticle inks has been
demonstrated using a one-pot synthesis method. The use of microwave
radiation has enabled the synthesis of CZTS nanopatrticles with a shorter
reaction time and at a lower temperature when compared with other methods
in the literature. We used ethylene glycol as the solvent due to the
intermediate boiling point and the high microwave absorptivity. We found that
the composition of the nanoparticles can be controlled by varying the initial

precursor concentration, and that it was necessary to run the reactions with
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an excess of zinc and a reduction of copper to obtain optimal values of
Cu/(Zn+Sn)=0.86 and Zn/Sn = 1.04. XRD, SAED, and Raman spectroscopy
indicate that the synthesized CZTS nanoparticles have the desired kesterite
crystal structure. Finally, the synthesized CZTS nanoparticles were
incorporated into a solar cell with a maximum efficiency of 0.25%, open circuit
potential of 289 mV, a short circuit current of 1.79 mA/cm?, and a fill factor of

47.9%.
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Figures

Cu/(Zn+Sn) Zn/Sn  Cu(at%) Zn (at%) Sn (at%) S (at%)
Sample A precursor solution 0.75 1.43
Sample A nanopatrticles (EDS) 1.53 0.27 30.0 413 155 50.4
Sample B precursor solution 0.30 2.53
Sample B nanoparticles (EDS) 0.86 1.04 23.0 13.6 13.1 50.4
Sample B annealed (EDS) 0.89 0.93 22.1 11.9 12.8 53.2

Table 3.1 - Composition of precursor solutions and CZTS nanoparticles
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Figure 3.1 - XRD spectra of as synthesized nanoparticles and nanopatrticles

annealed to 400 °C for 20 minutes.
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Figure 3.2 - Raman spectra of annealed (upper) and unannealed (lower)
nanoparticles showing main vibrational mode at 333 cm™.
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Figure 3.3 - Low (5,000x) and high (200,000x) magnification SEM images of
the as synthesized nanopatrticles (a,b) and annealed nanoparticles (c,d).
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Figure 3.4 - TEM images illustrating particle size (a), interplanar spacing of
the (112) plane (b), and SAED (c) of unannealed CZTS nanopatrticles.
Magnifications for (a) and (b) were 125,000x and 620,000x. A distribution of
the particle sizes is shown in the inset in (a), while a FFT is shown in (b) of

the indicated particle.
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Figure 3.5 - UV-Vis spectra of the as synthesized CZTS nanopatrticles.
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Figure 3.6 - Thermal gravimetric analysis of CZTS nanopatrticles.
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Figure 3.8 - SEM image of a cross section of CZTS solar cell.
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Abstract
Copper zinc tin sulfide (CZTS) nanoparticles were synthesized via a
continuous flow mesofluidic reactor. Reaction temperature, residence time,
and precursor concentrations were used to control nanoparticle composition.
CZTS was found to form initially by the nucleation of Cu,4S with subsequent
incorporation of the remaining metal species as dictated by the cation
reactivity, where Cu* > Sn™ > Zn*2. CZTS nanoparticle films annealed in a
selenium-containing atmosphere resulted in the formation of copper zinc tin

selenide nanoparticles with much larger particle sizes.
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Introduction

Copper zinc tin sulfide (CZTS) is a good absorber candidate for low
cost thin film solar cells due to its excellent optical properties[1, 2] and
relatively high abundance of its constituent elements. CZTS is isoelectronic
with copper indium gallium diselenide (CIGS), which is currently used in
commercial thin film solar modules[3]. In 2012, the prices of indium and
gallium were roughly 275 times that of zinc and 15 times that of tin[4]. For
high volume solar cell production, CZTS would likely provide significant cost
advantages compared to CIGS due to the relatively lower cost of zinc and tin,
provided comparable solar cell efficiencies [5].

Solution processing of CZTS offers a low cost and high throughput
alternative to vacuum based methods[6]. Several different solution based
approaches to synthesizing CZTS have been studied, where the focus has
been on batch synthetic methods[7-10]. Hydrazine[11, 12], electroplating[13],
sol-gel [14, 15], spray pyrolysis[16], solvothermal[17], and microwave-
assisted[18] methods have also been used to synthesize CZTS for solar cells.
Recently it has been demonstrated that continuous flow processes have
potential for the large scale, solution based synthesis of CZTS
nanomaterials[19]. Further studies on reaction chemistries and conditions are
required to optimize CZTS synthesis.

In this study we investigated the synthesis of CZTS nanoparticles

utilizing a mesofluidic continuous flow reactor using a low-cost solvent
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system. The flow in the reactor was segmented in a controlled manner by
gas generation within the reaction stream to assist in narrowing the
nanoparticle size distribution and minimize clogging. It was found that the
nanoparticle composition could be controlled by optimizing the residence

time, reaction temperature, and concentration of precursors.

Experimental Methods

Triethylene glycol (TEG) was used to dissolve cuprous chloride (0.005
M), zinc chloride (0.00545 M), and stannic chloride pentahydrate (0.00286M)
and in a separate beaker thioacetamide (C,HsNS, 0.0226 M). Room
temperature precursor solutions were pumped through separate preheating
coils using a peristaltic pump as shown in Fig. 4.1. The reactor used
perfluoroalkoxy (PFA) tubing (ID = 1.59 mm). Burst nucleation of the
nanoparticles occurred in a mesofluidic T-mixer (Parker GTC-2) with a
minimum diameter of 2.38 mm. The liquid flow was self-segmented by gas
produced within the reactor by evaporation of the solvent, release of
dissolved gas, and/or decomposition of thioacetamide to hydrogen sulfide.

After nucleation, the solution flowed through PFA tubing submerged in
a heated bath. At the exit of the bath, polyether ether ketone (PEEK) tubing
(ID = 0.76 mm) was attached and placed in ice. This section of tubing

guenched the reaction and increased the operating pressure within the
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system. The increase in operating pressure prevented excessive vapor
formation, which could lead to erratic flow rates.

The nanoparticle reaction products were washed several times in
deionized water and ethanol prior to analysis. Annealing studies were
performed at 500 °C for 20 minutes in a tube furnace under flowing nitrogen
(300 mL/min at 15 kPa system pressure), with or without sulfur or selenium
powders. These conditions are referenced as N2, N»>+S, and N»+Se,
respectively.

Nanoparticle film morphology and composition was determined using a
FEI Quanta 3D (30 kV beam energy) by scanning electron microscopy and
energy dispersive X-ray spectroscopy (EDS), respectively. Raman spectra
were obtained with a Horiba-Jobin Yvon HR800 Raman spectrometer with
532 nm radiation. X-ray diffraction (XRD) analysis was performed with a
Bruker D8 Discover diffractometer with Cu Ka radiation. The composition of
the precursor solution and post-reaction supernatant were analyzed by
inductively coupled plasma atomic emission spectroscopy (ICP-AES) using a
Varian Liberty 150 spectrometer. High resolution imaging of the as
synthesized particles was performed using a FEI Titan FEG transmission

electron microscope (TEM).

Results and Discussion
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The controlled generation and segmentation of gas was an enabling
feature of the reactor design. Segmentation helps narrow the particle size
distribution by ensuring a more uniform residence time for the nanopatrticles
when compared to a single phase laminar flow. In laminar flow, fluid velocity
decreases towards the tube wall due to drag, resulting in a longer residence
time for those nanoparticles closest to the wall. As a result the nanopatrticles
near the wall of the tube will grow larger than those in the middle of the tube.
In contrast, for segmented flows the nanopatrticles recirculate between two
high pressure gas-liquid interfaces which results in a uniform residence time
for all the nanoparticles, as depicted in Fig. 4.2.

Two equations were used to qualitatively understand which variables
could be adjusted to increase the pressure drop. The Hagen-Poiseuille

equation for laminar flow

AP =128 (“QL/nD4) (1)

reveals the dependence of the pressure drop AP on the fluid viscosity L,
volumetric flow rate Q, tube length L, and tube inner diameter D in the liquid
phase. Bretherton[20] gave the pressure drop over a single bubble moving in

a low Reynolds number liquid as
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where U is the bubble speed and o the interfacial tension. The utility of
decreasing the inner diameter at the quenching section is seen by the strong
dependence of the pressure drop on this variable. Triethylene glycol has a
non-linear viscosity-temperature relationship[21], where the fluid viscosity
increases markedly after cooling below about 60 °C, and this is also seen to
have a pronounced effect on system pressure. Therefore, submerging the
PEEK tubing in an ice bath served the dual purpose of quenching the reaction
and elevating system pressure.

Residence time had a pronounced effect on the composition and size
of the CZTS nanoparticles. Initial studies were performed with stoichiometric
precursor solutions reacted at 215 °C for residence times 1< 1,7=28,and 1
=49 minutes. EDS results are given in Table 4.1. As residence time
increased, the relative copper content decreased while sulfur content
increased. Significant zinc content was only observed for 1 > 28 min. The
XRD spectra in Fig. 4.1(a) show four main diffraction peaks at 26 = 28.4°,
32.9°, 47.3°, and 56.0°, which correspond to the (112), (200)/(004),
(220)/(204), and (312)/(116) planes of kesterite CZTS. These planes were
indexed using JCPDS 26-0575 and by simulating the CZTS structure with

JEMS software[22] and are shown as the reference pattern at the top of Fig.
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4.1(a). Performing a Scherrer analysis on the (112) peak for CZTS
nanoparticles reacted for 1 < 1, 1 = 28, and 1 = 49 min gave particle sizes of
7.6 nm, 8.6 nm, and 13.8 nm, respectively. The Raman spectra in Fig. 4.3(b)
have two main peaks at ~289 and 332 cm™. These peaks have previously
been assigned to the A; vibrational modes in the CZTS lattice[23]. A large
increase in the relative intensity of the peak positioned at 332 cm™ was found
for 1 = 49 min, which may be related to the incorporation of zinc, the larger
size of the nanoparticles, and/or greater crystalline order of the nanopatrticles.
In a prior study, a comparison of Raman spectra from CZTS and tetragonal
Cu,SnS; thin films reveal an analogous intensity increase for the 332 cm™
peak in the case of CZTS[24]. In addition, the tetragonal Cu,SnS3; Raman
spectrum is nearly identical in shape and relative peak intensity compared to
the Raman spectra obtained for T < 1min and 1 = 28 min reactions in this
study, suggesting the formation of Cu,SnS3 at shorter residence times. The
position of the Raman peak at 331-332 cm™ has been reported for both CZTS
thin films[25] and nanoparticles[26], but was red shifted compared to typical
values of ~336-339 cm™[23, 24]. The small nanoparticle size combined with
cation disorder may contribute to the broad red shifted 332 cm™ peak
observed in this study[27, 28].

The relative metal cation reaction rates were estimated by comparing
the composition of the metal precursor solution and the post-reaction

supernatant using ICP-AES. For precursor solutions with stoichiometric metal
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cation concentrations only 0.23% of the initial copper, 9% of the initial tin, and
20% of the initial zinc remained in the post-reaction supernatant for the T < 1
min reaction. Relative reaction rates for the metal cations were estimated to
be Cu*>Sn**>zn?". This is in agreement with a prior continuous flow CZTS
study where increasing residence time resulted in a decrease in the copper
content and an increase in the zinc content for CZTS nanoparticles[19].

To obtain the desired CZTS nanoparticle stoichiometry we have
optimized the reaction temperature, residence time, and initial concentration
of precursors. Optimal reaction conditions were obtained at 230 °C with 1 =75
min and metal precursor solution composition ratios of Cu/(Zn+Sn) = 0.60 and
Zn/Sn = 1.9. The sulfur precursor was in excess by 1.65x, which is based on
the following relationship [S] = 1.65x([Cu]/2 + [Zn] + [Sn]x2). For this reaction
no copper remained in the post-reaction supernatant, compared to 4% of the
tin and 24% of the zinc, which resulted in CZTS nanopatrticles with the
following composition Cu; 9Zn; 0Sn; 2S39. Both single and multicrystalline
CZTS nanoparticles were synthesized using the optimized reaction conditions
as shown by the high-resolution TEM results in Fig. 4.4(a) and (b). Fast
Fourier transforms (FFT) of the TEM images are shown in Fig. 4.4(c) and (d),
and both types of nanopatrticles can be indexed to the CZTS kesterite
structure, where the diffraction spots correspond to the (220)/(204) and
(332)/(316) planes as viewed along the [112] zone axis. The bright field TEM

image in Fig. 4.4(e) shows individual CZTS nanopatrticles, which have an
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average size of 5.4 nm with a standard deviation of 2.0 nm, as determined by
measuring 50 nanoparticles. In Fig. 4.5 the lowermost XRD spectrum is for
the as synthesized CZTS nanoparticles and has four broad diffraction peaks
similar to the XRD patterns shown in Fig. 4.3(a). The nanoparticle crystallite
size was estimated to be 13.6 nm using the Scherrer analysis of the (112)
diffraction peak. Agglomeration may prevent the observation of a
representative distribution of nanoparticles, which may explain the
discrepancy between particle sizing using TEM and XRD analysis[29]. The
Raman spectrum is shown in Fig. 4.5(b) for the as synthesized CZTS
nanoparticles where the A; vibrational modes of CZTS at 333 cm™ and 288
cm™ were observed, in close agreement with Raman data from other CZTS
nanoparticle work[19]. For these reaction conditions there was no Cu,4S
formed as indicated by the absence of a Raman peak at 475 cm™.

The optimized CZTS nanopatrticles were annealed at 500 °C for 20 min
in nitrogen (N>), sulfur (N>+S), and selenium (N,+Se). As shown in Fig. 4.5(a)
the XRD peaks become narrower and more intense after each annealing
treatment. CZTS crystallite sizes were calculated using the Scherrer method
after annealing in N2, N>+S and N»+Se ambient and were determined to be
25.3, 27.6, and 43.4 nm, respectively. After the N2+Se anneal the main
peaks at 20 = 28.4°, 47.3°, and 56.0° all shift to smaller angles due to lattice
expansion, as can be seen more clearly by the inset in Fig. 4.5. This N,+Se

annealing process leads to the formation of CZTSe from the CZTS starting
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material based on the magnitude of the peak shifts, and the absence of the
peak at 20 = 32.9°, which were consistent with the CZTSe reference pattern
(JCPDS 52-0868) shown in the upper portion of the figure. The Raman
spectra shown in Fig. 4.5(b) confirms that sulfur was replaced by selenium in
the nanopatrticles after the N,+Se anneal. For the as synthesized
nanoparticles, and those annealed in N2, and N,+S, the main CZTS A;
vibrational modes were observed. After the N,+Se anneal these peaks were
red-shifted, and the Raman spectrum is in good agreement with prior CZTSe
studies[30, 31], with peaks located at 173 cm™, 193 cm™, and 232 cm™. This
is consistent with the change in relative mass between S and Se, and that the
A; vibrational modes in CZTS result from the motion of sulfur ions, and in

CZTSe result from the motion of selenium ions.

Conclusion

Continuous flow methods show promise for the synthesis of CZTS. In
this study CZTS nanoparticles were synthesized in a mesofluidic continuous
flow reactor at modest temperatures using low cost solvents. Segmented
flow was achieved within the reactor by the controlled generation of gas,
which improved mixing of the nanoparticles and reduced particle size
distributions. The CZTS nanoparticles were formed by a multistep reaction
where Cu,.S initially formed, followed by the incorporation of Sn, and then

finally Zn. The CZTS stoichiometry was controlled by adjusting the initial
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precursor concentration, the reaction time, and the reaction temperature.

This approach allowed us to use metal precursors with equivalent counterions
and avoid complex organic additives. Finally, the CZTS nanoparticles were
converted to CZTSe after a N,+Se anneal as indicated by EDS, XRD, and

Raman data.

Acknowledgements

The authors would like to thank Hsiao-Wen Huang for assistance with
the ICP-AES measurements. The authors gratefully acknowledge support
from Sharp Laboratories of America and the National Science Foundation
through CCI phase Il grant number CHE-1102637 for the Center for

Sustainable Materials Chemistry.

References:

[1] J.-S. Seol, S. -Y. Lee,J. -C. Lee, H. -D. Nam, and K. -H. Kim,
“Electrical and optical properties of Cu,ZnSnS, thin films prepared by rf
magnetron sputtering process,” Sol. Energy Mater Sol Cells, vol. 75,
pp. 155-162, 2003.

[2] H. Katagiri, “Cu2ZnSnS, thin film solar cells,” Thin Solid Films, vol. 480,
pp. 426-432, 2005.

[3] S. Niki, M. Contreras, I. Repins, M. Powalla, K. Kushiya, S. Ishizuka,
and K. Matsubara, “CIGS absorbers and processes,” Prog.
Photovoltaics Res. Appl., vol. 18, pp. 453-466, 2010.

[4] U.S. Geological Survey, Mineral commodity summaries 2013, pp. 1-
201.



[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

89

l. Repins, N. Vora, C. Beall, S. H. Wei, Y. Yan, M. Romero, G. Teeter,
H. Du, B. To, M. Young, and R. Noufi, “Kesterites and Chalcopyrites: A
Comparison of Close Cousins,” Mater. Res. Soc. Symp. P., vol. 1324,
pp. mrss11-1324, 2011.

T. Todorov and D.B. Mitzi, “Direct Liquid Coating of Chalcopyrite Light-
Absorbing Layers for Photovoltaic Devices,” Eur. J. Inorg. Chem., vol.
1, pp. 17-28, 2010.

A. Shavel, J. Arbiol, and A. Cabot, “Synthesis of Quaternary
Chalcogenide Nanocrystals: Stannite CuxZnSnySeix+oy,” J. Am.
Chem. Soc., vol. 132, pp. 4514-4515, 2010.

S. C. Riha, B. A. Parkinson, and A. L. Prieto, “Compositionally
Tunable Cu,ZnSn(S1xSex)4 Nanocrystals: Probing the Effect of Se-
Inclusion in Mixed Chalcogenide Thin Films,” J. Am. Chem. Soc., vol.
133, pp. 15272-15275, 2011.

Q. J. Guo, H. W. Hillhouse, and R. Agrawal, “Synthesis of Cu,ZnSnS,
Nanocrystal Ink and Its Use for Solar Cells,” J. Am. Chem. Soc.,
vol.131, pp. 11672-11673, 2009.

C. Jiang, J. S. Lee, and D. V. Talapin, “Soluble Precursors for CulnSe,,
CulnixGaxSe,, and Cu,ZnSn(S,Se), Based on Colloidal Nanocrystals
and Molecular Metal Chalcogenide Surface Ligands,” J. Am. Chem.
Soc., vol. 134, pp. 5010-5013, 2012.

S. Bag, O. Gunawan, T. Gokmen, Y. Zhu, T. K. Todorov, and D. B.
Mitzi, “Low band gap liquid-processed CZTSe solar cell with 10.1%
efficiency,” Energy & Environ. Sci., 5 (2012) 7060-7065.

T. K. Todorov, J. Tang, S. Bag, O. Gunawan, T. Gokmen, Y. Zhu, and
D. B. Mitzi, “Beyond 11% Efficiency: Characteristics of State-of-the-Art
CuxZnSn(S,Se)4 Solar Cells,” Adv Energy Mater., vol. 3, pp. 34-38,
2013.

S. Ahmed, K. B. Reuter, O. Gunawan, L. Guo, L. T. Romankiw, and H.
Deligianni, “A High Efficiency Electrodeposited Cu,ZnSnS, Solar Cell,”
Adv. Energy Mater., vol. 2, pp. 253-259, 2012.

A. Fischereder, T. Rath, W. Haas, H. Amenitsch, J. Albering, D.
Meischler, S. Larissegger, M. Edler, R. Saf, F. Hofer, and G. Trimmel,



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

90

“Investigation of Cu,ZnSnS, Formation from Metal Salts and
Thioacetamide,” Chem. Mater., vol. 22, pp. 3399-3406, 2010.

W. Ki and H. W. Hillhouse, “Earth-Abundant Element Photovoltaics
Directly from Soluble Precursors with High Yield Using a Non-Toxic
Solvent,” Adv. Energy Mater., vol. 1, pp. 732-735, 2011.

Y. B. K. Kumar, G. S. Babu, P. U. Bhaskar, and V. S. Raja,
“Preparation and characterization of spray-deposited Cu,ZnSnS, thin
films,” Sol. Energy Mater. Sol. C, vol. 93, pp. 1230-1237, 2009.

Y. -L. Zhou, W. -H. Zhou, M. Li, Y. -F. Du, and S. -X. Wu, “Hierarchical
CupZnSnS, Particles for a Low-Cost Solar Cell: Morphology Control
and Growth Mechanism J. Phys. Chem. C, vol. 115, pp. 19632-19639,
2011.

B. T. Flynn, W. Wang, C. -h. Chang, and G. S. Herman, “Microwave
Assisted Synthesis of Cu,ZnSnS, Colloidal Nanoparticle Inks,” Phys.
Status Solidi A, vol. 209, pp. 2186-2194, 2012.

A. Shavel, D. Cadavid, M. Ibafez, A. Carrete, and A. Cabot,
“Continuous Production of Cu,ZnSnS4 Nanocrystals in a Flow
Reactor,” J. Am. Chem. Soc., vol. 134, pp. 1438-1441, 2012.

F. P. Bretherton, “The motion of long bubbles in tubes,” J. Fluid Mech.,
vol. 10, pp. 166-188, 1961.

E. Obermeier, S. Fischer, and D. Bohne, “Thermal Conductivity,
Density, Viscosity, and Prandtl-Numbers of Di- and Triethylene Glycol-
Water Mixtures,” Ber. Bunsenges. Phys. Chem., vol. 89, pp. 805-809,
1985.

S. Hall, J. Szymanski, and J. Stewart, “Kesterite, Cu»(Zn,Fe)SnS, and
Stannite, Cuy(Fe,Zn)SnS,, Structurally Similar but Distinct Minerals,”
Can. Mineral., vol. 16, pp. 131-137, 1978.

M. Himmrich and H. Haeuseler, “Far infrared studies on stannite and
wurtzstannite type compounds,” Spectrochim. Acta A, vol. 47, pp. 933-
942 1991.

P. A. Fernandes, P. M. P. Salomé, and A. F. da Cunha, “Study of
polycrystalline Cu,ZnSnS, films by Raman scattering,” J. Alloy Compd,
vol. 509, pp. 7600-7606, 2011.



[25]

[26]

[27]

[28]

[29]

[30]

[31]

91

P. M. P. Salome, J. Malaquias, P. A. Fernandes, M. S. Ferreira, A. F.
da Cunha, J. P. Leitao, J. C. Gonzalez, and F. M. Matinaga, “Growth
and characterization of Cu,ZnSn(S,Se), thin films for solar cells,” Sol.
Energy Mater. Sol. C., vol. 101, pp. 147-153, 2012.

C. Zou, L. Zhang, D. Lin, Y. Yang, Q. Li, X. Xu, and S. Huang, “Facile
synthesis of Cu,ZnSnS, nanocrystals,” CrystEngComm, vol. 13, pp.
3310-3313, 2011.

G. Gouadec and P. Colomban, “Raman Spectroscopy of
nanomaterials: How spectra relate to disorder, particle size and
mechanical properties,” Prog. Cryst. Growth Ch., vol. 53, pp. 1-56,
2007.

I. H. Campbell and P. M. Fauchet, “The Effects of Microcrystal Size
and Shape on the One Phonon Raman-spectra of Crystalline
Semiconductors,” Solid State Commun., vol. 58, pp. 739-741, 1986.

A. Weibel, R. Bouchet, F. Boulc'h, and P. Knauth, “The Big Problem of
Small Particles: A Comparison of Methods for Determination of Particle
Size in Nanocrystalline Anatase Powders,” Chem. Mater., vol. 17, pp.
2378-2385, 2005.

M. Altosaar, J. Raudoja, K. Timmo, M. Danilson, M. Grossberg, J.
Krustok, E. Mellikov, “CuzZn;.xCd,Sn(Se1.ySy)4 solid solutions as
absorber materials for solar cells,” Phys. Status Solidi A, vol. 205, pp.
167-170, 2008.

M. Gancheyv, J. lljina, L. Kaupmees, T. Raadik, O. Volobujeva, A.
Mere, M. Altosaar, J. Raudoja, E. Mellikov, “Phase compaosition of
selenized Cu,ZnSnSe, thin films determined by X-ray diffraction and
Raman spectroscopy,” Thin Solid Films, vol 519, pp. 7394-7398, 2011.



92

Figures
Residence time, min Crystallite size, nm
Composition, atomic %
Cu Zn Sn S
<1 44,15 136 1537 39.13 7.6
28 33.19 088 1452 5144 8.6
49 33.77 6.27 1212 47.85 13.8

Table 4.1 - Effect of residence time on composition and crystallite size.
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Figure 4.4 - TEM analysis shows that the CZTS nanoparticles were both (a,c)
multicrystalline and (b,d) single crystalline with an (e) average size of 5.4 nm.
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Abstract

The dehydration of hafnium oxide hydroxide sulfate thin films was
studied using temperature programmed desorption (TPD) and X-ray
photoelectron spectroscopy. Films were found to desorb water up to 750 K
with a maximum desorption rate at ~480 K. Carbon dioxide desorption was
also observed in TPD measurements, which was related to contamination
of precursor solutions and/or films by CO, from the atmosphere. The O 1s
spectra obtained for in-situ annealed samples were fit with three components
corresponding to Hf-O, hydroxyl groups, and sulfate groups. Water TPD
measurements from the dehydrated surface indicate the presence of two
desorption states corresponding to molecularly and dissociatively adsorbed

water.
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Introduction

Hafnium oxide hydroxide sulfate, (HfO)1.x.z2(OH)(SO4)x (HafSOXx), has
recently been shown to be a high-performance dielectric in thin-film
transistors[1-3] and to function as a high-sensitivity, high-resolution inorganic
resist[4,5] under both electron and photon irradiation. HafSOx films can be
deposited using aqueous based chemistries without the use of bulky organic
ligands. This approach allows rapid, facile condensation with minimal volume
change, leading to the formation of films exhibiting densities exceeding those
realized via conventional metal-organic sol-gel methods[1,2]. Instead of
organic additives, HafSOx precursor solutions are stabilized by inorganic
species, e.g. halide and sulfato ligands, which limit crystallization and inhibit
condensation. Dehydration, condensation, and densification of the films are
initiated at quite modest temperatures of ~353 K[1]. Homogeneous,
nonporous, and atomically smooth Hf-containing films (< 10 nm thick) have
been formed by spin-coating the precursors and annealing across the
temperature range of 353 — 1273 K[1].

HafSOx also belongs to a group of sulfated early transition metal acidic
oxides that are well known for their high catalytic activity[6-11]. Sulfated
zirconia, an isoelectronic analog of HafSOXx, exhibits exceptional activity in the
isomerization of n-alkanes[6,12]. The roles of surface acidity, metal oxide
composition, and method of preparation in controlling the acid-catalyzed

reaction mechanisms of the isomerization processes are still under
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investigation[13,14]. It has been proposed that the application of surface-
science techniques to investigate the adsorption-desorption properties from
model thin-film systems will provide additional insights on catalytic
mechanisms and material properties for these complex systems[15,16].

The diverse applications and promising potential of HafSOx thin films
warrant further investigation into both the dehydration processes of the films
and the corresponding surface chemistry. In this study we have
characterized HafSOx thin films with temperature programmed desorption
(TPD) and in-situ X-ray photoelectron spectroscopy (XPS). The TPD
measurements were performed to monitor dehydration and to probe the
desorption properties of D20 from dehydrated HafSOXx films, while XPS was
used to monitor changes in the surface chemistry associated with dehydration

and chemical desorption.

Experimental Methods

An agueous HafSOx solution was prepared by forming two dilute
precursor solutions that were mixed just prior to spin-coating, as described
previously[1]. In brief, the first precursor solution was formed by dissolving
HfOCI, in deionized water while the second precursor solution was formed by
diluting H,SO,4 with deionized water. These two solutions were combined so
that the aqueous HafSOx solution had a metal-cation concentration of ~0.15

M with ~70% sulfate relative to the metal concentration. This solution was
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spin-coated on an oxidized silicon coupon at 2000 rpm for 45 s, followed by
heating on a hotplate at 353 K for three min. Only one spin-coating cycle was
used, yielding a film thickness of ~25 nm as determined by spectroscopic
ellipsometry.

TPD and XPS were performed in an ultrahigh vacuum (UHV) system
described in detail elsewhere[17]. The samples were mounted to a
molybdenum backing plate, which was directly connected to a liquid nitrogen
reservoir using high purity tantalum leads. For the TPD experiments, the
tantalum leads and backing plate were resistively heated leading to an
increase in sample temperature, which was monitored using a type-C
thermocouple that was attached to the front surface of the sample using a
ceramic adhesive. A linear heating rate of ~10 K/s was used to heat the
sample to ~750 K and up to ten mass charge ratios (m/e) were monitored
using a quadrupole mass spectrometer. After heating to 750 K, the
dehydrated samples were then cooled with liquid nitrogen and exposed to
D0 for a given length of time with an uncalibrated directional doser. Typical
exposures used in this study resulted in multilayer desorption of D20 at ~160
K, suggesting saturation of the surface with water[17]. For the XPS studies,
nonmonochromatized Al Ka radiation was used and all spectra were obtained
with a 45° electron emission angle. An analyzer pass energy of 25 eV was
used for the high-resolution XPS data. For in-situ annealing the HafSOXx films

were heated in UHV by resistive heating and then cooled to room



103

temperature (RT) prior to XPS acquisition. Since the HafSOx films are
insulating, charge compensation was accomplished by referencing all the
spectra to the Hf 4f;, peak at 17.1 eV[18]. It should be noted that a wide
range of Hf 4f;;, binding energies have been reported for HfO, likely due to
complications related to sample charging, and we will discuss these
challenges in more detail below[19-22]. XPSPEAK4.1[23] software was used
for peak fitting, and the procedure used for this analysis was kept consistent
for all of the sample conditions. In brief, a Shirley background was used and
the relative area, full width at half maximum (FWHM), %Lorentzian —
Gaussian (%L-G) ratios, and peak positions were allowed to vary. The
number of peaks for fitting was manually varied and the fewest number of

peaks that gave a reasonable fit were used for the analysis.

Results and Discussion

TPD data for HafSOx films that were heated to 353 K prior to
introduction into the UHV system are illustrated in Fig. 5.1. As expected,
there is a significant water desorption signal during the sample temperature
ramp during the TPD scan. The water desorption feature (m/e = 18) exhibits
a rapid onset at 370 K, reaches a maximum desorption rate at ~480 K, and
then returns to the initial water partial pressure at ~680 K. A broad desorption
feature is not entirely unexpected, since there is likely to be a broad range of

energies associated with aqua and hydroxo ligand binding, and the broad
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range of depths from which the water needs to diffuse through the film to the
surface prior to desorption[24]. TGA analysis of HafSOx powders has
indicated that there is significant weight loss in three domains corresponding
to desorption of loosely bound water (< 473 K), desorption of water through
the reaction of hydroxyl species (473 to 973 K), and the decomposition of
sulfate (>973 K)[1]. This TGA analysis corresponds well with the broad
desorption peak observed in the TPD. The only other main desorption
species observed for temperatures below 750 K was for CO, (m/e = 44), cf.
Fig. 5.1. The assignment of the m/e = 44 desorption features to CO, versus
N,O was confirmed by comparison with the C (m/e= 12) and N (m/e= 14)
data, where the C (m/e = 12) data matched the CO, desorption features while
N (m/e = 14) data did not. As noted above, no carbon-containing species
were intentionally introduced into the precursors during preparation. We
suspect that the precursor solutions or the thin films prior to the TPD
experiments are adsorbing CO»(g) from the ambient atmosphere. For
example, it has been shown that CO, from the atmosphere readily reacts with
hafnium oxide films resulting in the formation of carbonate species[25]. The
CO, TPD spectra have two main desorption features, a low temperature
feature at 430 K and a high temperature feature at 600 K. These two different
desorption states are likely related to weakly bound carbonic acid species and
a more strongly bound metal-carbonate species, respectively. This

assignment is based on the observation that the low temperature CO,
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desorption begins at the same temperature as the water desorption, while the
high temperature CO, desorption occurs in the same temperature regime as
nanostructured oxide surfaces[26] and solution deposited oxide films[27].
Finally, no evidence for the desorption of sulfate or chlorine was observed
from the films for TPD measurements up to 750 K.

High-resolution XPS Hf 4f, S 2p, and O 1s data from the HafSOx films
for several different in-situ annealing temperatures are summarized in Fig. 5.2
(a-c). In these measurements, the HafSOx films were annealed in UHV at
temperatures between 298 and 1000 K. For clarity, only a limited set of data
is shown in Fig. 5.2 (a-c). In all cases, survey scans from the HafSOx films
indicated that carbon was the main impurity. The solid lines in Fig. 5.2
correspond to the experimental data, while the dashed lines correspond to
peak fitting of the different core level spectra. The spectra have been offset in
intensity for clarity. The sharpest and most intense Hf 4f and O 1s core levels
from the HafSOx films were obtained for films annealed to 1000 K (as shown
in the upper portion of the figures). These high-temperature data were used to
define the initial fitting parameters for the core levels. After the 1000 K
anneal, sulfur was no longer present on the surface and therefore the 750 K
annealed data were used to define the initial fitting parameters for the S 2p
spectra.

The Hf 4f spectra were fit with a spin-orbit-split doublet (1.65 eV)[19].

To obtain a good fit for the Hf 4f spectra, it was necessary to increase the
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FWHM from 1.47 eV for the 1000 K spectra to 1.65 eV for the RT spectra,
and to 1.85 eV for the intermediate temperature spectra. The need for the
increased FWHM can be seen in Fig. 5.2(a), where the splitting between the
spin-orbit-split doublets was less well defined for intermediate temperatures.
Using a second spin-orbit-split doublet shifted from the first to account for
potentially different oxidation states of hafnium did not provide an adequate fit
to the Hf 4f spectra given the relative large shifts to lower binding energies for
the sub-oxide (2.75 eV) and metallic (3.94 eV) components[19]. An early
study on the oxidation of hafnium metal indicated that there was a 0.2 eV shift
to higher binding energy for the Hf 4f spectra when samples were oxidized at
elevated temperatures compared to RT[20], while a later study found that
hafnium oxide films deposited with different HfOx stoichiometries gave a 0.6
eV shift to lower binding energy for the Hf 4f spectra when samples had
stochiometric (x = 2.09) versus hyperstoichiometric (x = 2.24)
compositions[22]. Although it was possible to fit the Hf 4f spectra with two
doublets shifted by 0.6-0.9 eV from one another, this procedure did not result
in a unigue fit of the experimental data. Based on our fitting of the O 1s data,
to be discussed below, it may actually be necessary to fit the Hf 4f spectra
with three doublets due to the different electronegativities of the species
bound to hafnium. Unique fits to the experimental data will be even more
difficult in this case. We have therefore accounted for inhomogeneity of the Hf

species by increasing the FWHM of the Hf 4f doublet, as the film was
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dehydrated. The S 2p spectra were fit with a spin-orbit-split doublet (1.2
eV)[28,29] and a constant FWHM (1.85 eV) for all annealing conditions. The
main change in the S 2p spectra was a shift to slightly higher binding energy
from 168.4 eV at RT to 168.9 eV at 750 K. In all cases, these values are
consistent with sulfate species and not a conversion to sulfite or other sulfur
oxidation state upon annealing[8,16,30,31].

The O 1s spectra are the most complex from these samples and
several different methods were examined to fit the data. Initially, we focused
on fitting the O 1s spectra for the 1000 K data since it was dominated by a
single peak with no contribution from the sulfate groups, which desorb from
the film below this temperature. We found that there was a main component
located at 530.5 eV, which we assign to oxygen bound to hafnium (Hf-O), and
a higher binding energy shoulder located at 531.9 eV, which we assign to
oxygen from surface hydroxyl groups. These assignments are consistent with
O 1s spectra obtained from HfO,, films deposited by atomic layer
deposition[32], electron beam evaporation[33], and sol-gel chemistries[24].
Studies on other metal oxides have also suggested that this higher energy
peak can be assigned to defective oxide sites in the crystalline lattice. In this
study we are not able to distinguish between hydroxyl groups or defective
oxide sites for the higher energy shoulder. However, the relatively high
increase in water partial pressures during the annealing process, due to the

aqueous-based chemistries used for this study, makes our assignment to a
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hydroxyl species adsorbed to the surface reasonable. As seen in Fig. 2(c),
the O 1s spectra for samples annealed at 500 and 700 K appear to consist of
both a low and a high binding-energy component. For these spectra,
however, we have tried fitting the data by allowing a large degree of freedom
in the relative binding energies, intensities, and FWHM for both components,
but we were not able to obtain consistent fits to the entire series of data at
different annealing temperatures. We found that it was necessary to include
a third O 1s component and to increase the FWHM to 1.79 eV, compared to
1.69 eV that was determined for the 1000 K spectra, to obtain reasonable fits.
To minimize the number of fitting parameters, we kept the FWHM and the
binding-energy difference between the low and medium energy peaks fixed.
This approach allowed us to consistently fit ten O 1s spectra for HafSOx
samples annealed to temperatures between RT to 750 K. Based on our
analysis, we assign the low binding energy O 1s peak to Hf-O, the middle
binding energy O 1s peak shifted by 1.5 eV to hydroxyl groups, and the high
binding energy O1ls peak shifted by 2.3 — 2.8 eV to sulfate groups. The peak
separation between the Hf-O and Hf-OH peaks is consistent with binding
energy differences in the 1 to 1.5 eV range for hydroxyl groups and oxygen
bound to metal cations which have been observed previously for a variety of
metal oxides[17,35,36]. The binding-energy difference between the sulfate
and Hf-O peak decreased from 2.8 eV at RT to 2.3 eV at 750 K. There has

been a fairly wide range of values reported in the literature for the sulfate O
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1s binding energy, and with the binding-energy difference between the sulfate
and metal-O peak[8,15,37]. Compared to prior studies we find good
agreement for the relative binding energies for our metal-O, hydroxyl, and
sulfate components when more than two components are fit to the O 1s
spectra for sulfated metal oxides[37,38]. Other studies have reported a single
high energy shoulder that is shifted ~1.5 to 1.8 eV higher binding energy than
the metal-O peak, and assign this component to sulfate and hydroxyl
groups[8,15]. The O 1s spectra have also been fit to three components where
the sulfate component and the water component are shifted to 1.6 and 2.8 eV
higher energy, respectively, compared to the metal-O peak[31]. We did not
assign an O 1s component to molecular water since the binding energy
difference between water and the metal-O peak is typically on the order of
3.2-3.5 eV, which is much larger than the values obtained from our
analysis[17,35,38]. We find that our O 1s peak assignments are consistent
with the TPD measurements, where the O 1s peak assigned to hydroxyls
decreased as the sample was heated due to recombination of hydroxyls that
desorb as water, while both the Hf-O and sulfate components increased in
intensity during over the same temperature regime. The change in relative
intensity of the three distinct components in the O 1s spectra versus
temperature may also be correlated with the broadening observed in the Hf 4f
spectra. For these studies the low- and high-temperature O 1s spectra are

dominated by a single component, and it is these temperatures that we
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observe the sharpest Hf 4f spectra. For intermediate temperatures, the O 1s
spectra have three components, and it is at these temperatures that we
observe broadening of the Hf 4f spectra. This broadening could be due to the
different electronegativities of the species bound to hafnium in the
intermediate temperature range. Finally, a further complication in the analysis
of the O 1s spectra is that the Hf 4s has a binding energy that is very close to
the O 1s (Hf-O) binding energy[39,40]. In our analysis we did not include the
Hf 4s component when fitting the O 1s spectra since it has been estimated
that the Hf 4s signal will only contribute ~8% of the total combined Hf 4s and
O 1s signals for HfO,[41].

The relative intensity ratios for the three fitted O 1s peak components
versus annealing temperature are shown in Fig. 5.3. We find major changes
in the trends of the fitted O 1s data versus temperature, where both the
relative Hf-O and sulfate signals increased with increasing annealing
temperature, while the relative hydroxyl signal decreased with increasing
annealing temperature. Based on the TPD results shown in Fig. 5.1, we
would expect that the hydroxyl signal would be reduced for this annealing
temperature range due to their recombination and desorption as water. A
similar reduction in the hydroxyl signal relative to the Hf-O signal was
observed during annealing of HfO, films formed by sol-gel based
chemistries[24]. We also find minor changes in the trends of the fitted O 1s

data versus annealing temperature, where the rate of increase for the Hf-O
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and the sulfate signals are slightly different. For example, the Hf-O relative
intensity is initially larger than the sulfate relative intensity; however, after
annealing, the sulfate relative intensity is higher than the Hf-O signal. If this
high binding-energy feature were primarily associated with water, then it
would be expected that the relative intensity would decrease as opposed to
increase in this temperature range. It is also unlikely that surface segregation
of sulfate causes this relative increase in the sulfate component of the O 1s
spectra since we find that the S 2p/Hf 4f intensity ratio is unchanged over the
same temperature range. Based on these observations, we, therefore,
conclude that the high binding-energy feature in the O 1s spectra is primarily
associated with sulfate groups, and the minor changes in relative intensities
shown in Fig. 5.3 may be related to the challenges in uniquely fitting the
broad O 1s spectra.

The surface acid properties of sulfated metal oxides are known to drive
a wide range of catalytic reactions[6-12]. In this study, we have characterized
the surface chemistry of dehydrated HafSOx surface by performing D,O TPD
experiments. Fig. 5.4(a) shows a schematic of a HafSOx surface where the
Brgnsted acid sites are transformed to Lewis acid sites upon desorption of
water. Three different Brgnsted acid sites are shown, representing water
bound to metal-cation sites at the surface, protons bound to the sulfate
groups, and terminal hydroxyls bound to metal cations. The direct desorption

of water from Brgnsted acid sites () or the desorption of water through the
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recombination of a proton at Brgnsted acid sites (1) and terminal hydroxyl at
Bregnsted acid sites (lll) both lead to the formation of Lewis acid sites on the
HafSOx surface. It has been proposed that the presence of both Brgnsted
acid and Lewis acid sites are a necessary condition for the acid-catalyzed
isomerization of butane[42]. To investigate these different adsorption sites,
we exposed the dehydrated HafSOx surface to D,O for several different time
intervals with the sample held below ~200 K. TPD spectra for two different
D,0O (m/e= 20) exposures from the dehydrated HafSOx surface are shown in
Fig. 5.4(b). Two main desorption peaks are observed — a well-defined sharp
peak at 285 K and a second much broader peak at 500 K. The desorption
temperature for the low-temperature feature is consistent with previous
studies of molecular water adsorbed to metal-cation sites on oxide
surfaces[43-45]. The water desorption features at temperatures above RT
can often be related to dissociated water on zirconia surfaces[46,47] or
defective sites at oxide surfaces[43,44], while the broad desorption features
may also be related to the inhomogeneous nature of the surface where a
broad distribution of adsorption states likely exist[43,44,48]. The two
desorption peaks in TPD spectra, therefore, suggest both molecular and
dissociative adsorption of water on the dehydrated surface at low
temperature. These results indicate that direct control over both Brgnsted
acid and Lewis acid sites are possible through optimization of both water

exposures to the dehydrated films and post-exposure annealing
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temperatures. Controlling the relative ratio of these acid sites may allow
opportunities to better understand their role for acid catalyzed reactions on

sulfated metal oxide surfaces.

Conclusion

By using TPD and XPS methods, we have found that solution
deposited HafSOx films undergo complex dehydration chemistries. TPD
measurements reveal a broad water desorption peak indicative of a variety of
adsorption states. The films were also found to be contaminated with
carbonate, where desorption of CO»(g) occurs at two different temperatures
which can be related to differences in chemical coordination in the HafSOx
films. XPS analysis indicates that there are three features associated with the
O 1s spectra, which were correlated with Hf-O, hydroxyl groups, and sulfate
groups present in the HafSOX films. Finally, results of DO TPD experiments
from dehydrated films are consistent with both molecular and dissociative
adsorption of water at low temperatures. The underlying mechanism can be
related to the transition from Brgnsted acid sites (when water is adsorbed) to

Lewis acid sites (when water desorbs).
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Figure 5.1 — Temperature programmed desorption spectra from spin-coated

HafSOx films after a 353 K anneal.
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Figure 5.2 - High-resolution XPS from HafSOx films annealed to the indicated
temperatures. (a) Hf 4f; (b) S 2p; and (c) O 1s. The raw data are shown as
solid lines while the fits to the data are shown as dashed lines.
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Abstract

The inorganic resist Hf(OH)4-2x.2y(02)x(SO4)y -qH20 (HafSOXx) was
characterized by x-ray photoelectron spectroscopy (XPS), temperature
programmed desorption (TPD), and electron-stimulated desorption (ESD) to
provide insight into the chemical nature of the material and the mechanisms
related to its use in nanoscale lithography. XPS composition analysis of the
surface of the films revealed they were sulfate rich. The thermal desorption
energy of O, was determined to be 1.3 eV. This is 1.5 eV lower than
expected by calculations and experiments from similar systems. O
desorbed from HafSOx films containing peroxide using TPD and ESD but not
from those without peroxide. These data support the hypothesis that
peroxide ligands control the patternability of the material. The primary
electron energy O, desorption dependence was studied and total desorption
cross sections were calculated for O, from 500-2000 eV, ranging from 10 —

10 cm?.
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Introduction

Sustained advances in the performance of electronics have been
driven in part by the miniaturization of transistors on integrated circuits.
Integrated circuits with transistors smaller than 20 nm are now commercially
viable[1] and research into novel resists capable of helping exceed this
benchmark continues. Nanoscale patterning based on extreme ultraviolet
(EUV) sources or electron-beam lithography (EBL) may ultimately rely on
inorganic resists as opposed to organic chemically amplified resists (CARS)
due to the inherent drawbacks of CARs. Acid blur[2] and shot noise[3] limit
the resolution of organic CAR resists and could restrict their use in next
generation patterning technologies[4]. In contrast, the inorganic resist
hydrogen silsesquioxane (HSQ) has been used to pattern 10 nm lines at 10
nm half pitch[5] and 5 nm half pitch dot arrays[6]. Despite this superior ability
to pattern highly resolved dense features, HSQ suffers from relatively poor
sensitivities[7, 8]. Alternative metal oxide based inorganic resists[9, 10] may
offer a pathway to satisfy industry requirements for sensitivity, resolution, and
line-edge roughness (LER).

One such metal oxide resist is Hf(OH)4-2x-2y(O2)x(SOs4)y -qH-20,
(HafSOx)[11]. Peroxide-free HafSOx has been characterized in the context of
high-x dielectrics[11], nanolaminates[11, 12], and catalytic[13] applications,
but more numerous studies exist concerning the peroxide-containing version

and its use as a lithographic resist[8, 10, 14-20]. Addition of peroxide
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prevents condensation in the as-deposited films and limits formation of Hf-O-
Hf bonds. Upon exposure to sufficiently energetic radiation, electrons, and/or
heat, the peroxo groups in HafSOx decompose and initiate the film
condensation process, resulting in a solubility switch (soluble to insoluble)
that permits removal of the unexposed soluble regions in basic developers
[10, 18].

This patterning mechanism has enabled 8 nm half pitch lines written
with an exposure dose of ~200 mJ/cm?[8] using EUV lithography. The
relatively low sensitivity of the resist at high resolution necessitates continued
research into the resist’'s exposure mechanisms to reduce the exposure dose
and increase patterning speed required for nanodimensional patterning.
Further insight into the radiation induced chemistries of HafSOx may prove
beneficial for increasing sensitivity and enabling its use as a next generation
resist. This study focuses on the characterization of peroxide-containing
HafSOx with temperature programmed desorption (TPD) and electron
stimulated desorption (ESD). These techniques have allowed us to probe the
bonding interactions of molecular and atomic species and electron induced

chemistries in the films.

Experimental Methods
Native oxide silicon substrates were rinsed in acetone, methanol, and

DI water, blow dried with nitrogen, and treated in a UV-ozone cleaner for 15
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minutes prior to spin coating the HafSOXx precursor solution. 1.0 M aqueous
solutions of HfOCl,-8H,0 (98+%, Alfa Aesar) and H,SO, (Mallinckrodt) were
prepared with 18.2 MQ water. The HafSOXx precursor solution was prepared
by adding chilled 30 wt% H,O(aq) (Macron) to the HFOCl,(aq) solution
followed by dilution with 18.2 MQ water and finally addition of the H,SO4(aq)
solution. The final solution contained a hafnium concentration of 0.15 M with
molar ratios equaling 1 : 0.7 : 3 for hafnium : sulfate : peroxide. The solution
was manually deposited through a syringe, using a 0.45 um filter, at the
center of the stationary silicon substrate, followed by spin coating at 3000 rpm
for 30 s. The spin coated HafSOx films were then soft baked at 353 K for 180
S.

X-ray photoelectron measurements (XPS) were taken with a PHI 5000
VersaProbe system equipped with a hemispherical analyzer.
Monochromated Al Ka x-rays (1486.6 eV) were used with a spot size of 100
Mm and an analyzer pass energy of 23.5 eV. The sample to analyzer take-off
angle was fixed at 45°. XPS spectra were obtained with 0.1 eV steps and
100 ms per step. To minimize x-ray induced film condensation the electron
and ion gun neutralizers were not used and the number of scans was reduced
until no changes were observed in the O 1s spectra compared to the initial
spectrum. TPD and ESD experiments were performed at a base pressure of
~3 x 10 Torr in a chamber equipped with a Hiden Analytical IDP quadrupole

mass spectrometer. The spectrometer has a secondary electron multiplier
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detector and electron impact ionizer. For these experiments the spectrometer
ionizer was turned on with a 67 V potential with respect to the ionization cage
so that neutrals and ions were both detected. The temperature was
measured by a type-K thermocouple in contact with the back surface of the
ceramic heating stage, with the sample mounted on the other side. Samples
were held in place on the heating stage by spring-loaded ceramic pins during
the TPD experiments. A linear heating rate of 10 K/min was used. For all
ESD experiments the current was 0.838 pA as measured by a Faraday cup at
the tip of the electron gun. The beam spot size (~1.0 cm diameter) was
measured visually with a phosphor screen, which together with the measured

current gives a current density of 1.07 pA/cm?.

Results and Discussion

XPS analysis of the soft baked HafSOx films was performed to assess
the atomic composition and chemical states prior to thermal or electron beam
treatments. The Hf 4f, S 2p, and O 1s spectra are shown in Fig. 6.1, where
the spectra were charge calibrated to adventitious carbon = 284.8 eV[21].
The Hf 4f can be resolved into a spin orbit split doublet with a Hf 4f;,, BE

position of 17.6 eV. This BE is consistent with Hf**

[21]. The binding energy
(BE) position of the S 2p3/, at 169.0 eV is characteristic of sulfate[22, 23].
The O 1s spectrum can be fit to three components and is dominated by a

middle BE component that constitutes 86% of the total peak intensity. A high
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BE and low BE peak were required to adequately fit the spectrum and they
comprise 10% and 4% of the total O 1s peak area, respectively. A full-width
at half-maximum (FWHM) of 1.67 eV was used for the three peaks with
Gaussian-Lorentzian lineshapes consisting of 90% Gaussian character.

In our prior work with this material system we have used three peaks to
fit the O 1s spectrum[13], but it has also been fit with two peaks by other
researchers[16]. We have found that fitting with two peaks was only possible
using a large FWHM (1.9 eV), large BE separation between the two peaks
(2.6 eV), and excessive error between the peak envelope and experimental
data at the high BE side of the spectrum. For this reason, and the prior
variable temperature studies[13], we have used three components where the
low, middle, and high BE components were attributed to Hf-O-Hf bonds,
hydroxo/peroxo bonds[24, 25], and sulfate groups, respectively. The high BE
feature is suspected to be primarily associated with sulfate and not water due
to its sustained intensity when heating up to 700 K[13].

The S/Hf ratio determined by XPS in these films was 0.8. From prior
studies involving titration of dissolved films to determine the O, content[18]
and the precursor S/Hf ratio, the HafSOx film composition has been estimated
as Hf(OH)16(02)0.5(S04)0.7 -qH20, which gives a S/Hf ratio of 0.7. The S/Hf
ratio in the precursor solution should be the same as that in the film because
no Hf or S is expected to leave the film during spin coating and after the 353

K soft bake process. The XPS results indicate a slightly sulfate rich surface,
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with a surface composition Hf(OH)1.4(02)0.5(SO4)0.s :qH20. This is supported
by transmission electron microscopy chemical analysis of HafSOx cross
sections which show segregation of sulfur toward the surface[17]. The sulfur
segregation could play an important role in patterning as the greater sulfate
density at the surface could alter the film’s interaction with incident electrons
or photons and the basic developer.

The primary ESD desorption species are plotted versus exposure time
in Fig. 6.2. The primary electron beam energy was 1000 eV and the film was
exposed for a sufficient length of time to achieve a 1000 uC/cm? dose, which
is the approximate dosage previously used when patterning HafSOx[15]. In
Fig. 6.2, the electron beam was unblanked after two minutes to begin electron
exposure and the primary desorbed species from HafSOx were measured,
and correspond to mass-to-charge ratios (m/z) 2, 16, 17, 18, 28, 32, and 44.
These m/z values are interpreted as molecular hydrogen, atomic oxygen,
hydroxyl groups, water, carbon monoxide, molecular oxygen, and carbon
dioxide, respectively. No desorption products were observed for sulfur oxides
(m/z = 64, 80, or 96), so sulfur can be excluded from contributing to the m/z =
32 signal. Desorption of carbon monoxide (m/z = 28) and dioxide (m/z = 44)
presumably resulted from atmospheric carbon contamination of the precursor
solution or film. With the exception of H, and O,, desorption signals were
observed to rapidly increase before tapering off and reaching a steady state

plateau. The initial spike is due to electronic desorption mechanisms while
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thermal energy likely contributes[26] to the sustained signal intensity at long
exposure times. Experimental and theoretical work have demonstrated that
localized beam heating due to incident electrons can increase the local
temperature of resists and substrates by tens of degrees[27, 28], with the
temperature increase dependent on the dosage and electron energy.
HafSOx is expected to have a relatively low thermal conductivity[29, 30] on
the order of ~1 W/(m-K), and so thermal desorption could affect the ESD
spectra for longer exposure times.

Focusing on desorption signals m/z = 16 and 32, the absence of any
desorption signal from m/z = 16 with the ionizer off indicates that the m/z = 16
spectrum shown in Fig. 6.2 results from fragmentation of parent species and
not O*. This is supported by the fact that the shape of the m/z = 16
desorption spectrum is virtually the same as the water, carbon monoxide, and
carbon dioxide spectra, and that m/z = 16 desorption occurs in films with and
without peroxide. By similar logic the m/z = 17 spectra is likely due to
cracking of desorbed water molecules. O, desorption in the peroxide
containing HafSOXx film increases at a much higher rate than the other
species when exposed to the electron beam and gradually decays. The near
absence of ionic desorption species and correspondingly the dominance of
neutrals suggests that the basic Menzel-Gomer-Redhead (MGR) model[31,
32] of desorption can adequately describe the oxygen desorption behavior,

where atomic excitation (typically interpreted as a valence level excitation,
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although the original MGR model did not specify the initial excitation level[33])
promotes an electron into a nonbonding or antibonding state. The surface
species then finds itself in a repulsive final state and desorbs. A mechanism
such as the Knotek-Feibelman (KF) model of desorption by Auger decay[34,
35] may be more appropriate. Since no O" was detected in these studies
double Auger decay processes are unlikely and/or neutralization of O* occurs
before desorption.

ESD spectra for a HafSOx film without peroxide and a clean silicon
substrate are included in Fig. 6.2 for comparison with the peroxide containing
film. The biggest difference between the peroxide and peroxide-free spectra
is that no O, desorbs from the peroxide-free film. This provides additional
evidence that the metal-peroxo bond is radiation sensitive, and that the
desorption of O, in these experiments originates from the decomposition of
the metal-peroxo species. Examination of the clean silicon spectra indicates
significant differences compared to the HafSOXx films. In fact, virtually all of
the water desorption signal and corresponding molecular fragments at m/z =
16 and 17 comes from the HafSOx film and not the background, while
background CO and CO, contribute to signals observed from the films.

The incident electron beam energy dependence of O, desorption was
investigated and the results are presented in Fig. 6.3. In Fig. 6.3(a) the
desorption spectra have been normalized so that all spectra have the same

maximum and minimum peak heights, and in general the rate of decay after
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reaching maximum desorption decreases as the electron energy increases.
This trend has been observed in Na* desorption from glass from 500-4000
eV[36], and while the desorption of neutral O, from HafSOx and Na*
desorption from glass are seemingly two very disparate processes, it is
interesting to note the similarities in the desorption spectra shown in Fig.
6.3(a) and in reference [36]. Desorption of Na* in the 500-4000 eV energy
range was modeled reasonably well by considering a combined desorption
and diffusion process, and thus a similar mechanism may be applicable in this

work. The authors modeled the Na* desorption signal by

Jo

QMS(8) = B~— Cna(t)
In this equation QMS(t) is the Na* desorption signal, £ is a proportionality
constant, J is the current density, ois the ionic desorption cross section, ¢is
the elementary charge, and Cya(t) is the concentration of surface Na®. Cua(t)
is represented by an integro-differential diffusion equation, and so appropriate
choices of boundary conditions and constants (e.g. diffusivity or ion mobility)
may be made to analyze the role of diffusion in the desorption process.

The total desorption cross sections for O, were calculated and shown
in Fig. 6.3(b). The initial decay of the O, signals were approximately first
order as shown by plotting the natural logarithm of the signals versus
exposure time. For first order desorption, the desorption rate may be given

as[37]
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OMS
QMS;p;¢

= exp{=(Q/e)t}

Here QMS is the mass spectrometer signal and QMS;,;; the initial signal, J is
the current density (A/cm?), Q is the total cross section for the process (cm?),
¢is the elementary charge (1.602 x 10™° A-s), and t is the exposure time. A
plot of the natural logarithm versus exposure time can then be used to
determine Q from the slope of the decay spectrum. In these studies the cross
section for desorption at 500 eV gave the highest value at 1 x 10 cm? while
the smallest cross section of 1 x 10™** cm?was found for desorption at 1800
eV. These cross sections are relatively high and of the same magnitude as
molecular oxygen adsorbed on metals[38, 39]. One possible explanation for
these high cross sections is that HafSOx is a wide band gap material, which
may limit rapid relaxation of excited atoms by electrons from the
substrate[40], and thus the excited O, species are sufficiently long lived to
desorb with high probability from the surface.

The 2000 eV O, desorption spectrum exhibited anomalous behavior
and did not follow the trend of decreasing desorption cross section with higher
electron energy. Nonlinear behavior has also been observed for oxygen
desorption from SrO, MgO, and BaO in the energy range 100-1000 eV[41],
where the maximum O," desorption from these oxides plateaus and begins to
decrease for higher electron beam energies. Numerous factors may

contribute to this behavior at higher electron energies. At larger energies
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(>~1000 eV), direct momentum transfer between an incident electron and
surface atom is adequately energetic to break chemical bonds in addition to
electronic energy transfer[42]. The attenuation length of electrons
approximately triples with increasing energy from 500 to 2000 eV, which may
cause radiation chemistries to occur much deeper in the films resulting in a
higher diffusional component to the peak shape. Another complicating factor
is that at higher electron energies Hf Ma x-rays (1644 eV) are generated
which may induce further structural changes in the film, although the 1800 eV
spectrum follows the trend of decreasing desorption cross section with higher
energy. While not conclusive, some combination of these effects may
contribute to the anomalous peak shape of the 2000 eV O, desorption
spectrum.

Heating HafSOx films post-exposure can help improve contrast[20], so
TPD was used to characterize the differences in peroxide containing HafSOx
films before and after 1000 eV ESD. The film was exposed to air after
exposure, as would be the case in practice before development. Desorption
spectra are shown with and without normalization in Fig. 6.4. The main
desorption species were the same as for ESD with the inclusion of sulfur
dioxide (m/z = 64), which was due to decomposition of sulfate groups. There
is a low temperature desorption peak in the carbon monoxide and carbon
dioxide post-exposure spectra that is absent in the unexposed film. In

general, ESD seemed to narrow the desorption peaks in the exposed film.
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Variation in peak shapes and maximum desorption temperatures prevents a
more in-depth analysis of these results. Spectra are displayed in Fig. 6.5
which highlight the instability of the SO, desorption spectra over time. This
instability was attributed to inconsistent thermocouple contact with the heating
stage, which altered output heating power.

The maximum desorption temperatures for O, mirrors that of H,O. If it
is assumed that O, desorption is independent of coverage (first-order
reaction) and that the activation energy of desorption is constant with
temperature, the maximum desorption temperature can be used to find the
activation energy by the Redhead equation[43]:

i =In (ﬂ) —3.64
RT, B

In this equation E is the activation energy, R is the gas constant, T, is the
maximum desorption temperature (K), vis the pre-exponential factor (s™),
and fis the linear heating rate (K/s). With an assumed v= 10" s™ (multilayer
O, desorption[44]) and S = 0.167 K/s, the activation energy for O, desorption
was found to be ~1.3 eV. For reference, given the aforementioned
temperature instability, a +/- 50 K shift in the O, desorption temperature will
change the activation energy by +/- 0.2 eV. DFT calculations predict the bond
dissociation energy of peroxide HfO,?* to be 2.8 eV[45], and experimental

studies have shown the decomposition by photon stimulated desorption of

surface peroxide on rutile TiO, (110) occurs at 2.8 eV[46]. The lower energy
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observed in HafSOx could be a result of molecular interactions with the

peroxide, such as water solvation and presence of the sulfate species.

Conclusion

TPD, ESD, and XPS were used to characterize thermal and electron
beam induced dynamics of HafSOx. The surface chemistry was found to be
sulfate rich with composition Hf(OH)1.4(02)0.5(S04)0.s -qH20 based on XPS
analysis. The thermal desorption energy of O, was estimated as 1.3 eV
based on the maximum desorption temperature during TPD experiments.
ESD spectra indicate that both electron-stimulated and thermally driven
processes contribute to desorption. Future experiments performing ESD at a
lower substrate temperature or with reduced current density could minimize
thermal effects. In addition, Raman spectroscopy on exposed films could
reveal the degree of peroxide decomposition, while XPS on the same
samples would provide complementary information. Total desorption cross
sections were established for O, from 500-2000 eV, with a maximum value of
1 x 10™*® cm? determined at an electron energy of 500 eV. These desorption
cross sections will provide a reference for future experiments where the
sensitivity of HafSOXx is tuned for a given type of radiation by the addition of
other metal ions. The experiments in this work help progress understanding
of the modification of HafSOx inorganic resists for next generation

lithography.
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Figure 6.1 — XPS spectra of HafSOx film after a 353 K soft bake.
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Abstract

Memristors and other types of novel electronics increasingly use a structure
that includes a platinum and amorphous indium gallium zinc oxide (a-IGZO)
interface. The chemical and electronic properties of this junction can
substantially impact device performance. In this study, a Pt/a-IGZO interface
was formed and studied by in situ x-ray photoelectron spectroscopy. The a-
IGZO core levels shifted by 0.4-0.6 eV to lower binding energy after Pt
deposition due to band bending. Although a Schottky-type diode is expected
for this interface, a barrier height of 0.25 eV was determined, and remained
virtually unchanged after subsequent heating. The low barrier height may be
explained by the reactive interface formed between Pt and a-IGZO, where x-
ray photoelectron spectroscopy indicated the partial reduction of In®* to In°
after deposition of Pt on a-IGZO, with a significant increase in the relative

intensity of the reduced In° compared to In®* after annealing in vacuum.
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Introduction

New and improved types of electronic devices are being
enabled by amorphous oxide semiconductors like a-IGZO. Commonly used
as a channel material for thin film transitors, a-IGZO generally has superior
electron mobility relative to amorphous silicon, and a lower processing
temperature combined with greater uniformity when compared to
polycrystalline silicon[1]. Recently a-IGZO platinum interfaces have been
used to modulate the properties of metal-semiconductor field-effect
transistors[2] and memristors[3-5]. In particular, memristors may offer a path
to exceed the storage capacity of Flash memory[5] and could help realize
artificial neural networks by emulating the brain’s synapses, complete with
short/long term memory and learning functions|3].

It is known that interfacial reactions at the metal/oxide heterojunction in
memristors heavily influence the current-voltage characteristics and in fact
may be critical for bipolar resistive switching[6,7]. In addition to interfacial
reactions, the electronic coupling between the metal and oxide as measured
by the Schottky barrier height will also impact the electronic transport
properties. A high barrier height of 1.1 eV is predicted for the Pt/a-IGZO
interface, however near-ohmic behavior has been observed[8] and a range of
barrier heights from 0.55-1.2 eV reported[2,9-11]. These studies determined
the barrier height of the Pt/a-IGZO junction using electrical characterization,

but the literature is lacking in the determination of the barrier height by XPS
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and characterization of the resulting interfacial chemsitry. The goal of this
study was to characterize a Pt/a-IGZO interface via in situ XPS to determine
the interface reactivity and estimate the barrier height to help clarify the range

of properites that have been previously reported for Pt/a-IGZO interfaces.

Experimental Methods

50 nm a-1GZO films were deposited onto TiN/Ti/SiO,/Si substrates by
RF sputtering at room temperature in a 5% 0,/95% Ar gas mixture. The
atomic composition of the as-deposited films was In, 5Ga,1Zn0g g as
determined by Rutherford backscattering spectrometry (RBS). Samples were
then annealed for 1 hour at 300 °C in air and treated for 5 minutes in oxygen
plasma prior to introduction into the XPS instrument (PHI VersaProbe) with
attached ultra-high vacuum (UHV) chamber for sample processing and Pt
deposition.

After introduction into the vacuum system and prior to depositing Pt,
the a-1IGZO samples were lightly sputtered for 1 minute (500 V, 1.33 pA, 3 x 3
mm?) and then heated to 300 °C for 10 minutes in 1.0 x 10° Torr O, to
completely remove carbon contamination and oxidize the films. Quantitative
measurements from XPS indicate the atomic concentration was
In,5Ga,.4ZNn0g g, Suggesting an oxygen-deficient and gallium-rich surface
when compared to the more bulk sensitive RBS data. Pt was sequentially

deposited by e-beam evaporation at a pressure of 6.0 x 10”° Torr and
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subsequently transferred into the XPS chamber for analysis. Vacuum
annealing after Pt deposition was done in an attached UHV chamber.

All XPS spectra were taken with monochromatized Al Ka x-rays
(1486.6 eV) at an emission angle of 45°, with a spot size of 100 um and pass
energy of 23.5 eV. The spectra were charge calibrated with a sputter cleaned
Au foil standard. Except for Pt, peak fitting of the core levels began with the
spectrum from the clean and oxidized film, and for subsequent fitting of the
other spectra the full width at half maximum (FWHM) was allowed to vary by
+/- 0.05 eV, the percent Gaussian (%G, Gaussian/Lorentzian line shape)
remained fixed, and the peak areas and positions were unconstrained. A
Lorentzian asymmetric line shape convoluted with a Gaussian was used to fit
the Pt 4f and In° peaks.

For scanning transmission electron microscopy (STEM) analysis
samples were prepared as cross sections via the lift out method using an FEI
Quanta 3D Dual Beam scanning electron microscope with a gallium ion
beam. STEM analysis was performed using an FEI Titan G2 80-200
transmission electron microscope with ChemiSTEM operating at 200 kV. A
high angle annular dark field (HAADF) detector was used for imaging. Energy
dispersive X-ray spectroscopy (EDS) line scans were collected with a step
size of 0.5 nm and averaged over 1.5 nm to reduce noise. The scans were
analyzed with Bruker Esprit 1.9 software using a manual background

subtraction and quantification without standards.
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Results and Discussion

The In 3ds, XPS spectra are displayed in Fig. 7.1. For the clean a-
IGZO film, the In 3ds,; spectrum could be fit with a single peak corresponding
to fully oxidized In-O bonding with a binding energy of 445.2 eV, in good
agreement with other a-IGZO XPS studies in the literature[12,13]. As the
thickness of the Pt overlayer increased after depositing for 90 minutes, the
main In 3ds/; peak shifted to lower binding energy by 0.4 eV. Once Pt was
deposited for 60 minutes, a second asymmetric peak was needed in order to
adequately fit the In 3ds, spectra. This second peak had a binding energy of
443.9 eV, and was located about 1 eV to lower binding energy compared to
the the fully oxidized In-O peak, which is consistent with the position of
metallic In 3ds2[14,15]. The In metal peak accounts for 14% of the total In
3ds/2 signal after the deposition was complete, indicating that a substantial
amount of In was reduced. The amount of In® increased dramatically after
annealing in vacuum to 200 °C as shown in Fig. 7.2. The binding energy
separation between the In®* and In° peaks increases from 1 eV to 1.3 eV, and
the In® peak accounts for 58% of the In 3ds, signal after annealing to 300 °C.
In the absence of prominent changes in the line shapes of the other core level
spectra shown in Fig. 7.2, it appears more likely that In segregation to the top
of the Pt film, rather than In bonding to another matrix element is responsible

for the changes in the In 3ds,; spectra. Deviations from an abrupt metal-
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semiconductor interface and reduction of the substrate have commonly
occurred when depositing a metal onto a clean semiconductor[16,17], and in
the case of Pt deposited onto InP, In segregation is expected from theoretical
calculations[18] and has been experimentally observed[19].

Fig. 7.1 and 7.2 show the dynamic nature of the O 1s spectra with Pt
deposition and vacuum annealing. The binding energy of lattice oxygen in
clean a-1IGZO was found to be 530.9 eV, which is somewhat higher than that
found in other reports[20-22]. This is likely due to the different film preparation
method and peak fitting strategy used in this work. The clean a-IGZO was fit
with two peaks, one for lattice oxygen and another small peak comprising 5%
of the oxygen signal and located 1.6 eV to higher binding energy. This
smaller peak was attributed to hydroxyl groups, which are commonly found
1.1-1.6 eV higher than the lattice oxygen peak for metal oxides[23-25]. For
the thickest Pt film, the relative concentration of OH to the total O content
increased to 13%, and decreased to 9% after annealing to 300 °C as shown
in Fig. 7.2. The higher energy O 1s peak increases in relative intensity during
Pt deposition, which would indicate out-diffusion from a-1IGZO and bond
formation with Pt if the peak were due to oxygen deficient regions. If this
were the case, an increase in the FWHM of the Pt 47, and O 1s would be
expected to accommodate the additional bonding modes, but the FWHM of
both core levels actually decrease during Pt deposition. The increase in the

relative OH peak area likely results from dissociative adsorption of water from
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the background of the system and from outgassing of the evaporation source

during deposition.

A third peak was added to fit the spectrum after depositing for 30
minutes. This peak was located 2.3-2.7 eV higher than lattice oxygen
depending on the Pt thickness, and was likely the result of C-O impurities
such as carbonate[26,27] present in the UHV system that became
incorporated over time. Annealing to 200 °C eliminated this higher energy
impurity peak. Compared to the room temperature spectrum in Fig. 7.2, the

lattice oxygen peak shifts 0.2 eV higher after annealing to 300 °C.

The line shapes of the Ga 2p3, and Zn 2ps/; core levels changed little
with deposition or annealing. After cleaning and oxidizing, the binding energy
of Ga 2ps, was 1118.3 eV and Zn 2ps;, was 1022.3 eV, similar to other
studies [12]. Both peaks shifted to lower binding energy by 0.6 eV during Pt
deposition, while annealing to 300 °C resulted in a positive shift of 0.3 eV and
0.4 eV for Ga 2ps;, and Zn 2ps,, respectively. All of the spectra for the two

core levels were fit with a single peak.

In contrast to the Ga 2p and Zn 2p core levels, the line shape of Pt 4f;,
changed significantly during deposition and annealing. The position of the
peak, 71.5 eV after the first Pt deposition, shifted 0.3 eV to lower binding
energy with increasing Pt thickness, which occurred in parallel with a

decrease in the FWHM from 1.2 eV to 1.0 eV. Annealing to 300 °C resulted
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in a further decrease in binding energy and FWHM to 71.0 eV and 0.8 eV,
respectively. Interestingly, the peak intensity of the Pt 4f;, peak decreased
by 21% after annealing to 300 °C. Conversely, the core level intensities for a-
IGZO increased substantially once heated to 200 °C and 300 °C. Ultimately,
with respect to the unannealed Pt/a-IGZO film, the In 3ds;;, Ga 2pss, Zn 2p3s,
and O 1s peak intensities increased by 11%, 166%, 149%, and 49%,
respectively. This suggests that Pt islands formed when the sample was

heated in vacuum, which was verified by TEM analysis shown in Fig. 7.3.

A STEM image of the Pt/a-IGZO cross section and an associated EDS
line scan showing trends in concentration of In, Ga, Zn, O, and Pt across the
film are shown in Fig. 7.3. From bottom to top the stack consists of the
substrate TiN layer, a-IGZO film, Pt surface layer, and amorphous carbon
protective layer. The Pt surface layer appears much brighter than the rest of
the stack due to its high molecular weight and is thus distinguishable in the
STEM image by virtue of this contrast. The Pt layer appears non-uniform
across the film supporting the hypothesis that island growth has occurred
during annealing of the Pt/a-IGZO stack. The EDS line scan further points to

this thickness non-uniformity as evidenced by the shoulders in the Pt peak.

The Schottky barrier height was estimated using the In 4d shallow core
level and valence band maximum (VBM) shown in the spectra in Fig. 7.4.

The VBM was determined by extrapolating the leading edge of the valence
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band emission for the clean a-1GZO film without Pt deposited. The equation
used to calculate the barrier height was @ = Ec — Evem + (Eznzd — Eznad, int),
where @s is the Schottky barrier height, Eg is the band gap of a-IGZO, Eygu is
the binding energy of the VBM for the clean a-1IGZO sample, Eznzqis the
binding energy of Zn 3ds, for the clean a-IGZO sample, and Ezn3q, int IS the
binding energy of Zn 3ds, after Pt deposition. The band gap of a-IGZO films
was experimentally determined to be 3.20 eV by spectroscopic ellipsometry.
The barrier height was then calculated as 3.20 -3.17+ (10.78 — 10.55) = 0.25
eV. This value is smaller than the barrier height determined through
electronic means, which ranges from 0.55-1.2 eV[9,10]. The barrier height
determined through electrical studies can vary due to multiple interfaces and
the interdependence of parameters[28], but the more probable reason for the
low barrier height found in this work is the reactive interface formed between
Pt and a-1GZO. In addition to In segregation, the surface defect concentration

may contribute to the reduced Schottky barrier[29].

The reactive interface may also help explain why the experimentally
determined barrier is less than the ideal Schottky barrier, given by @ = @y -
X, for an n-type semiconductor. @y is the metal work function, equal to 5.4 eV
for Pt[9], and . is the semiconductor electron affinity, which is 4.3 eV for a-
IGZOJ30], thus giving a barrier height of 1.1 eV. This is shown schematically

in Fig. 7.5.
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Fig. 7.5 also includes the changes in barrier height with respect to Pt
thickness and annealing temperature. The barrier height changes little during
Pt deposition and annealing. There is a slight decrease in the barrier height
after 60 min of Pt deposition and when annealing beyond 100 °C, which
corresponds to significant formation of In°. The fact that the barrier height
remains nearly unchanged with Pt deposition and subsequent annealing

indicates strong Fermi level pinning[31].

Conclusion

In summary, a barrier height of 0.25 eV was found between Pt and a-
IGZO. The low barrier results from a complex interface formation between
the metal and semiconductor, with XPS revealing that In** is reduced to In°
during Pt deposition. Judging from the line shapes of the core levels it seems
more likely that In segregation rather than In bonding to another element is
responsible for the In° formation. Annealing the interface in vacuum to 200
°C induced further In metal segregation while Pt islands formed.
Consideration of the interfacial reaction between Pt and a-IGZO and barrier
height will help lead to enhanced memristor and transistor device

performance.
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Figure 7.1 - Platinum deposition on a-IGZO. Annealing after 90 minute
deposition resulted in ~8 nm thick Pt island formation.
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Figure 7.2 - Vacuum annealing Pt/a-IGZO film. Substantial indium reduction

occurred after heating to 200 °C.
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Figure 7.3 - Cross sectional STEM image (left) and associated EDS line scan
(right) of the Pt/a-1GZO film annealed to 300 °C.
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Figure 7.4 - Valence band spectra of Pt/a-IGZO during Pt deposition. A shift
to lower binding energies with deposition (left) was accompanied by an
increase in the valence band density of states (right).
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Schottky barrier with deposition time and annealing temperature. The barrier

height CDB changes little with increasing Pt thickness and during annealing.
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Abstract

The electronic and ionic conductivity of perovskite oxides has enabled their
use in diverse materials such as automotive exhaust catalysts, solid oxide
fuel cell cathodes, and visible light photocatalysts. The redox chemistry at the
surface of these oxides is largely dependent on the oxidation state of the
transition metal as well as the oxide surface stoichiometry. In this study, the
growth of LaFeO3 (LFO) thin films on yttria-stabilized zirconia (YSZ) was
characterized using both bulk and surface sensitive techniques. A
combination of in situ reflection high energy electron diffraction (RHEED), x-
ray diffraction (XRD), transmission electron microscopy (TEM) and Rutherford
backscattering spectrometry (RBS) demonstrated that the film is highly
oriented and stoichiometric. The film was annealed to various temperatures in
an ultra-high vacuum chamber to simulate reducing conditions and studied by
angle-resolved x-ray photoelectron spectroscopy (XPS). Iron was found to
exist as Fe(0), Fe(ll), and Fe(lll) depending on the annealing temperature and
spatial location within the film. A decrease in the concentration of a surface
oxygen species was correlated with iron reduction. These results should help

guide and enhance the design of perovskite materials for catalysts.
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Introduction

LaFeO;3 (LFO) and LaFe1xM;O3 (where M = metal dopant) perovskite
oxides can function as self-regenerating automotive exhaust catalysts[1],
methane reformers to produce syngas[2], visible light photocatalysts[3], gas
sensors[4,5], and as cathodes in solid oxide fuel cells (SOFCs)[6,7]. Iron-
based perovskites are typically oxygen deficient[8,9], which in part explains
the high oxide mobility within the material[10] and its suitability for certain
catalytic applications such as oxygen reduction and ion transport in SOFCs.
For these applications, the surface stoichiometry and transitional metal
valence state can have a substantial impact on the redox chemistry.
Calculations have shown that oxygen reduction occurs preferentially on FeO.-
terminated LFO (010) surface rather than the LaO-type termination[11]. In
addition, simulations suggest the termination on LFO (001) can significantly
affect Pd migration into the perovskite lattice, an important result for
automotive exhaust “intelligent catalysts”[12]. Aside from the surface
termination, atomic vacancies are also predicted to have practical
consequences for LFO catalysts. The impact of oxygen vacancies at the LFO
(010) surface on CO adsorption was studied by first-principals calculations,
with the adsorbate predicted to donate charge on a stoichiometric surface and
accept charge when adsorbed on an oxygen deficient surface[13]. Given the

range of environments in which these materials operate, it is important to
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understand their surface properties after both oxidizing and reducing
treatments.

The goal of this study was to probe the chemical stability of the
reduced surface of a high quality model perovskite oxide with angle-resolved
x-ray photoelectron spectroscopy (XPS). The ionic conductor yttria-stabilized
zirconia (YSZ) was chosen as a substrate due to its lattice match with LFO as
well as the potential suitability of LFO/YSZ type materials for SOFC
applications[14]. A LFO thin film was processed and analyzed in situ to avoid
contamination and to assist in unambiguous interpretation of the XPS spectra.
Angle-resolved XPS studies highlight the substantial differences between the

surface and bulk of the film and have implications for LFO’s catalytic activity.

Experimental Methods

The LFO thin film with thickness of ~ 60 nm was grown by molecular
beam epitaxy (MBE) on (001)-oriented Y-ZrO, (YSZ) substrates. The
substrate was loaded into an ultrahigh vacuum chamber and heated at 750
°C for 20 minutes in an oxygen partial pressure of 6.0 x 10 Torr prior to
growth. La and Fe were evaporated from high-temperature effusion cells.
Flux rates were calibrated using a quartz crystal microbalance (QCM)

positioned at the substrate position and ex situ Rutherford backscattering
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spectrometry (RBS) measurements[15]. The substrate temperature was set
to 700 °C and O, partial pressure was kept at ~ 3.5 x 10°® Torr during growth.

Orientation and film quality were investigated using high-resolution x-
ray diffraction (HRXRD) with a Philips X’Pert Materials Research
Diffractometer (MRD) equipped with a fixed Cu anode operating at 45 kV and
40 mA. A hybrid monochromator, consisting of four-bounce double crystal Ge
(220) and a Cu x-ray mirror, was placed in the incident beam path to generate
monochromatic Cu Ka x-rays (A = 1.54056 A) with a beam divergence of 12
arc seconds.

RBS measurements were carried out using 2 MeV helium ions at
normal incidence (full details of the accelerator setup can be found
elsewhere[16]). The backscattering spectra were collected using a silicon
surface barrier detector which was positioned at a scattering angle of 150°.
The SIMNRA simulation program was used to model the experimental RBS
spectrum collected in a random incident direction[17]. In these simulations,
the sample is divided into several thin layers of variable thickness and
composition. Experimental parameters such as incident ion energy, atomic
number of the incident ion, scattering angles, solid angle of detection, and the
total charge deposited by the incident beam were used to simulate the
experimental spectrum. The composition profiles and film areal density (in
units of atoms/cm?) were then varied until the best fit to the experimental data

was obtained.
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The LFO/YSZ samples were exposed to ambient air after synthesis
and transferred into the XPS system, which is attached to an auxiliary
processing chamber. The sample was fixed to a sample holder using
molybdenum clips on top of a molybdenum heating plate. During heating, the
plate was biased and heated by electron beam irradiation of the molybdenum
plate. Flowing liquid nitrogen cooled the sample by means of conduction via
the sample holder. A type-K thermocouple contacted the sample surface and

was held in place by molybdenum clips.

In the auxiliary chamber the sample was initially heated to 600 °C in
1.0 x 10°® Torr O, for 10 minutes to remove adventitious carbon and oxidize
the sample. For vacuum annealing, the sample was heated in 100 °C
increments with a base pressure between 1.0-2.0 x 10”° Torr, and a 10 minute
holding time at each temperature. After cooling to room temperature the
sample was transferred into the XPS chamber for analysis, and the vacuum
annealing process was repeated up to 700 °C. The heating rate was 1-2

°Cl/sec, and the cooling rate was 2-4 °C/sec.

Monochromatized Al Ka x-rays were used in this study along with an
analyzer pass energy of 23.5 eV. All spectra were calibrated to the binding
energy (BE) of the O 1s lattice oxygen peak at 530.0 eV[18]. PHI MultiPak
software was used for atomic concentration quantification using the O 1s, Fe

3p, and La 4d core levels, while CasaXPS was used for peak fitting. The O
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1s spectra were fit with a Shirley background and Gaussian-Lorentzian line

shapes, with the peaks’ Gaussian character assumed to be 90%.

The mean escape depth (MED) of electrons at take off angles (8) of
10° versus 45° are estimated to give a sense of the relative surface
sensitivity. The inelastic mean free path (IMFP) of LaFeO3; was estimated to
be 2.4 nm using the NIST Standard Reference Database 71[19] and TPP-2M
equation[20], with values for the band gap and density of the compound taken
from other experimental studies[21,22]. Ignoring the effects of elastic-
electron scattering, the MED is equal to the IMFP multiplied by the sine of the
take-off angle. For 10° and 45°, the MED is 0.4 and 1.7 nm respectively.
However, because elastic-electron scattering is typically not negligible, MEDs
may be as much as twice as large at near-grazing angles as values

calculated using the formula above[23].

Transmission electron microscopy (TEM) was performed using an FEI
Titan 80-300 operated at 300 kV. High angle annular dark field scanning
TEM (HAADF-STEM) images were collected with an inner angle >50 mrad.
Cross-sections were extracted for TEM using an FEI Helios Dual beam
focused ion beam and scanning electron microscope (FIB/SEM) equipped
with an Omniprobe micromanipulator, following a typical liftout approach with

a final cleaning at 2 kv.?*
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Results and Discussion

The crystalline structure of the as-grown LFO film was characterized
by 8-26 XRD, as shown in Fig. 8.1. Two strong reflections attributed to the
(002) and (004) planes of YSZ are located at 34.89° and 73.63° respectively.
Two additional peaks centered at 32.31° and 67.55° are associated with
reflections of LFO (002) and (004) planes. The absence of peaks related to
other planes in the XRD spectrum in combination with in-plane XRD
measurements (not shown) and TEM data (discussed below) suggests that
the film is highly oriented along the <001> direction. Out-of-plane lattice
parameters determined by XRD are 5.540 A for LFO and 5.140 A for YSZ,
resulting in a lattice mismatch of 7.8%.

This mismatch helps explain the spotty patterns observed during and
after film growth by reflection high-energy electron diffraction (RHEED). The
post-growth RHEED pattern is shown in Fig.8.2. The pattern suggests the
growth proceeded in island mode, where three dimensional clusters coalesce
to form a two dimensional layer.

Additional characterization of the film quality was performed by high-
energy ion channeling. RBS spectra collected in channeling and random
directions from the as grown sample are shown in Fig. 8.3(a). The leading
edge of the Y/Zr plateau is shifted to lower energy due to ion energy lost
when passing through the LFO film. SIMNRA was used to calculate the

random spectrum shown in Fig. 8.3(a) and the spectrum is also shown (solid



176

line) in the figure. The stoichiometry of the film was consistent with La:Fe:O =
1:1:3 by comparison of the RBS spectra to calculated spectra for a 52 nm

thick film.

The surface and/or interface peaks are not clearly visible in the
channeling spectrum. The absence of these peaks indicates that the film is
slightly misoriented with respect to the substrate. A small energy window at
the center of the La channeling spectrum was used to calculate the minimum
yield ( xmin) Of La. Another small energy window near the substrate Zr edge
was used to calculate the minimum vyield for Zr in the substrate. The
minimum vyield is the ratio of the yield in the channeling direction to that for a
random direction. For the film, ymi, for La is calculated to be 24%. This
minimum vyield is relatively high compared to the minimum yield measured
from highly epitaxial films (usually lower than 4%). This increase is likely due
to disorder in the film as evident from the TEM images shown in Fig. 8.4.
Similarly, the minimum yield for the YSZ substrate (ymin for Zr = 21%) was
also high compared to a bare YSZ substrate (ymin = 4.9%)[25]. High
dechanneling in the film and disorder at the interface could have caused this

increase in the minimum vyield.

Normalized angular yield curves for La in the film and Zr in the
substrate are shown in Fig. 8.3(b). The energy regions that were used to

calculate the minimum yields were also used to extract the angular yield
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curves. The solid line through the points is provided to guide the eye.
Aligned (channeling RBS) spectra were collected at the beginning and at the
end of the each angular yield scan to check for any possible sample damage.
No significant damage was observed during these measurements. In general
both angular yield curves show very narrow angular widths. Since the
variation of yield as a function of polar angle is similar for both La and Zr,
most of the atomic rows of La in the film are parallel to the atomic rows of Zr
in the substrate.

These results are consistent with observations from STEM imaging of
the vacuum annealed LFO/YSZ film, where much of the LFO film appeared
highly oriented but defective regions were also observed. A high resolution
image of one region is seen in Fig. 8.4(a). Here the LFO is observed along
the [010] zone axis and periodic edge dislocations are seen at the YSZ-LFO
interface every 12 YSZ atomic planes, which gives an estimate of the lattice
mismatch equal to ~8%. The high resolution image in Fig. 8.4(b) shows a
second region of the film with a different LFO orientation. Although most of
the LFO film grew in a single orientation from the substrate to film surface
resulting in a single grain boundary, the defects and multiple orientations
shown in Fig. 8.4 help explain the high channeling yield observed in the RBS
data.

Fe 2p and valence band XPS spectra are shown in Fig. 8.5 for take-off

angles of 10° and 45° and three different sample heating treatments. These
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include after the film was oxidized at 600 °C, and after heating in vacuum to
400 °C and 700 °C. W.ith regard to the La 3d and O 1s core level spectra, no
major changes were observed for La with respect to take-off angle or heating,
with the main La 3ds,, peak remaining virtually unchanged at 834.6 eV. The

O 1s spectra will be discussed in more detail below.

Little change occurs in the Fe 2p spectra with reduction for 8 = 45°,
with the exception of a very slight broadening of the main Fe 2p3/, peak on the
low BE side. Initially, the BE of the Fe 2p3, peak was at 710.9 eV after
oxidation indicating that iron was present in the Fe®" oxidation state[26]. After
annealing in UHV, some of the Fe** was reduced to Fe?*, which has a
characteristic Fe 2p3z, BE position near 709.0 eV[26]. More substantial
changes are seen in the 8 = 10° spectra. At this glancing emission angle, the
broadening in the Fe 2ps/; is more pronounced, with Fe reduction clearly
evident at 400 °C. Heating to 700 °C induced further Fe reduction to Fe.
The increased peak intensity at 706.9 eV and 720.0 eV are indicative of iron
metal[27], and thus a mixture of Fe®*, Fe?*, and Fe® was present after this
heating treatment. This presence of iron metal is also correlated with the
increased density of states near the Fermi level seen in the valence band
spectra. In other studies where LaFeO3; was reduced in hydrogen
atmosphere it was observed that Fe** reduced directly to Fe® without a Fe**

intermediate[28,29]. The presence of Fe?" in this work shows that Fe
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reduction can proceed sequentially and that Fe?* is stable under certain

conditions, which could impact this material’s use in catalytic applications[30].

Coincident with formation of Fe® after heating to 700 °C, the Fe
concentration decreases substantially at the surface as seen in Fig. 8.6, with
a resultant increase in La concentration. A surface termination change might
partially explain this result. Calculations have shown that for LaFeO3 (001)
the LaO termination is thermodynamically favored versus the FeO,
termination under UHV conditions at 1000 K[12]. XPS analysis has also
shown a temperature-dependent switch in the termination of LaAlO3[31],
which was believed to stem from oxygen deficiencies in the first atomic layer.
Another possibility is that the surface decomposed into Fe metal and La,0O3

with Fe diffusion into the bulk. A possible mechanism is given by
2 LaFeO; — La,05 + FeO + Fe® + 0,

No substantial change in the La 3ds, BE is expected in this case due to the
similar BEs of the core level in La,03[27,32] and LFO. The absence of an
accompanying change in the La 3d spectra suggests that the reduced Fe may
be nucleating in small metal particles. The loss of O; is consistent with the O
1s peak fitting results discussed below, where the surface oxygen peak
decreases with increasing temperature. An additional complicating factor is

the decrease in unit cell volume that would result from decomposition and the
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attendant increase in surface roughness, which could particularly affect the

XPS results at the shallow take-off angle[33].

Peak fitting results are shown in Fig. 8.7 for the O 1s spectra. Initially
the oxidized, 6 = 45° spectrum was fit using three components, one fixed at
BE =530.0 eV which was assigned to lattice oxygen and two other peaks,
with all three constrained to have the same full width at half maximum
(FWHM). These peak assignments were then used to fit the remaining
spectra while allowing for changes in peak areas and surface oxygen BE, with

the FWHM allowed to vary by +/- 0.05 eV.

For the O 1s 8 = 45° spectra there are virtually no changes between
the three sample conditions besides a downward shift of 0.25 eV of the
highest BE peak after annealing. This peak is located 1.9-2.2 eV greater than
lattice oxygen and comprised ~3% of the total peak area, while the other high
BE shoulder is located ~1.0 eV higher than lattice oxygen and accounted for
~15% of the total O 1s peak. The O 1s spectra at the smaller take-off angle
are visibly broader than their larger take-off angle counterparts due to the
increased peak areas of the higher BE components. The highest BE
component decreases from 11% to 6% with annealing, while the intermediate
O 1s feature decreases from 37% to 19%. The fact that the area of these
peaks increases for the smaller take-off angle indicates that they are related

to surface oxygen species. Although annealing in UHV can create surface
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oxygen vacancies[34], it is unlikely that these peaks are related to oxygen
vacancies as the peak areas decrease with annealing rather than increase.
Given the BE difference of the highest BE peak and lattice oxygen and the
peak’s relatively small peak area, the high BE peak is attributed to low level
adsorption of background gases. No signature for carbon was present during
XPS analysis, so water and/or molecular oxygen adsorbed during sample
cooling and transfer are the most likely species. The intermediate oxygen
peak is then attributed to a surface oxygen species, consistent with the higher
BEs seen for surface oxygen in perovskites[35,36]. The decrease in peak
area upon annealing of this intermediate peak is then related to the surface
dynamics discussed above, namely the altered stoichiometry and

decomposition.

Conclusion

The growth of LFO on YSZ was highly oriented as judged by XRD,
RBS, and TEM data, however the film was not single crystalline due to the
existence of several different crystalline domains observed in HRTEM
images. A relatively high channeling yield compared to epitaxial films
resulted from the multicrystalline nature of the LFO film. The lattice mismatch
between LFO and YSZ may prevent epitaxial, defect free growth. After film

growth, significant differences were detected with angle-resolved XPS
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between the surface and bulk of the film, with a surface oxygen species

present at higher concentration in the grazing-emission spectra. Annealing

the film in UHV resulted in the sequential reduction of Fe, from Fe®" to Fe®* to

Fe®. A greater degree of reduction took place at the surface, and the

formation of Fe® likely resulted from surface decomposition. The redox

properties of the LFO surface were sensitive to the experimental annealing

conditions. This sensitivity suggests that appropriate methods may be

developed to control the surface properties to suit a particular gas sensing or

catalytic application.

References:

[1]

[2]

[3]

[4]

Y. Nishihata, J. Mizuki, T. Akao, H. Tanaka, M. Uenishi, M. Kimura, T.
Okamoto, and N. Hamada, “Self-regeneration of a Pd-perovskite
catalyst for automotive emissions control,” Nature, vol. 418, pp. 164-
167, 2002.

M. R. Goldwasser, M. E. Rivas, M. L. Lugo, E. Pietri, J. Perez-Zurita,
M. L. Cubeiro, A. Griboval-Constant, and G. Leclercq, “Combined
methane reforming in presence of CO; and O, over LaFe;,CO,03
mixed-oxide perovskites as catalysts precursors,” Catal. Today, vol.
107-108, pp. 106-113, 2005.

H. J. Su, L. Q. Jing, K. Y. Shi, C. H. Yao, and H. G. Fu, “Synthesis of
large surface area LaFeO3 nanoparticles by SBA-16 template method
as high active visible photocatalysts,” J. Nanopart. Res., vol. 12, pp.
967-974, 2010.

N. N. Toan, S. Saukko, and V. Lantto, “Gas sensing with
semiconducting perovskite oxide LaFeO3,” Physica B, vol. 327, pp.
279-282, 2003.



[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

183

X. F. Wang, H. W. Qin, L. H. Sun, and J. F. Hu, “CO, sensing
properties and mechanism of nanocrystalline LaFeO3; sensor,” Sensor.
Actuat. B, vol. 188, pp. 965-971, 2013.

S. P. Simner, J. R. Bonnett, N. L. Canfield, K. D. Meinhardt, J. P.
Shelton, V. L. Sprenkle, and J. W. Stevenson, “Development of
lanthanum ferrite SOFC cathodes,” J. Power Sources, vol. 113, pp. 1-
10, 2003.

S. V. Chavan, and R. N. Singh, “Preparation, properties, and reactivity
of lanthanum strontium ferrite as an intermediate temperature SOFC
cathode,” J. Mater. Sci., vol. 48, pp. 6597-6604, 2013.

N. Yamazoe, “Oxidation Catalysis of Perovskites --- Relationships to
Bulk Structure and Composition (Valency, Defect, etc.),” Catal. Today,
vol. 8, pp. 175-199, 1990.

J. L. G. Fierro, and L. G. Tejuca, “Non-stoichiometric Surface Behavior
of LaMOg3 Oxides as Evidenced by XPS,” Appl. Surf. Sci., vol. 27, pp.
453-457, 1987.

M. A. Pena, and J. L. G. Fierro, “Chemical Structures And
Performance Of Perovskite Oxides,” Chem. Rev., vol. 101, pp. 1981-
2017, 2001.

C.W. Lee, R. K. Behera, S. Okamoto, R. Devanathan, E. D.
Wachsman, S. R. Phillpot, and S. B. Sinnott, “Stabilization
Mechanisms of LaFeO3 (010) Surfaces Determined with First
Principles Calculations,” J. Am. Ceram. Soc., vol. 94, pp. 1931-1939,
2011.

B. H. Li, M. B. Katz, Q. J. Zhang, L. Chen, G. W. Graham, and X. Q.
Pan, “Surface-termination-dependent Pd bonding and aggregation of
nanoparticles on LaFeO3 (001),” J. Chem. Phys., vol. 138, pp. 144705,
2013.

L. H. Sun, J. F. Hu, H. W. Qin, M. Zhao, and K. Fan, “Influences of Ca
Doping and Oxygen Vacancy upon Adsorption of CO on the LaFeO3
(010) Surface: A First-Principles Study,” J. Phys. Chem. C, vol. 115,
pp. 5593-5598, 2011.



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

184

E.N. Armstrong, K.L. Duncan, and E.D. Wachsman, “Effect of A and B-
site cations on surface exchange coefficient for ABO3; perovskite
materials,” Phys. Chem. Chem. Phys., vol. 15, pp. 2298-2308, 2013.

L. Qiao, K. H. L. Zhang, M. E. Bowden, T. Varga, V. Shutthanandan,
R. Colby, Y. Du, B. Kabius, P. V. Sushko, M. D. Biegalski, and S. A.
Chambers, “The Impacts of Cation Stoichiometry and Substrate
Surface Quality on Nucleation, Structure, Defect Formation, and
Intermixing in Complex Oxide Heteroepitaxy-LaCrO3 on SrTiO3(001),”
Adv. Funct. Mater., vol. 23, pp. 2953-2963, 2013.

S. Thevuthasan, C. H. F. Peden, M. H. Engelhard, D. R. Baer, G. S.
Herman, W. Jiang, Y. Liang, and W. J. Weber, “The ion beam
materials analysis laboratory at the environmental molecular sciences
laboratory,” Nucl. Instr. Meth. A,” vol. 420, pp. 81-89, 1999.

M. Mayer, SIMNRA User's Guide, Report IPP 9/113, Max-Planck-
Institutfir Plasmaphysik, Garching, Germany, 1997.

S. L. Yi, Y. Liang, S. Thevuthasan, and S. A. Chambers, “Morphological
and structural investigation of the early stages of epitaxial growth of a-
Fe,O3 (0001) on a-Al,O3 (0001) by oxygen-plasma-assisted MBE,”
Surf. Sci., vol. 443, pp. 212-220, 1999.

C. J. Powell,and A. Jablonski, NIST Electron Inelastic-Mean-Free-Path
Database, version 1.2, SRD 71; National Institute of Standards and
Technology: Gaithersburg, MD, 2010.

S. Tanuma, C. J. Powell, and D. R. Penn, “Calculations Of Electron
Inelastic Mean Free Paths. V. Data For 14 Organic-Compounds Over
The 50-2000 eV Range,” Surf. Interface Anal., vol. 21, pp. 165-176,
1994.

T. Arima, Y. Tokura, and J. B. Torrance, “Variation of optical gaps in
perovskite-type 3d transition-metal oxides,” Phys. Rev. B, vol. 48, pp.
17006-17009, 1993.

Y. Matuura, S. Matsushima, M. Sakamoto, and Y. Sadaoka, “NO,-
Sensitive LaFeO3 Film prepared by Thermal Decomposition of the
Heteronuclear Complex, {La[Fe(CN)s-5H,0},” J. Mater. Chem., vol. 3,
pp. 767-769, 1993.



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

185

C. J. Powell, A. Jablonski, I. S. Tilinin, S. Tanuma, and D. R. Penn,
“Surface sensitivity of Auger-electron spectroscopy and X-ray
photoelectron spectroscopy,” J. Electron Spectrosc., vol. 98, pp. 1-15,
1999.

L. A. Gianuzzi, J. L. Drown, S. R. Brown, R. B. Irwin, and F. A. Stevie,
“Applications of the FIB Lift-Out Technique for TEM Specimen
Preparation,” Microsc. Res. Techniq., vol. 41, pp. 285-290, 1998.

V. Shutthanandan, S. Thevuthasan, Y. J. Kim, and C. H. F. Peden,
"Channeling Studies of CeO, and Ce1..ZrxO, Films on Yttria-Stabilized
ZrO,(111)," Mat. Res. Soc. Symp. Proc., vol. 654, pp. AA2.6.1-
AA2.6.6, 2001.

T. Yamashita, and P. Hayes, “Analysis of XPS spectra of Fe?* and Fe*'
ions in oxide materials,” Appl. Surf. Sci., vol. 254, pp. 2441-2449,
2008.

J. F. Moulder, W. F. Stickle, P. E. Sobol, and K. D. Bomben, Handbook
of X-ray Photoelectron Spectroscopy. Eden Prairie, MN, USA: Perkin-
Elmer Corporation, 1992.

J. M. D. Tascon, J. L. G. Fierro, and L. G. Tejuca, “Physicochemical
Properties Of LaFeOs; - Kinetics of Reduction and of Oxygen
Adsorption,” J. Chem. Soc., Faraday Trans. I, vol. 81, pp. 2399-2407,
1985.

P. E. Marti and A. Baiker, “Influence of the A-site cation in AMNOz.x
and AFeOs.x (A = La, Pr, Nd and Gd) perovskite-type oxides on the
catalytic activity for methane combustion,” Catal. Lett., vol. 26, pp. 71-
84, 1994.

J. Suntivich, H. A. Gasteiger, N. Yabuuchi, H. Nakanishi, J. B.
Goodenough, and Y. Shao-Horn, “Design principles for oxygen-
reduction activity on perovskite oxide catalysts for fuel cells and metal-
air batteries,” Nature Chem., vol. 3, pp. 546-550, 2011.

P. A. W. van der Heide and J. W. Rabalais, “Photoelectron
spectroscopic study of the temperature-dependent termination of the
LaAlO3(100) surface,” Chem. Phys. Lett., vol. 297, pp. 350-356, 1998.



[32]

[33]

[34]

[35]

[36]

186

D. D. Sarma and C. N. R. Rao, “XPES Studies of Oxides of Second-
and Third-Row Transition Metals Including Rare Earths,” J. Electron
Spectrosc., vol. 20, pp. 25-45, 1980.

P. L. J. Gunter, O. L. J. Gijzeman, and J. W. Niemantsverdriet,
“Surface roughness effects in quantitative XPS: magic angle for
determining overlayer thickness,” Appl. Surf. Sci., vol. 115, pp. 342-
346, 1997.

M. A. Henderson, C. L. Perkins, M. H. Engelhard, S. Thevuthasan, and
C. H. F. Peden, “Redox properties of water on the oxidized and
reduced surfaces of CeO,(111),” Surf. Sci., vol. 526, pp. 1-18, 2003.

E. J. Crumlin, E. Mutoro, W. T. Hong, M. D. Biegalski, H. M. Christen,
Z. Liu, H. Bluhm, and Y. Shao-Horn, “In Situ Ambient Pressure X-ray
Photoelectron Spectroscopy of Cobalt Perovskite Surfaces under
Cathodic Polarization at High Temperatures,” J. Phys. Chem. C, vol.
117, pp. 16087-16094, 2013.

P. A. W. van der Heide, “Systematic x-ray photoelectron spectroscopic
study of La;.xSrx-based perovskite-type oxides,” Surf. Interface Anal.,
vol. 33, pp. 414-425, 2002.



187

Figures
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Figure 8.1 - XRD spectrum of LFO(001) grown on YSZ(001) at 700 °C.
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Figure 8.2 — Post-growth RHEED pattern of LFO(001) grown on YSZ(001) at
700 °C.
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Figure 8.3 - (a) Channeling and random RBS spectra along with the SIMNRA
calculated result for the as-grown LFO film on YSZ. (b) Normalized angular

yield curves from La in the film and Zr in the substrate. In both cases, the

incident energy of the helium beam was 2 MeV and the scattering angle was

150°.
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Figure 8.4 - HAADF-STEM images at different locations of the LFO/YSZ film.
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Figure 8.5 - 10° (top) and 45° (bottom) emission spectra from LFO/YSZ film
oxidized and annealed in vacuum.
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CHAPTER 9

CONCLUSION AND FUTURE DIRECTIONS
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This dissertation explored ways to meet future technological and
energy demands that call for greater device performance and efficiency. It
was shown that usable solar absorbing inks could be made by alternative
processing methods. Microwave-assisted synthesis of Cu,ZnSnS,
nanoparticles enabled a lower reaction temperature and shorter reaction time
relative to most of the reports in the literature. The composition of the
nanoparticles was controlled by varying the precursor concentrations, which
is an important result since the highest performing CZTS solar cells to date
have had off-stoichiometric compositions. As a proof-of-concept, CZTS solar
cells were made with a device efficiency of 0.25%.

The microwave-assisted synthesis of CZTS was done in a batch
process, but a scalable approach was demonstrated using a continuous flow
reactor. A controlled, segmented flow was achieved by applying fluid
mechanics principles, which led to enhanced mixing of the reactant
precursors compared to laminar flow regimes. It was found that the growth of
CZTS nanoparticles proceeds first by the nucleation of Cu,.S, with the
subsequent incorporation of Sn** and then Zn?* cations. As in the case of the
microwave-assisted synthesis, no complex organic additives were used for
the continuous flow process.

The dehydration and XPS study of HafSOx showed that direct control
over the film chemistry and surface acidity is possible through optimization of

annealing temperatures and water exposures to dehydrated films. Sulfur was
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found to exist in sulfate form independent of the degree of dehydration. The
O 1s spectra were fit with three components corresponding to Hf-O, OH, and
SO,. Water exhibited a maximum desorption rate near 475 K, with desorption
persisting up to 750 K. The surface acid sites of dehydrated HafSOx were
probed with D,O adsorption/desorption, where D,O was found to desorb by
both molecular and dissociative pathways, with the TPD spectrum indicative
of a broad range of adsorption sites.

Peroxide containing HafSOx films were studied with XPS, TPD and
ESD. The surface was found to be slightly sulfate rich, with composition
given by Hf(OH)1.4(02)05(S04)0.s -qH20. The thermal desorption energy of O,
was 1.3 eV, which likely resulted from decomposition of the hafnium-peroxo
species. O, desorbed from peroxide containing films using TPD and ESD but
not from those without peroxide. This supports the hypothesis that peroxo
ligands reduce the degree of Hf-O-Hf formation and enable the patternability
of HafSOx. Total desorption cross sections for O, were established for
primary electron energies ranging from 500-2000 eV, ranging from 10> — 10°
16 sz.

XPS analysis of the Pt/a-IGZO interface revealed that it is quite
reactive, with Pt deposition inducing the reduction of a finite amount of In from
In®* to In°. Due to the absence of significant line shape changes in the Pt,
Ga, and Zn core levels that would indicate alloying, the In reduction reveals

that In is segregating from a-IGZO. A Schottky barrier height of 0.25 eV was
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experimentally determined for the Pt/a-1GZO interface, which is lower than
what is expected under ideal conditions and results from the reactive
interface. Annealing the interface in UHV resulted in the formation of Pt
islands.

Molecular beam epitaxial growth of LFO on YSZ resulted in a high
guality, nearly single crystalline film. TEM and RBS channeling analysis
provided evidence for multiple crystallographic orientations present in the film,
however XRD data indicates that the film was largely single crystalline. XPS
analysis revealed that the surface stoichiometry and bonding environment
differed quantitatively from the bulk. It was also shown that the film’s surface
was sensitive to UHV annealing, with the initial Fe** being sequentially
reduced to Fe?" and finally Fe®.

Looking ahead to future studies, a logical progression in the CZTS
work is to combine the benefits of microwave heating with segmented,
continuous flow processing to produce high quality CZTS nanoparticles. This
work has in fact begun in earnest within the Herman lab group using a custom
designed microwave flow reactor. Densification of the deposited
nanoparticles to form an adequately dense film for solar cell applications with
minimal defects remains a challenge. Dense films can be formed by
annealing the film in a confined vessel (e.g. graphite box) with selenium
overpressure, but alternative annealing approaches should be considered

that are more amenable to large scale manufacturing. The high selenium
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vapor pressure typically used to densify CZTS nanoparticles (and form
CZTSSe) forms an unfavorable MoSe; layer in standard device architectures,
and one method to avoid confined annealing with the resultant MoSe;
formation would be to use high-powered optical sources such as lasers to
anneal the film. The efficiency of pure sulfide CZTS cells lags behind
CZTSSe and CIGS cells, but pursing the sources of the decreased efficiency
is merited on one level due to the close lattice match of CZTS and Si, and
thus the possibility exists to form highly efficient tandem solar cells from these
materials with complementary band gaps.

A practical next step for HafSOx characterization is measuring the
catalytic activity for the isomerization of n-butane. The catalytic activity for
this reaction could be measured as a function of the relative amount
Bregnsted-Lowry vs. Lewis acid sites, which can be controlled by the
appropriate choice of annealing conditions. The patterning sensitivity of
HafSOx may be further improved by doping with other metals, where total
desorption cross sections of O, could be measured with electron stimulated
desorption as a function of the metal species and its concentration.

It would be extremely valuable to incorporate the capabilities of a
semiconductor parameter analyzer inside a UHV system to enable fabrication
and characterization of Pt/a-IGZO devices in a pristine environment. In
practice, a two terminal connection would be needed to test memristor

operation. A Pt/a-IGZO/Pt memristor could be fabricated in situ,
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characterized by XPS, and finally tested by application of a bias to switch the
memristor from a high-resistive state to a low-resistive state and back again.
Additional processing such as annealing the deposited Pt layer under a partial
pressure of O, could change the interfacial barrier height and its effect on
device performace could be quantified. A three terminal connection could be
used to test a-1IGZO transistor operation under the influence of H,O or O,
which is currently a relevant area of research.

LFO would also be a prime candidate for in situ catalysis testing,
where the surface properties of the film could be altered by annealing and the
film’s conductivity measured under the influence of relevant gases such as
CO,, H,0, and O, as a measure of the film’s gas sensing capabilities. Low
energy electron diffraction could provide insight into the dynamic nature of the
LFO film during annealing and help determine if the surface undergoes
reconstruction. X-ray absorption spectroscopy of the LFO film would
guantitatively reveal the degree of Fe-O hybridization as the oxidation state of
Fe changes with annealing, which would be useful as the amount of
hybridization or covalency of the Fe-O bond is known to affect catalytic

efficacy in certain applications.
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