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Abstract
Herzenbergite tin (II) monosulfide (α-SnS) is of growing interest as a photovoltaic
material because of its interesting optoelectronic properties and Earth abundance. It
has several stable phases due to the dual valency of tin. As a layered material, αSnS has the ability to form varying microstructure with differing properties. For this
dissertation, films were RF sputtered from a SnS and SnS2 target to produce films with
varying microstructure. Growth of high energy phases including β-SnS and amorphous
SnS2 were possible through sputtering. Films of mixed or strained phase resulted
from both targets. Pure phase α-SnS was made by annealing amorphous SnS2 films.
Microstructure was measured using grazing incidence XRD and field emission SEM. The
impact of microstructure was seen for both optical and electronic properties. Films were
evaluated using spectroscopic ellipsometry as well as unpolarized UV-Vis transmission
and reflection measurements. Optical modeling of the films is sufficient for developing
models corresponding to specific microstructure, enabling it to be an inexpensive tool
for studying the material. Absorption coefficient and band gap were also derived for
these films. Films deposited with the SnS target had resistivity values up to 20,000
Ω-cm. Annealing of amorphous films deposited from the SnS2 target resulted in α-SnS
films with much lower resistivity (<50 Ω-cm) values. This method for producing α-SnS
offered better control of the phase, microstructure and therefore optoelectronic properties.
While SnS films made from either target were typically p-type, sputtering of the SnS2
target with substrate heating resulted in n-type SnSx of a potentially new phase similar
to SnS2 but with a 2:3 tin-to-sulfur ratio. Resistivity of those films typically ranged
from 1 to 40 Ω-cm. Both p- and n-type films made from the SnS2 target had high carrier
concentration of 1017 to 1020 cm−3 , but films had low Hall mobility such that conductivity
type was not determined. Titanium, molybdenum, and aluminum contacts were tested for
Ohmic and Schottky behavior using transmission line measurements. The complexity of
its microstructure and flexibility in formation of varying phase and altered phase presents
challenges to its use as a PV absorber.
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Chapter 1
Introduction
1.1 Motivation
Metal sulfides are a growing area of interest in materials science due to their wide range of
applications, much like metal oxides. Metal oxides have been used for a wide variety of
applications from ferroelectrics to optics to semiconductors due to a great understanding
of their fundamental properties. Metal chalcogenides have a similar potential, but a
fundamental basis is needed for bridging out to these applications. Tin sulfide is among
the sub-category of layered metal sulfides. Tin (II) monosulfide (SnS) is of particular
interest for its potential as a photovoltaic absorber.
The search for superior materials for photovoltaic (PV) applications is ongoing.
While silicon-based photovoltaics dominate the market, thin film PV production is a
rapidly expanding market as materials and production costs are lower per module than
silicon devices. [1] Thin film PV has the potential to dominate the market, but limitations
with environmental concerns, material criticality, and process scale-up constrain their
emergence. The rapid growth of the solar PV market has introduced concern over the
carbon footprint and net energy gain within the industry. [1, 2] Tin monosulfide (SnS)
can be considered as a material with lessened impact on the environment and sufficiently
high Earth abundance, and has the potential to achieve high device efficiencies (>20%)
required for solar PV to meet grid parity. [3, 4]
Research groups around the world are investigating SnS via various deposition
methods and heterostructures for thin film solar cells. The maximum achieved efficiency
has yet to reach 5% despite the promising properties of SnS. [5] SnS devices have
achieved high short-circuit current densities (Jsc ) near 20 A/cm2 , but open-circuit voltage
(Voc ) and fill factor (FF) are significantly lower than models predict. [4] Engineering SnS

1

devices via an investigation of the property fundamentals is needed to move forward with
SnS solar cells. Knowledge of the microstructure-property relationship for SnS thin films
crucial to improving devices due to the complexity of the materials structure.
The multi-valency of tin, complex Sn-S phase diagram, and layered nature of SnS
result in a complex system and large variability in the microstructure of the material.
Microstructure growth is largely dependent on the deposition method. Sputter deposition
offered a wide range of parameters to tailor the material properties by altering the
growth of its microstructure. X-ray diffraction (XRD) patterns and scanning electron
micrographs show stark differences in crystallographic orientation and morphology
respectively, depending on the deposition conditions. Spectroscopic ellipsometry was
utilized to determine the optical constants of SnS via robust modeling methods. XRD
patterns suggested the presence of a new polymorphs not yet seen in the literature. The
goal of the research was to develop the microstructure-property relationship for tin sulfide
thin films, and show the impact of growth conditions on its microstructure.

1.2 Dissertation Outline
The outline of this dissertation is as follows. Chapter 2 is a literature review of SnS
covering several topics. It reviews theoretical and experimental studies of the material.
Experiments of both single crystal and thin film are reviewed. Discussion of the structural,
optical and electronic properties for single crystal and thin film SnS are discussed.
Methods of deposition, characterization and analysis of sputtered SnS thin films for
this dissertation is presented in Chapter 3. Supporting information for this chapter is
available in Appendix A and B. Chapter 4 discusses the structural properties of sputtered
tin sulfide thin films. The chapter is separated by processing method, but also compares
all methods for producing SnS thin films. Supporting information for this section is found
in Appendix B and C. Optical properties for sputtered tin sulfide is found in Chapter 5,
with information about the models presented in Appendix D. Chapter 5 is separated by
composition such that films with SnS as the primary phase are covered separately from
films with higher sulfur content. Chapter 6 discusses the electronic properties of and
metal/semiconductor contacts for tin sulfide thin films. Conclusions and future work are
presented in Chapter 7. Recommended future investigations are presented in this chapter.
Appendix E provides a Master Model of the dissertation, including a summary of the
approach for determining the microstructure-property relationship of SnS.
2

Chapter 2
Literature Review
Tin sulfide fits into two areas of research interest including metal sulfides, and the search
for new photovoltaic absorber materials. Through extension of the knowledge of tin
sulfide, improved understanding of metal sulfides is possible. In order to develop the
material for such an application like PV, a fundamental understanding is necessary. Tin
(II) monosulfide is an optoelectronic material. Measured properties for both single crystal
and thin film material suggest that it is a good candidate for a new photovoltaic absorber.
However, slow improvement in devices, with its highest efficiency falling short of 5%
[5] after 10 years of research [6], indicates that further understanding of its properties is
required. Development of a microstructure-property relationship will better direct new
research for improving the material.

2.1 Photovoltaic Solar Cells and Performance Parameters
A photovoltaic solar cell is made up of four major layers on a substrate, and undergoes
four major processes to convert light into usable electricity. The first component in
an inorganic PV device, a p-n junction is the most important part of the cell. For the
junction, a p- and n-type semiconductor is needed to form the junction. Typical doping
levels for these semiconductors is 1015 to 1018 cm−3 . If the semiconducting material
is the same for both the p- and n-type layers, the device is known as a homojunction.
Si is the only material that currently fits this condition. Other inorganic PV devices
are heterojunctions because the p- and n-type layers are different materials. The most
common n-type material is CdS, which is paired with several p-type materials including
CdTe, C(In,Ga)(S,Se)2 (CIGS), and Cu(Zn,Sn)S2 (CZTS). CdTe and CIGS are the most
3

developed of these three materials systems having achieved maximum lab efficiencies
near 20%. In these devices, CdS is a window layer that allows most light through, and
the p-type material is the absorber layer.
While there are several electronic properties of the semiconductor that are important
for PV device performance, the band gap is extremely important for material selection.
The band gap (Eg ) is defined as:
Eg = Ec − Ev

(2.1)

where Ec and Ev are the energies of the conduction and valence bands respectively.
The band gap is related to both the photovoltage and photocurrent of the PV device. A
balance must be struck between high carrier absorption and voltage output of the device.
According to energy balance calculations, a band gap of 1.3 to 1.5 eV is ideal for the
maximum power output is achievable for this range. [3, 7] Only photons with energies at
or above the band gap will be absorbed, while the maximum possible voltage is limited
by the band gap. The Shockley-Quiesser limit determined that the maximum achievable
efficiency is 33%, [7] while Loferski found that the maximum efficiency is closer to 25%
[3] for a single-junction PV device.
Another important layer in the device structure is the transparent conductor. Common transparent conductors include indium tin oxide (ITO), aluminum zinc oxide (AZO),
or fluorine-doped tin oxide (FTO). These materials are have a wide band gap to allow
the maximum amount of light to the p-n junction and degenerately n-type doped to 1019
to 1021 such that they have low resistivity (10−3 to 10−4 Ω-cm). The combination of
low absorption and low resistivity is important to maximize the efficiency of a solar PV
device. The material must be transparent such that no or very little light is lost as it
travels to the junction material. It must be conductive so that generated carriers can be
extracted efficiently out of the device for energy use.
The last important layer in the device is the back contact metal. This material must
make an ohmic contact with the junction material in order to minimize losses in device
function. Choice of this material is often dependent on the work function of the metal
(ϕm ) and semiconductor (ϕs ). The work function of a material is the energy from the
Fermi level to the vacuum level. For a semiconductor, the work function is defined as:
ϕs = χ + (Ec − EF )

(2.2)

4

Figure 2.1. Standard PV device for (a) Physical Diagram (b) Energy Diagram. Energy diagram
is rotated 90◦ clockwise relative to physical diagram. Numbers indicates step in the PV process.
(1) Absorb light (2) Generate carriers (3) Separate carriers (4) Do work.

where χ is the electron affinity of the semiconductor and EF is the Fermi energy. In order
to have an Ohmic contact the following relation must be satisfied:
ϕm < ϕs

(2.3)

Therefore, selection of the back contact metal is based on the electronic properties of
both the metal and semiconductor.
Figure 2.1a and b shows the four processes in relation to the device structure in
physical and energy space respectively. The steps are as follows:
1. Light is absorbed in the p-n junction at the depletion region.
2. Photons with energy greater or equal to the band gap generate free carriers by
exciting electrons from the valence band to the conduction band.
3. Newly generated carriers are separated with holes increasing in energy to the
transparent conductor (3a) and electrons lowering their energy towards the back
contact (3b).
4. Carriers exit the device to do work.
Incoming solar radiation must reach the p-n junction of the device by penetrating
through the transparent conductor. Once the light reaches the p-n junction, the first
process of radiation absorption takes place. The efficiency of this process is related to
the absorption coefficient (α). The larger the absorption coefficient, the less material
needed to absorb all the light. Film thicknesses are typically targeted to absorb 95% of
the light. Once the light is absorbed, it will start the second process, which is generation

5

of free carriers. This process occurs in the depletion region of the p-n junction. The
depletion region is the region in Figure 2.1b where majority carriers from the p- and
n-type layers are exchanged. The depth of the depletion region is dependent on the carrier
concentration of each layer. Carriers are exchanged into the depletion region in order to
establish equilibrium. For heterojunction devices with a p-type absorber, it is desired that
a majority of the depletion region is in the p-type layer, such that the carrier concentration
of the n-type layer is greater than that of the p-type layer.
The efficiency (η) of a PV solar cell is defined as:
η=

Pout
Jsc Voc FF
=
Z hc
Pin
Φsun (λ)dλ
λ λ

(2.4)

where
FF =

Z
λ

Jmp Vmp
Jsc Voc

(2.5)

hc
Φsun (λ)dλ = 100 mW/cm2
λ

(2.6)

Jmp and Vmp are determined from the maximum power point from the measured current
density-voltage (J-V) curve. FF, Jsc , and Voc are the primary parameters considered to
determine the performance of a PV solar cell device. In Eqs. 2.4 and 2.6, c is the speed of
light in a vacuum, and Φsun is the photon flux as a function of wavelength. For terrestrial
solar cells, Φsun is based on AM1.5 global irradiance data, which includes direct and
diffuse sunlight. [8, 9]

2.2 Need for new materials in PV
The materials used in PV modules must be inexpensive and widely available in order to
become a major part of the world’s energy portfolio. Materials with low toxicity levels
will also ensure environmental success. With recent growth of the industry, solar PV must
also consider its carbon foot print and net electricity gain. [1, 2] The current doubling
time of two years presents new challenges as solar PV becomes a large contributor to the
energy industry, as all large industries have a large impact on the environment. While
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silicon fits these requirements, the inherent production costs and energy payback periods
are higher than that of thin film solar cells. [1, 10] Solar panel production with high
energy expenditure will inherently have a high carbon footprint. Thin films PV has the
additional advantage of working well in areas with high cloud cover due to reduced
reflection from direct sunlight. New materials for solar cell applications, which can fit all
these requirements, must be investigated.
While many materials have the potential for satisfying the requirements to make
a high efficiency solar PV device, other materials selection criteria must be considered.
The desire to switch from fossil fuels to PV dictates that PV must be inexpensive both in
dollar amount and energy expenditure. In order to be cost-competitive with fossil fuels,
total PV costs for the module and external costs must be at $1/Wp . The Department of
Energy’s SunShot Initiative states that in order to achieve this goal, the module cost must
not exceed $0.50/Wp . Cost projections predict that crystalline silicon panels will reach
$0.36/Wp by 2017. [11]
While the cost per peak watt (Wp ) is expected to surpass the target value, energy expenditure is equally important. Every two years, the PV installed capacity approximately
doubles. [12, 13] In order to keep up with this doubling rate, the energy payback time for
a panel must be less than two years. In order to have sufficient energy for producing more
PV modules and for normal energy use, the payback time must be about a year. [14] As
energy storage becomes necessary due to increased PV installed capacity, energy payback
time will likely need to decrease further. Silicon modules have an inherently large energy
expenditure due to high processing energy of silicon wafers. Thin film modules are
inherently lower in energy expenditure due to the ease of roll-to-roll processing.
The most common thin film materials are CdTe and CIGS. CdTe has issues with
toxicity of cadmium, and scarcity of tellurium. CIGS has an issue with indium scarcity.
An additional challenge for indium is its application in flat-panel displays. While the
energy industry depends on minimizing cost, the electronics industry is less concerned
with lowering cost, meaning that the cost of indium only increases with increased demand.
While both CdTe and CIGS-based devices are improving in lab and module efficiency,
material scarcity will cause there to be insufficient availability to meet demand. As a
result, alternative materials must be researched to replace these materials.
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2.3 Choice of SnS
Tin and sulfur are abundantly available in the Earth’s crust, refined globally, have welldeveloped supply chains, and meet PV material requirements, making SnS a strategic
choice for a PV material. The upstream processing of tin and sulfur is lower energy than
CdTe or CIGS. They have low toxicity, with no heavy metals, and could easily become
part of the supply chain for photovoltaic applications, like silicon has.
SnS is natively p-type with ideal parameters for a solar cell absorber. SnS has
a high absorption coefficient (α) of > 104 cm−1 above the band gap [15–17], a direct
band gap of 1.2 to 1.5 eV [6, 18, 19], indirect gap of 1.1 eV [18–21], and high free
carrier concentration around 1017 to 1018 cm−3 [22, 23]. Several deposition methods
of tin sulfide have been explored including wet-chemical processing and vacuum based
depositions, but the maximum efficiency achieved is below 5% [5]. Sputtered SnS has
not been explored sufficiently, although it is known to produce high quality films. The
purpose of this project is to explore the parameter space to produce the best SnS material
for the absorber layer of photovoltaic solar cells.
The aforementioned parameters are heavily considered for materials selection for a
PV device and are used to predict device performance. According to Loferski’s diagrams,
SnS-based devices have the potential to reach 24% efficiency. [3] The potential of SnSbased devices is equal-to or better than some of the current prominent technologies. For
example, SnS has one of the highest absorption coefficients, despite its indirect band gap.
Figure 2.2 shows the absorption coefficient of SnS as compared to traditional absorber
materials used in industry. The absorption properties for SnS are near or better than a
majority of materials in the market. While high absorption is important, devices require
significant improvement with respect to electronic properties in order to achieve high
carrier photogeneration, separation and extraction.

2.3.1 Choice of Sputtering
Sputtering has two main advantages: (1) the benefit of a common method for large-scale
processing and (2) the flexibility allows for the potential to easily alter the properties of the
material. Because sputtering is used to to grow large scale thin films, such as for window
glass coatings, a process developed for SnS thin films could easily translate to production
of thin film modules. Sputtering offers a wide range of parameters to vary for deposition
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Figure 2.2. Absorption coefficients for common materials used in PV panels as compared to
sputtered SnS. Data for SnS was determined from sputtered SnS thin films made at Penn State
University.

conditions. As a result, the best quality material has high potential to be produced via
sputtering. The method offers the possibility to determine the microstructure-property
for a material because of the range of flexibility offered by this method. Sputtering tin
sulfide has not been thoroughly studied. Studies presented in this dissertation evaluate
conditions not previously studied to the extent they are investigated here.

2.4 Background on Tin Sulfide
Tin sulfide is a challenging material to work with due to the dual valency of tin (Sn2+
and Sn4+ ). The dual valency enables tin sulfide to form various phases dependent on
the composition. This section will go over details regarding the multiple phases and
phase stability of tin sulfide. A brief discussion will review phases with Sn4+ and
their properties. Later subsections will focus on tin (II) monosulfide (SnS), including a
discussion of the electronic band structure and intrinsic defects.
Formation of the tin sulfide phases and study of their energies of formation, vapor
pressure and other thermodynamic data have been done by several authors. One of
the earliest studies was completed by Colin and Drowart, who used mass spectrometry
9

to determine vaporization of SnS. [29] The experiment used a Knudsen effusion cell
with a mass spectrometer. They found commercial SnS to decompose to SnO easily.
Commercial SnS2 worked well, which they hypothesized was due its low temperature
decomposition into SnS and polyatomic sulfur molecules. In-house prepared SnS by
reduction of SnO with H2 S also worked well. Processes took place at 500◦ C. Experiments
were used to determine vapor composition and enthalpy of formation data based on the
second and third laws of thermodynamics as well as dissociation enthalpies of SnS. They
found SnS and Sn2 S2 were the major components of the vapor, while S2 was below the
detection limit of the system. They acknowledge that these results conflicted with Albers
et al. [22, 30]
Wiedemeier and Csillag [31] completed studies to evaluate the mass-loss of SnS
near the transition temperature. They also used the Knudsen effusion technique for two
orifice sizes. They found a dependence on vapor pressure for different orifice size. They
found a dominant sublimation reaction for SnS:
SnS(s) → SnS(g)

Reaction 2.1

The results from this study varied from previous studies in that vapor pressure measurements were substantially higher than other work. Mass-loss rates, total vapor pressures,
free energies, enthalpy of formation energies were determined as a function of temperature. These parameters were determined for a few scenarios including SnS prepared (1)
by annealing for two orifice areas, and (2) in the presence of 5 kPa SnI4 . [31]
While sublimation of SnS is a primary vaporization process for tin sulfide, it is
important to understand the role of its other phases. Piacente et al. [32] studied the
sublimation processes for SnS, Sn2 S3 and SnS2 through the use of Knudsen effusion
method and torsion method. Pressure-Temperature relationships were determined for
each sulfide in addition to free and enthalpy of formation energies as a function of
temperature. Vaporization of the sulfides were determined for the following reactions:
SnS2 (s) −→ 12 Sn2 S3 (s) + 12 S2 (g)

Reaction 2.2

Sn2 S3 (s) −→ 2 SnS(s) + 21 S2 (g)

Reaction 2.3
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The results for the vaporization of SnS2 shows two stages of significant vaporization
changes. The result suggests that vaporization of Sn2 S3 begins before vaporization of
SnS2 is complete. Piacente et al. found that diameter of the effusion cell did not affect
the vapor pressure for SnS2 and Sn2 S3 . [32] The result differs from that of Wiedemeier
and Csillag, who found the diameter did matter for the vaporization of SnS. Studies
such as these are important for developing phase diagrams, and predicting the effects of
annealing the material to improve its optoelectronic properties.
More tin sulfide phases have appeared in the literature in recent years with the
development of nanocrystal SnS. Biacchi et al. [33] explored various shapes of nanocrystals and determined through transmission electron microscopy (TEM) measurements
that they had grown a new phase of SnS. This was possible due to the surface energy
of nanocrystals. Different stacking of layers has been observed in SnS nanostructures
[34, 35] so Lorenz et al. [36] modeled the electronic band structure of SnS and SnS2
double layers. They found that charge transfer could occur between monolayers of these
materials. The variability of SnS phases has implications for sputtered SnS as well
because of the high energy of the plasma.

2.4.1 Phases, Phase Diagrams, and Stability
Until recently, availability of phase diagrams for Sn-S in the literature were limited to
atmospheric pressure for phase at varying temperature as a function of composition. The
earliest work on the Sn-S system was done by Pelabon [37, 38] and Biltz [39, 40]. In
1961, Albers et al. [22] compiled the data of several investigators and some of their own
into a phase diagram for the Sn-S system. In 1968, Moh et al. [41] reviewed data from
1906 through 1966 to verify results for a more detailed phase diagram. Most recently
in 1986, Sharma et al. [42] reviewed the data for the Bulletin of Alloy Phase Diagrams.
The phase diagram for the full and 45-75% sulfur fraction is shown in Figure 2.3. The
diagrams show the complexity of the Sn-S system, but only at atmospheric pressure.
With many groups using vacuum deposition techniques and annealing processes, the
phase diagram provides little guidance for choosing optimal temperatures and sulfur
partial pressure.
Newer phase diagrams were developed by the CALPHAD (Calculation of Phase Diagrams) technique using first-principles calculations by Lindwall et al. [43] These phase
diagrams examine the Sn-S system at varying pressure as well as varying temperature,
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Figure 2.3. Phase diagrams of the Sn-S system at atmospheric pressure for (a) full range of S
fraction and (b) focused on 45-75% sulfur and 550 to 900◦ C. [42] Images obtained from phase
diagram NIST-ACerS Database.

Figure 2.4. Phase diagrams of the Sn-S system calculated by Lindwall et al. at (a) 1 bar, (b) 1
mbar, and (c) 10−3 mbar where L and G represent liquid and gas phases respectively. [43]

which is useful for vacuum processing. The phase diagrams show that at lower pressures,
there are simpler transitions between phases than at higher pressures. Phase transitions
also occur at lower temperatures for lower pressures. An example of the calculated phase
diagrams is shown in Figure 2.4. The figure shows that at lower pressures phase diagram
becomes less complex, with significantly less phases and phase transitions.
12

sulﬁdes, respectively.

convex hull is a plot of this kind, with the lowest energy states
connected to form the base of a hull and any higher energy
states appearing above this line, is shown in Figure 3. The
convex hull also indicates the energies of alternate composition
ratios for that system.
Together with the results described in Table 2, the convex
hull for the tin sulﬁdes shows that ZB (F4̅3m) tin monosulﬁde
should not be thermodynamically accessible under normal
synthesis conditions; it lies 0.74 eV above the ground state
Pnma phase. Considering that Cmcm SnS does not form below

■

DISCUSSION

Our calculations show good agreement with observed crystal
parameter values for the majority of the tin sulﬁde family of
compounds, with the main outstanding issue being relating to
the cubic zincblende phase of SnS.
The ZB monosulﬁde appears unusually high in energy and
spontaneously distorts when allowed to relax even at room
temperature. Quenching of the ZB (a 2 × 2 × 2 64-atom

Figure 3. Convex
hull showing
of formation
against atomic
percent
of sulfur
in eachofphase.
Figure
2.5. enthalpy
Enthalpy
of formation
for tin
sulfide
as apresent
function
sulfur
24265

content. [44]
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Burton et al. [44] investigated enthalpy of formation (Hf ) of several tin sulfide
phases in order to determine their relative phase stability. According to their calculations,
α-SnS has the lowest Hf , and the rock salt form of SnS has a slightly larger value.
β-SnS has significantly higher Hf relative to α-SnS [44] that is comparable to Sn2 S3 .
This is illustrated in Figure 2.5. For tin sulfide grown far from equilibrium methods,
higher energy phases are possible due to the high energy of the plasma. Resulting phases
in thin films are dependent on conditions of the plasma and mobility of atoms at the
substrate. It is possible that these high-temperature phases are stable from the high energy
bombardment of sputtering.

2.4.2 Tin (II) Monosulfide (SnS)
Tin (II) Monosulfide has several phases, but its stable phase at room temperature has a
distorted rock salt structure. The phase has the mineral name herzenbergite, but is also
known as α-SnS. The distortion is caused by the lone pair of 5s2 electrons on the tin atom,
which repel each other and cause the material to become a distorted layered structure.
Figure 2.6 shows the crystal structure of α-SnS. Higher energy phases of SnS include
β-SnS, which has an orthorhombic structure similar to α-SnS and rock salt structure.
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Figure 2.6. Crystal structure of Herzenbergite or α-SnS with (a) 3-dimensional view (b) Crosssectional view of a-b plane. Tin atoms are denoted by dark spheres and sulfur atoms are denoted
by light spheres. double arrows indicate direction of dipole for lone pair of electrons on Sn atoms.
Yellow solid lines show strong covalent bonds. Red dashed lines show weak covalent bonds. [45]

Only α-SnS is stable at room temperature, while these other phases form at much higher
temperatures. Phase stability is especially important because sputtering is a high-energy
deposition method, so the potential for other phases to form exists.
The layered structure of SnS results in a highly anisotropic material, which must
be considered when evaluating the optical and electronic properties of the material. It is
also necessary to consider this upon comparing properties of single crystal material to
thin film, which will be discussed in later sections.
When reviewing the literature on SnS, it is important to keep track of the lattice
orientation. The b-axis is most commonly used as the long axis for thin film SnS when
discussing crystal structure, or XRD patterns. For single crystal SnS, the a-axis is more
commonly used as the long axis. While this does not impact the properties, clarification
of the long axis will be specified to eliminate confusion.
2.4.2.1

Electronic Band Structure of SnS

As technology and computing power have advanced, the modeling techniques and level
of confidence in the models has evolved. Several notable studies were conducted in the
1990s, but more recently, several new studies have added to the literature as interest in
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SnS as a PV material has increased. This section will review some of the important
findings regarding SnS with respect to its potential as a PV material.
A number of studies calculating the electronic band structure have been done
for SnS. Some studies include experimental data to support their findings, or enhance
the modeling technique. Many researchers took the approach of comparing the crystal
structure of Sn chalcogenides to better known metal chalcogenides, such as germanium
(II) sulfide (GeS) or tin (II) monoxide (SnO). [46, 47] This approach allowed researchers
to compare the band structure of SnS to other materials and develop a strong theory for
the electron interactions of the material.
α-SnS has the same phase as GeS, which is stable at low temperatures. At high
temperatures (T > 878 ± 5 K) β-SnS is stable. β-SnS is similar to α-SnS in that they are
both based on a double-layer structure, where the difference lies in the Sn-S bond length.
Ettema et al. [46] used ab initio band-structure calculations with photoelectron spectra
to study the electronic structure of α- and β-SnS. They evaluated the crystal structure
of these two phases together, and saw that α-SnS is a distorted version of β-SnS. In the
layer plane of β-SnS, four S atoms are bonded to a Sn atom at equal atomic distances,
with one S atom bonded perpendicular to the plane at a larger atomic distance. For
α-SnS, these four S atoms are slightly shifted such that there are two longer bonds and
two shorter bonds relative to β-SnS. As a result, the number of symmetry elements are
reduced by a factor of two for a phase change from β to α-SnS. [46] Figures 2.7a and
b show the crystal structure of these two phases of SnS. Understanding both of these
phases is important for sputtering because sputter deposition does not occur at or near
thermodynamic equilibrium. While β-SnS is only stable at high temperatures, it has
potential to form during sputtering because of the high plasma energy.
For band structure calculations, Ettema et al. found that S 3d orbitals could be
neglected, but Sn 4f orbitals must be included because the layers are not densely packed.
In β-SnS, 3p S states are covalently bonded to Sn 5p states. Neither the valence band
maximum nor the conduction band minimum are at the Γ point, nor do they line up.
The material has an indirect band gap of 0.3±0.1 eV and a direct band gap of 1.4±0.1
eV. α-SnS had a more complicated band structure because it has a larger primitive cell.
For α-SnS, only the S 3px orbitals are strongly covalently bonded to the Sn 5p states.
For this phase, the conduction band minimum is at the Γ point while the valence band
maximum is not. According to these calculations, the indirect band gap is 1.6 eV for
α-SnS and the direct gap is 1.8 eV. These values are larger than experimental values, but
15

Figure 2.7. Crystal structure of (a) α-SnS and (b) β-SnS. [47] Electronic structure of (c) α-SnS
and (d) β-SnS. [46]

it is an inherent error with band structure calculations. [46] Figures 2.7c and d show the
calculated electronic band structure for α- and β-SnS.
Lefebvre et al. took a different approach to comparing the crystal structure of SnS
to other metal chalcogenides by focusing on Sn chalcogenides. By examining SnO,
SnS, SnSe and SnTe at once, analysis focused on the differences between the size of the
chalcogenide and impact on the lone 5s2 electron pair on the Sn atom. SnTe has the rock
salt structure with Sn-Sn spacing of about 0.9 Å, while SnO is a truly layered structure
bonded only by van der Waals bonding between the layers. By examining the compounds
from this perspective, it was easy to see that SnS has more interaction than van der Waals
bonding between the layers. This is seen in the distance between the layers, which is very
large in SnO (2.52 Å) compared to SnS (1.04 Å). For α-SnS, there are only three strong
covalent bonds between Sn and S atom, as shown in Figure 2.6 by the orange lines. This
matches the result found by Ettema et al. as mentioned previously. [46, 47]
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Lefebvre et al. used the tight-binding method to complete their calculations, which
provided a clearer understanding of bonding in the material relative to density functional
theory with local density approximation methods. This approach was important for
understanding the bonding in SnS. They found that the lone pair of electrons had a
significantly decreased impact on the crystal structure for SnS than SnO. The lone pair in
the SnO crystal structure causes the layering to be large. The larger S atom results in a
smaller layering distance causing a distortion to the rock salt structure instead of clean
layers bonded only by van der Waals bonds. The result is a small dipole moment on the
lone pair of electrons for SnS, which is shown in Figure 2.6 by two small arrows. Some
refer to to the interlayer bonding as “weak covalent bonding”.
The consideration that electronic forces between layers are more than weak van
der Waals bonds is important for modeling and understanding SnS. Some analyses found
in the literature treat the interlayer bonding as van der Waals bonding only, and this
approach yields inaccurate results of the electronic band structure for SnS. Improper
modeling of the material does little to advance the material understanding. Understanding
the true crystal structure of the material is crucial for band structure calculations such as
these.
2.4.2.2

Carrier Type and Defect Prediction

Calculation of the defect concentrations is important for determining the electronic quality
of a material. A few groups have pursued calculating the formation of defects in SnS.
Jahangirli used Green functions and linear combinations of atomic orbitals (LCAO) to
determine the ideal vacancies in SnS, specifically, sulfur vacancies (VS ) and tin vacancies
(VSn ). [48] The model assumed bonds within the layers were stronger than bonds between
the layers, which is consistent with Lefebvre’s explanation of the structure of SnS. [47]
Jahangirli’s model found that the tin vacancy yielded two localized levels at -12.6 eV and
+0.31 eV. The first energy corresponds to an s-type orbital, while the second lies in the
forbidden gap. The sulfur vacancy creates a deeper level in the forbidden gap at +0.37
eV, which is a stronger defect potential than the tin vacancy at +0.31 eV. The result of the
vacancies are dangling bonds on the neighboring atoms. Additionally, Jahangirli found
that these vacancies result in a decrease in the density of states for an idealized system.
Vacancy formation is also important for determining conductivity type in the
material. A majority of groups determine that SnS has p-type conductivity. Burton et al.
investigated the conductivity type of several tin sulfides including SnS, Sn2 S3 , and SnS2 .
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Table 2.1. Formation of point defect energies and concentrations, calculated by Burton et al. [49].
Phase

Species
VSn
VS

Defect
Energy (eV)
0.68
2.17

Carrier
Concentration (cm−3 )
2.28×1019
6.57×1012

SnS
SnS2

VSn
VS

3.16
1.80

2.54×104
2.21×1012

Sn2 S3

VSn(1)
VSn(2)
VS(1)
VS(2)
VS(3)

1.17
2.68
1.67
1.38
1.77

7.08×1014
2.04×105
7.72×1011
5.13×1013
1.63×1011

[49] Burton states that tetravalent Sn and divalent tin are generally associated with n- and
p-type conductivity respectively. For example, SnS is typically p-type, while SnS2 is
n-type. Sn2 S3 has the ability to be either p- or n-type. Burton et al. determined the defect
energy of each type of vacancy for these tin sulfides. According to their calculations, the
defect energies of VSn and VS correspond well to the predicted conductivity type of tin
sulfides. The results also correspond well to experimental data. Table 2.1 lists the defect
energies and concentrations determined by Burton et al. for SnS, SnS2 , and Sn2 S3 . There
are multiple defect types listed for Sn2 S3 because the elements have multiple valencies.
[49] For each vacancy pairing, it is possible to predict the conductivity type based on
the vacancy concentration. For SnS, the concentration of Sn vacancies is 107 larger than
sulfur vacancies. The low defect energy for Sn vacancies results in the high concentration
of vacancies. Sn vacancies yield a shallow acceptor state for SnS resulting in p-type
conductivity. This is supported by the wide range of data showing SnS as natively p-type.
The challenge for SnS, is that the vapor pressure of sulfur is much larger than
that of tin. For thermal methods, or annealing of SnS, sulfur volatilizes more easily,
so maintaining a 1:1 ratio of Sn:S becomes an issue. For films that are slightly sulfur
deficient, Sn vacancies will still have low formation energy and form easily. However,
a sulfur-deficient film will result in excess tin accumulation due to the high VSn concentration. In this scenario, excess Sn atoms need to find new locations in the lattice
such as grain boundaries, interstitial sites (Sni , or sulfur antisites (SnS ). According to
Density Functional Theory (DFT) calculations by Vidal et al. SnS forms a deep level
defect. Vidal et al. also predicted a concern for Sn migration to interlayer interstitial sites
where they can relax to the Sn(IV) oxidation state. [50] The result of this relaxation is
excess electrons which results in a donor-state defect. VS has a lower formation energy
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2.5 Single Crystal Tin Sulfide

the material grown by those methods including composition, crystal quality, and binding
energy. Then, optical and electronic properties of SnS will be reviewed.

2.5.1 Growth Methods
There are several methods that have been developed for producing single crystal SnS. The
methods translate well to producing other phases of tin sulfide. Perfecting the process was
important for producing high quality single phase material. The methods for producing
single crystal, single phase material occur at thermodynamic equilibrium. Because the
processes must occur at equilibrium, the time for growth is typically over the course of
several days to allow crystals to reach equilibrium. Slow growth ensures high quality
material, whereas faster processes would result in high defect concentrations.
2.5.1.1

Direct Synthesis of Precursors - Bridgman Technique

Albers et. al. [20, 22] were some of the first researchers to develop methods for growing
SnS single crystals. Their research focused on direct synthesis of precursors, using a
Sn-S phase diagram for guidance for determining appropriate temperatures. For this
method, high purity precursors were put in evacuated quartz tubes. Producing the crystals
usually started from high purity precursors, heating to high temperatures (≥850◦ C) and
maintaining those temperatures for several hours (or days [51]) such that the system
could reach equilibrium. This was done by passing the material through a molten zone
while the rest of the tube was kept at ~400◦ C. Crystals are moved through the molten
zone at slow rates (1 cm/hr). Once crystallization is complete, crystals were typically
quenched to room temperature. [20, 22] One important consideration for this process
was the high vapor pressure of sulfur at 900◦ C (up to 100 atmospheres) required careful
control to prevent explosion. [20]
Albers et al. used the crystals to study the optical and electronic properties of
SnS. They also studied the effects of annealing and doping SnS single crystals and the
impact on electronic properties. [22] Rau et al. reference similar methods for producing
SnS single crystals. [52] Their focus was on atomic disorder in SnS and using high
temperature with models to evaluate the material.
Lambros et al. altered this process slightly by lowering the temperature to ~650◦ C
at a slow rate of 2 cm per 24 hr. [23] The lower temperature is better suited for quenching
the crystals to form α-SnS because β-SnS forms at higher temperatures and quenching
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from those temperatures can result in mixed phase material. Quenching was necessary to
prevent damage to the crystals from thermal contraction. [23]
This method typically produced a large crystal that filled the quartz ampoule. The
material could be cleaved perpendicular to the long axis resulting in smooth surfaces
along the cleaved plane, which is between the layers in α-SnS. The resulting product was
suitable for optical and electronic measurements. Results regarding the optoelectronic
properties for crystals grown by this method will be discussed in a Sections 2.5.2 and
2.5.3.
2.5.1.2

Chemical Vapor Transport

Chemical vapor transport (CVT) was also used to make SnS among other metal chalcogenides by Nitsche et al. [53]. The process works by reacting precursor material with
iodine as the transport agent. The iodine slows the process of growing crystals compared
to using no transport agent. The process takes place in a quartz ampoule, with one end at
T1 and the other at T2 where T1 > T2 . At T1 , a polycrystalline (PC) precursor with iodine
react to form metal iodine and chalcogenide in vapor form. Iodine carries the metal to
the other end of a quartz ampoule to react with the chalcogenide and form the final single
crystal (SC) product. For the case of SnS the reactions are as follows:
Zone 1 at T1

Zone 2

Zone 3 at T2

SnS(PC) + I2 −→ SnI2 (g) + 21 S2 (g) −→ SnS(SC) + I2 (g)

Reaction 2.4

For CVT, Nitsche et al. used only 5 mg of iodine per cm3 . Such a small amount was
sufficient because it was recycled. As SnS forms, iodine was released and could be
reused as a carrier agent by returning to Zone 1. Nitsche determined experimentally that
temperatures in Zone 1 and Zone 3 for SnS were 650 and 500◦ C respectively. Nitsche et
al. were also able to use the process for making SnS2 single crystals where T1 and T2
were 900 and 600◦ C respectively. Their results suggested that the crystal shape of SnS
and SnS2 were needles and plates and plates respectively. While it is not clear how the
phases were verified, later work by Cruz et al. [54] re-examined the zone temperatures
needed to produce the different phases of tin sulfide.
Cruz et al. [54] replicated the above process, but focused on producing single phase
material. For their process, stoichiometric precursors of Sn and S were crystallized in an
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evacuated quartz ampoule by heating for 2 days at 550◦ C. Crystals were then crushed
by hand, mixed with 5 mg I2 per cm3 , and resealed in an evacuated quartz tube. The
CVT growth was done for 10 days and completed for 15 varying conditions. Cruz et al.
examined three variations of the zone temperatures and varied starting composition and
determine the phases that correspond to those temperatures. The Sn:S ratios they used
included 1:1, 2:3, 3:4, 4:5, and 1:2. Temperature zones 1 and 2 corresponded to 950 and
850◦ C, 850 and 750◦ C, and 750 and 650◦ C respectively. From this grid, they found the
only condition to produce single phase SnS was 1:1 ratio of Sn:S at 950-850◦ C. SnS2
was made at any temperature setting for the 1:2 Sn:S ratio. All other conditions resulted
in mixed phases with SnS and Sn2 S3 as the dominating phases. No condition yielded
pure Sn2 S3 . Other high valency phases of tin sulfide were not detected. [54]
In their paper, Cruz et al. [54]describe several characterization methods to verify the
phases including XRD, X-ray photoelectron spectroscopy (XPS), and nuclear magnetic
resonance (NMR). XPS found SnS and SnS2 to have a Sn:S ratio of 1.08 and 0.62
respectively. Both of these ratios show that the crystals are sulfur deficient. Both crystals
had trace levels of oxygen (<2%). A Rietveld analysis was done on XRD data to
determine the the phase of crystals containing Sn2 S3 . It is not clear from the paper, but
it seems that crystals analyzed contained only trace amounts of SnS. The XRD pattern
for Sn2 S3 is similar to Sn3 S4 so the Rietveld method [55] was used to verify the phase
and determine final structure parameters for Sn2 S3 . The final structure was found to be
closely matched to the reference data from pattern diffraction file (PDF) 4-0619. NMR
was used to further confirm the presence of Sn2 S3 in the crystals. Resonances in the
NMR spectrum for single-valence Sn in SnS and SnS2 differed significantly from crystals
with Sn2 S3 due to differences in bond length and coordination number.
Recently, Burton et al. [49]. has also replicated the CVT process developed to
produce SnS, Sn2 S3 , and SnS2 single crystals. Prior to growing crystals, a thermodynamic
growth model was developed to determine the stability region for each phase. They
found reactions to produce each phase using iodide vapor transport were very different
such that producing isolated phases to be feasible. The resulting model matched well to
the final process used to produce single crystals of tin sulfide. One difference between
the new process compared to earlier work was that precursor materials Sn and S were
not synthesized to form polycrystalline material. Instead, stoichiometric amounts of Sn
and S were premixed with 5 mg I2 per cm3 and placed in an evacuated quartz ampoule.
Precursor amounts were near-stoichiometric for each phase, but slightly tin-rich. The
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resulting crystals however were slightly sulfur-rich. A 10-day growth period was used
for SnS and Sn2 S3 and a 12-day growth period was used for SnS2 . The temperature
regimes (zone 1 to zone 2) for SnS, Sn2 S3 , and SnS2 were 850-950◦ C, 850-600◦ C, and
650-500◦ C. [49] Material composition and phase was confirmed using XRD and electron
dispersive spectroscopy (EDS). SnS2 was composed of yellow flakes while Sn2 S3 was
made up of black needles. Both the temperature regime and physical appearance for
Sn2 S3 matches well to the process and resulting crystals by Nitsche et al. for SnS. It is
possible that the true phase of their crystals was in fact Sn2 S3 .
The CVT process produces small single crystals which can undergo some important
characterization to determine crystal quality, phase, composition, and information about
the chemical state of the material. However, optical and electronic characterizations are
not possible due to the small size of the crystals.
2.5.1.3

Bridgman-Stockbarger Technique

A recent advancement in producing SnS single crystals was the Bridgman-Stockbarger
technique developed by Sorgenfrei et al. [19] They tested two methods to compare the
Bridgman-Stockbarger method to rapid cooling of the material in an evacuated glass
ampoule (Bridgman technique, see 2.5.1.1). The Bridgman technique they used is similar
to previous work done to make SnS single crystals by Albers et al. [20, 22] and Lambros
et al. [23]. Sorgenfrei et al. [19] combined high purity material in an evacuated quartz
tube, and increased the temperature to 600◦ C slowly to react all sulfur in the tube. Once
the sulfur had fully reacted, the temperature was increased to 900◦ C for several hours
before rapidly cooled. Rapid cooling was achieved by switching off the furnace, and the
rate of cooling was not specified. The difference between rapid cooling and quenching is
significant when compared to the processes of Albers et al. [20, 22] and Lambros et al.
[23], and the formation of multiphase or multicrystalline material is more likely.
Sorgenfrei et al. [19] improved on their methods by using the Bridgman-Stockbarger
technique used for producing other single crystal material. The growth process takes
place at thermodynamic equilibrium and works by separating the Sn and S material such
that each can be heated to a different temperature. Sn was heated to 600◦ C while S was
heated to 200◦ C. The approach also reduces the vapor pressure of sulfur, making the
process safer. The precursors mix to form a polycrystalline material, which was analyzed
for their study. Once formed, the material was heated in a three-zone furnace. The
material was heated above its melting temperature of 880◦ C, and cooled slowly. Different
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growth velocities of 0.5 to 4 mm/hr were used to determine the optimal conditions for
producing high quality single crystal SnS.
This process produced large crystals that filled the ampoule. The final product
could be cleaved perpendicular to the long axis producing smooth surfaces on the cleaved
crystal. These crystals were suitable for optical and electronic characterizations.

2.5.2 Optical Properties of Single Crystals
Non-polarized light spectrophotometry have been used to extract the absorption coefficient and band gap of SnS. Albers et al. [20] found an indirect band gap for SnS as
1.07±0.04 eV with a phonon energy of 0.04 eV at room temperature. They did not report
a value for the absorption coefficient near the band edge. Rau [52] determined a band
gap relation as a function of temperature using optical transmission data for varying
temperature with data from Albers et al. [22, 56]:
Eg = 1.21 − 4.8 × T × 10−4

(2.7)

for Eg in eV and T in K. The optical transmission measurements were taken from 77 K
to 773 K.
Sorgenfrei et al. [19] used photoluminescence (PL) to determine the band gap
of single crystal SnS grown by Bridgman-Stockbarger technique. PL emission peaks
corresponded to a forbidden direct gap at 841.5 nm (1.47 eV), an indirect gap at 1008.6 nm
(1.23 eV), and a third transition at 1110.2 nm (1.12 eV). The third transition corresponds
best to the indirect band gap seen by Albers et al. [56] and Lambros et al. [23].
Several studies have investigated the anisotropic nature of SnS, specifically with
respect to its optical constants. Several characterization methods have been employed
to study single crystal SnS using both non-polarized and polarized light. Some of the
characterization methods include spectrophotometry [23, 57], electroreflectance and
thermoreflectance spectrometry [58], and spectroscopic ellipsometry [59]. Because the
cleavage plane is perpendicular to the long axis, earlier studies were able to identify the
anisotropy for the axes parallel to the cleavage plane. [23, 57, 58] For these studies, the
c-axis is considered the long axis.
Lambros et al. [23] used a Cary spectrophotometer with polarizing lenses to
determine the optical properties of SnS. Crystals were oriented using Laue diffraction
in order to identify the axes perpendicular to the cleavage plane. Refractive indices,
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absorption coefficients, indirect band gaps, and phonon energies were determined for
both axes. Indirect band gaps Eg k a and Eg k b were 1.42 and 1.09 eV respectively.
These values differed from Albers et al. showing that polarized light was necessary to
determine the true band gap of the material.
Eymard et al. [57] used electron energy loss spectroscopy and optical transmission
with polarized light to evaluate the optical properties of SnS. Both types of measurements
were necessary to calculate the complex dielectric function (ε̃) of SnS, which is related
to the complex index of refraction (ñ) by ε̃2 = ñ2 . The range of energies evaluated were
from 1 to 6-7 eV. Orientation of crystals was specified as a > b. The results showed
large differences in the complex dielectric function dependent on polarization. The real
and complex components of the dielectric function for the a-polarization peaked around
15-20, while it peaked around 25 for the b-polarization. These high intensity values
are important to consider when modeling the potential performance of SnS-based PV
devices.
Lukes et al. [58] expanded on the study completed by Eymard et al. using electrorelfectance (ER) and thermoreflectance (TR) measurements. Orientation of the crystals
was set as the same as Eymard et al. These measurements were used to calculate critical
point (CP) energies of single crystal SnS. CP energies correspond to energy transitions
in the band structure. While many studies calculate the band structure using various
methods as discussed in Section 2.4.2.1, this was the earliest comprehensive analysis
of CP energies using polarized light to determine differences for a- and b-polarizations.
TR measurements enabled them to evaluate the data at varying temperatures as well.
CP energies derived from ER measurements matched well to those determined by TR
measurements for 295 K and 320 K respectively. Not all transitions were identified by
both methods.
Spectroscopic ellipsometry is another characterization method which uses polarized
light, but also has the ability to determine the optical constants perpendicular to the film
surface. In a collaborative effort with three other institutions, Penn State led an initiative
to determine the complex dielectric function and CP energies for all three principle
axes, using both experimental and theoretical methods. [59] Single crystal SnS was
obtained from University of Freiburg grown by the Bridgman-Stockbarger method. [19].
At the National Renewable Energy Lab, spectroscopic ellipsometry measurements in
two crystallographic directions were used to model the complex dielectric function. At
Penn State, Laue measurements of the single crystal were used to confirm the a- and
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TABLE I. Calculated high frequency (e1) and static (e0) dielectric constants
of SnS (from HSE06-DFT). The ionic contribution to the response is calculated using the phonon dispersion from density functional perturbation
theory.
Property
eionic
e1
e0 ¼ e1 þ eionic

ea

eb

ec

21.36
12.70
34.06

37.64
14.02
51.66

22.72
11.85
34.57
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Table 2.2. Critical point energies with corresponding location in the electronic band structure
shown in Figure 2.10. [59]
CP

Theory – Symmetric
points (kx , ky , kz )
E0
1.11ind. /1.22dir.
E1
1.87 – (0.0,0.0,0.0); Γ
E2
1.90 – (0.5,0.0,0.5); U
E3
1.97 – (0.0,0.0,0.5); Z
E4
2.45 – (0.0,0.5,0.0); Y
E5
3.08 – (0.5,0.50.0); S
E6
3.96 – (0.5,0.0,0.0); X
E7
5.23 – (0.5,0.5,0.5); R
E8
5.28 – (0.0,0.5,0.5); T
a
Ref. [59]–Exp.
b
Ref. [60]–Theory.
c
Ref. [61]–Exp.
d
Ref. [58]–Exp.
e
Ref. [57]–Exp.

hεa i

hεb i

hεc i

1.36a , 1.3d
1.59a , 1.54/1.6b , 1.6c
1.91a
2.28a , 2.23b , 2.36d , 2.2e
2.64a , 2.72b
2.98a , 2.82d
3.29a , 3.47b , 3.5e
3.71a , 3.93b , 3.7d
4.30a , 4.41d , 4.3e

1.31a , 1.21b , 1.3c
1.60a , 1.59d
1.98a , 1.91d
2.34a , 2.35d
2.76a , 2.72b , 2.80d
3.09a
3.42a , 3.41b , 3.56d , 3.3e
3.70a , 3.68d
4.06a , 4.17b , 4.5e

1.32a
1.61a , 1.54b
1.87a
2.17a
2.43a , 2.44b
2.84a
3.29a
3.64a , 3.99b
4.38a , 4.59b

2.5.3 Electronic Properties of Single Crystals
It is extremely important to identify the electronic properties of a single crystal material
in order to predict its merit as a photovoltaic absorber. Converting absorbed light into
carriers that can be extracted is a necessary process in the absorber. Both dark and
light electronic properties have been evaluated for single crystal SnS, with respect to its
anisotropy.
Albers et al. [20, 22] studied the electronic properties of SnS single crystals as
a function of temperature. Hole mobility (µH ) perpendicular to the long axis was
determined as a function of temperature. According to experimental results by Hall
measurements, µH had a maximum value of just over 100 cm2 /(V·s) around 175 K. At
room temperature, hole mobility was about 65 cm2 /(V·s). Albers et al. determined that
µH ∝ T −3/2 from 175 to 350 K, suggesting that lattice scattering dominates at these
temperatures, including room temperature. Later work by Albers et al. [22] found a nonuniform mobility relationship relative to the polarizations of SnS of µa /µc = 5.5 ± 0.5
and µa /µb = 1.15 ± 0.1, where c is the long axis. The results showed anisotropy for
all three polarizations, although a- and b-polarizations are similar. The implications of
anisotropy in the material is significant, as poor mobility in one crystallographic direction
relative to other directions is unfavorable for the PV absorber. In this study, doping with
Sb and Ag was also done to change the conductivity. Ag-doping of SnS kept the material
as p-type, with carrier concentration on the order of 1019 cm−3 . Sb-doping converted
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the material to n-type with a carrier concentration of 1014 cm−3 . Carrier concentration
without doping was 1018 cm−3 . Lambros et al. [23] found a similar carrier concentration
of 1017 to 1018 cm−3 .
Elkorashy [21] studied the photoconductivity of SnS single crystals. Using polarized light to characterize the a- and b-axes of SnS, Elkorashy determined the band
gap and spectral response of SnS. Band gaps of the a- and b-axis were 1.161±0.031 eV
and 1.139±0.015 eV. This differs from the results of Lambros et al. [23], who determined an optical band gap energy for SnS. The difference is subtle, but important, as the
method for obtaining the band gap is very different. Derivation of the band gap from
photoconductivity measurements by the Moss rule, as Elkorashy did, neglects phonon
energy, which is important for the optical band gap. Results from photoresponse showed
an increase in response for energies to just above the band gap, but dropped off for lower
energies. This could be due to increased surface and volume recombination rates for high
photon energies. Anisotropy was also seen for quantum efficiency measurements for the
a- and b-axes as a function of temperature. Lifetimes of SnS were found to vary for each
axis, but were generally on the order of 10s to 100s of ms at room temperature.
Nassary et al. [62] determined the electronic properties of single crystal SnS both
parallel (k) and perpendicular (⊥) to the layers. Single crystals were produced via the
Bridgman-Stockbarger method. The crystal used for Hall measurements was 9 mm ×
3.35 mm × 1.1 mm. Silver paste was used to make Ohmic contact with SnS. Room
temperature resistivity (ρ) for both parallel and perpendicular was 5.18 and 15.9 Ω-cm
respectively. These resistivity are somewhat higher than the crystals Lukes et al. [58]
used for their optical studies. Their crystals had resistivity of 0.26 and 0.08 Ω-cm, but
they did not specify polarization. Hole mobility as a function of temperature was also
determined parallel and perpendicular to the layers, and they were found to be different.
At room temperature, µHk is proportional to T 1.49 , which is expected for a semiconductor.
However, µH⊥ is proportional to T 0.6 . Parallel to the layers, the dominant scattering
mechanism is ionic impurities, which differs from the results by Albers et al. [20].
However, perpendicular to the layers, the mobility-temperature relationship matches
closely to that determined by Albers et al. [20], suggesting that lattice scattering is the
dominating mechanism for this direction. These results further stress the importance of
knowing the anisotropic properties of SnS.
Mobility values in single crystal SnS varies in the literature. Most recently, Nassary
et al. measured the mobility of electrons and holes parallel to the layers finding values of
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7.35×104 cm2 /(V·s) and 2.37×104 cm2 /(V·s) respectively. [62] Earlier work on single
crystal SnS by Albers et al. reported mobility parallel to the layers as a function of temperature, finding different mobility-temperature trends. [20, 22] The room temperature
hole mobility was 60 to 100 cm2 /(V·s), with peak mobility values of 100 cm2 /(V·s) at
140◦ C and 1000 cm2 /(V·s) at 50◦ C respectively. The inconsistency in mobility values
suggests that SnS has a higher variability potential in its electronic properties. The
mobility measured by Nassary et al. is significantly larger than other measured values,
which needs to be verified.
Nassary et al. also determined the mass of electrons and holes in SnS as 1.62×1032 k
and 19.5×1030 k respectively, where k is the Boltzmann constant. The result that the
effective electron mass is much heavier than the effective hole mass agrees with the
result for electron and hole mobility. Diffusion lengths were calculated for both holes
and electrons as 0.131 and 0.0116 µm, respectively. These are short diffusion lengths,
matching the short lifetimes for SnS of 2.8×10−13 s and 7.44×10−16 s, respectively.
These values differ significantly from those determined by Elkorashy [21]. They have
poor implications for the viability of SnS, and is important to consider when integrating
into PV devices.

2.6 Translation to Thin Film Deposition Methods
The difference between single crystal and thin film material can be large, especially
if it is polycrystalline thin film. Anisotropy does not play as large a role in thin film
SnS. For epitaxial films or oriented films, it is expected to impact film properties, and
understanding single crystal properties is important.
Deposition technique affects the phase formation and properties of SnS. The
following sections will evaluate some of the most common methods for producing thin
film SnS. Sputter deposition of SnS will also be reviewed.
Figure 2.6 shows a sampling of several different deposition methods for producing
SnS thin films. The micrographs also show that for the same deposition method but
varying substrate temperature also impacts microstructure as seen for Figures 2.6e and f.
Annealing of SnS thin films has minimal change on microstructure as seen in Figures
2.6b and c. The variation in microstructure is large, and has implications for the impact
on optical and electronic properties. Despite the variation, all of these methods show that
the material grows into small structures with large surface area or interface area between
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Figure 2.11. SEM micrographs of SnS thin films by deposition method: (a) Cathodic Electrochemical Deposition on Titanium [63], (b) Plasma-Enhanced CVD [64], (c) Electrochemical
Deposition [65], (d) Sulfurization of Sputtered Tin [66], (e) Spray Pyrolysis [67], and (f) Hot-Wall
Deposition [68].

crystallites, which has poor implications for electronic properties. Large surface area
and interface can result in high recombination rates both within the material or at the p-n
junction.

2.6.1 Thermal and Chemical Deposition Methods
Chemical bath deposition (CBD) [69–73], hot wall deposition [68, 74, 75], atomic layer
deposition (ALD) [76, 77], pulsed chemical vapor deposition (CVD) [78], spray pyrolysis
[79–85], and thermal evaporation [86–89] are common thermal and chemical methods
for depositing SnS thin films. A focus on spray pyrolysis and thermal evaporation will be
evaluated here because they are very commonly found in the literature and among the
leading methods for producing SnS-based solar cells, which will be discussed in Section
2.8.
2.6.1.1

Spray Pyrolysis

The effort to produce SnS thin films by spray pyrolysis has been lead by the Reddy group.
[79, 81, 82] The most important variables to the process include precursor concentration
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and ratio of Sn and S and substrate temperature. In their first publication, the Reddy
group found a 1:1 of Sn and S precursors ratio yielded a S-deficient thin film. [79]
In a later attempt to increase the amount of S in the film, they adjusted the precursor
concentration. [82] For too little sulfur, the process yielded either S-deficient films, and
for too much sulfur, Sn2 S3 formed. They found an ideal precursor concentration in the
range of 0.09 to 0.13 M. For a higher concentration, film crystallinity was better, and
larger crystallites formed. Films from this experiment had good electronic properties, but
were near the conversion region of conductivity type.
Dhanapandian et al. [84] studied the impact of substrate temperature on chemically
sprayed SnS thin films. They found that at 275◦ C, an amorphous phase of SnS formed.
At 300 and 325◦ C, films of mixed phase formed. They found 350◦ C to be the ideal
substrate temperature, as SnO2 began to form at higher temperatures. They found an
ideal precursor concentration of 0.1 M with a 2 to 3 ml/min flow rate. Hot-point probe
was used to determine that films with uniform SnS had p-type conductivity. Films of
mixed phase were n-type. Resistivity of films were large in the range of 200 to 40,000
Ω-cm.
2.6.1.2

Thermal Evaporation

According to measurements of the vapor phase for the evaporation of SnS, Colin et al.
[29] found that SnS evaporates congruently, which makes it a desirable candidate for
thermal evaporation (see Reaction 2.1). Composition measurements of the vapor phase
found SnS as the dominant component, trace Sn2 S2 , and S2 at partial pressures too low
to detect. Many studies exploring the parameter space for thermally evaporated SnS have
been done. Some of the parameters explored include substrate temperature [87, 89], film
thickness [88], deposition time [90], and substrate [91]. Substrate temperature was found
to be directly related to Sn-to-S ratio.
Nwofe et al. [89] found non-stoichiometric films to form at T < 300◦ C and
T > 340◦ C. Higher crystallinity was seen for higher substrate temperature. Devika et al.
[87] similarly found smaller grain size for lower temperature. Their films ranged from
0.85 to 1.10 for a Sn:S ratio corresponding to a substrate temperature range of 50 to
350◦ C. SnS2 was present for the 50◦ C deposition. According to Devika et al., optimal
substrate temperature occurs around 250◦ C for achieving stoichiometric films, which
differs from the findings of Nwofe et al by at least 50◦ C. Devika et al. [87] concluded
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that the vapor pressure of sulfur played an important role in the final stoichiometry of the
thin films.
Deposition time had an impact on dislocation density, resistivity, and band gap,
according to Nwofe et al. [90]. Dislocation density, resistivity and band gap decreased
for increasing deposition time. Resistivity leveled out at 8 Ω-cm at a deposition time of 2
min. Film thickness was not reported. The study on thickness effect on film properties
evaluated films from 0.1 to 1.25 µm. Films were grown at 300◦ C and annealed for 1 hour
at 100◦ C. Composition of the 0.1 µm film was more sulfur deficient than the 1.25 µm
film, which nearly had a 1:1 ratio of Sn:S. This was attributed to a reduced heat gradient
for thicker films, allowing S to stick better with formed crystallites at the surface.

2.6.2 Deposition Methods under non-Equilibrium Conditions
While chemical and thermal deposition methods occur near or at equilibrium, electrochemical deposition and sputtering occur far from equilibrium. At or near equilibrium,
only stable phases form. For depositions far from equilibrium, other phases can form.
Because SnS has several phases, non-equilibrium deposition methods can yield unstable
phases.
2.6.2.1

Electrochemical Deposition

Electrochemical deposition is a low cost, easily scalable deposition method that has
good control and operates at atmospheric pressure. ITO or FTO are typically used as
the electrode for the deposition. There are several deposition modes that can be used
including pulse [92, 93], galvanostatic [94, 95], and potentiostatic modes [63]. Mishra et
al. [96] compared all three modes, and tested the material in a photoelectrochemical cell.
Temperature and pH of the solution can be varied to alter film properties. [94, 95]
Ghosh et al. [95] varied solution pH, which altered film composition, with pH <3.0
yielding S-rich films and pH=3.0 yielded S-poor films. Crystallinity and phase did not
change significantly with pH. Band gap did not significantly change with pH. Brownson
et al. [94] showed that electrochemical deposition at 70 to 90◦ C of SnS yielded a distorted
SnS phase (δ-SnS), with larger lattice parameters. Annealing in Ar for the temperature
range of 200 to 270◦ C resulted in a transition from δ-SnS to the α-SnS. The phase change
was evident from the positions of the (111) and (040) peaks.
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2.6.2.2

Sputter Deposition

The earliest known report of radio-frequency (RF) sputtered SnS was by Guang-Pu et al.
at the WCPEC conference in 1994. [97] A 99.999% pure source was sputtered with Ar
was used as the plasma gas, at 5 mTorr. RF power ranged from 30 to 70 W. Substrateto-target distance was 80 mm. Substrate temperature ranged from room temperature to
350◦ C. The deposition rate ranged from 3 to 5 Å/s. For these parameters, both crystalline
and amorphous films were grown. Guang-Pu et al. identified an (040) peak (for a=4.33
Å) for the crystalline film. A second peak was not identified. They found a relationship
between composition and anode voltage, which could be due to the difference in atomic
weight of Sn and S atoms. A higher accelerating voltage is needed to dislodge Sn. The
band gap of these sputtered SnS films ranged from 1.43 to 1.46 eV. As-deposited films
were p-type, but converted to n-type upon annealing at 500◦ C.
Stadler et al. [98, 99] reported the optical properties of pulsed direct current (DC)
sputtered SnS thin films for a pulse rate of 300 kHz. A 99.99% pure 2” SnS target
was used at 10 W and 5 µbar. Depositions were done only at room temperature, with
substrate-to-target distances varied from 6 to 17 cm. RF-sputtered depositions were also
done at 20 W and substrate-to-target distance of 6.2 cm. Pressure and target specifications
were the same as DC sputtered films. Deposition rates ranged from 2 to 14 Å/s for pulsed
DC sputtered films. [98] Different sputtering power, pressure and substrate temperatures
were used in Ref. [99]. Stadler et al. found sputtered SnS films to have absorption
coefficients near 105 cm−1 , and optical conductivities around 102 to 103 Ω−1 cm−1 . Band
gaps ranged from 1 to 2.2 eV. [99]
Hartman et al. [100] also investigated RF-sputtered SnS thin films. The system was
set up in a horizontal sputtering geometry with a 3” 99.95% pure SnS target. Substrateto-target distance was kept at 16.5 cm. An Ar plasma with pressures of 5 to 60 mTorr and
150 W was used for four samples. Plasma power was much larger for this study than the
early study by Guang-Pu et al. [97] While initial composition of the target was 50 at%
Sn and 50 at% S, the final composition of the target was 39 at% Sn and 61 at% S. Base
pressure for the system was 1 to 6×10−7 Torr. Substrate temperature began at 25◦ C, and
ended at 80◦ C for an hour-long deposition. Reflected power was 0 to 2 W. Films at 5,
10 and 30 mTorr had a rice-grain microstructure seen in scanning electron microscopy
(SEM) micrographs. At 60 mTorr, the film still had small microstructure, but grains were
shorter and more compact. Deposition rate changed significantly with pressure. At 60
mTorr, the rate was 0.64 Å/s and 4.4 Å/s at 5 mTorr. This sensitivity to Ar pressure on
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deposition rate is quite large compared to other sputtered materials. Resistivity ranged
from 1.1 to 33 kΩ-cm. All films were Sn-rich, but close to 1:1 Sn:S ratio.
Penn State began investigating SnS in late 2011. RF-sputtered films were produced
for varying pressure, substrate temperature, target-to-substrate distance, and plasma
power. Dr. Hyeonseok Lee evaluated RF-sputtered SnS as a sculptured photoactive
material for his dissertation [101], completed in early 2014. His work focused on the
energetics of the sputtering process for SnS films. Films were integrated into electrochemical solar cells with up to 0.0025% efficiency. Low performance of the material was
seen as a result of its poor electronic properties, which needed further improvement for
integration into devices.
Ikuno et al. [102] sputtered SnS thin films and integrated them into devices. The
SnS layer was only 50 nm. Film were deposited at room temperature from a SnS target,
and annealed for 15 minutes at 200◦ C in an air environment. Device properties are shown
in Table 2.5. This was the only study found in the literature for SnS-based devices made
from sputtered SnS.
Sousa et al. [103] were the first to sputter SnS2 as a route for making SnS thin films.
Amorphous films were annealed at varying temperatures of 300 to 570◦ C. Films annealed
at 570◦ C for 15 minutes produced SnS. Lower temperatures were insufficient to fully
convert amorphous films to SnS. Presence of H2 S in the annealing atmosphere proved
form films with less-desirable properties than films annealed in an inert environment.

2.6.3 Annealing Studies
Numerous annealing studies have been conducted for SnS in several environments
including in air [102, 104–106], in H2 S [5, 78], in vacuum [81, 107–109], in argon [105,
110, 111]. Devika et al. [112] also tried rapid thermal annealing of SnS at temperatures of
100 to 400◦ C. While the main goal of annealing SnS thin films is to improve crystallinity
and grow grains, some films result in sulfur deficiency after annealing. [81, 113]
Ogah et al. [108] investigated varying anneal temperatures and times of thermally
evaporated SnS thin films. As-deposited films were primarily SnS, but XRD also showed
peaks from SnS2 and Sn2 S3 phases. The 400◦ C anneal temperature improved crystallinity
after 30 minutes, and substantial grain growth and densification after 3 hours. However,
the article provides incomplete information regarding the change in resistivity with
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temperature. Anneal time was not specified, but they showed that resistivity increased by
at least one order of magnitude for anneals at 400◦ C relative to 200 to 300◦ C.
Annealing in air has been done by several groups, with positive results. Grozdanov
et al. evaluated the impact of anneal time for films annealed at 280◦ C. They found that
a 30 minute anneal did not significantly impact composition, but conductivity changed
from p-type to n-type. Conductivity also increased by one order of magnitude. Longer
anneal times of 6 and 24 hours yielded the formation of SnS2 . Conductivity continued to
increase with increased anneal time, but films remained n-type. Nwofe et al. [106] found
the best energy onset for films annealed in air as compared to films annealed in elemental
sulfur.
Annealing in air risks conversion of the film to SnO2 , especially at high temperatures (T ≥ 400◦ ). [104, 114] Annealing in an inert environment, such as N2 or Ar can
prevent oxidation. Ghosh et al. [110] found that for varying times and temperatures,
no anneal was sufficient to alter the microstructure of their rice-grain shaped SnS thin
films. Films were vacuum-evaporated and contained the Sn2 S3 phase as well as SnS. The
anneals were not sufficient for eliminating the secondary phase. Despite the presence of
Sn2 S3 , the two-hour anneal at 300◦ C was sufficient to convert the sulfur-rich film to a
film with 1:1 ratio of SnS. All films were p-type with reasonable electronic properties.
The rice grain structure is not optimal for an electronic material due to the high void
fraction and small crystallites, which can yield many trap states for excited electrons.
The study done by Patel et al. [111] did not show any secondary phases.
Annealing in elemental sulfur results in SnS2 or Sn2 S3 . [106] The issue is too
high of a sulfur vapor pressure is favorable for those phases. Annealing in H2 S allows
better control of sulfur partial pressure, which makes it favorable for use in annealing,
although it is a toxic gas. Sinsermsuksakul et al. [5, 115] have used H2 S annealing to
improve the quality of their SnS thin films as part of the record-high SnS-based PV
device. Park et al. [115] first looked at anneal temperature for H2 S overpressure of 6.5
Torr. A series of samples integrated into devices showed that annealing at 400◦ C yielded
the highest performing devices. This optimized process was used in a later study led by
Sinsermsuksakul et al. where they produced the highest efficiency SnS-based device yet.
[5]
Xu et al. [109] annealed sputtered SnS thin films deposited at room temperature.
Samples were annealed for 1 hour at 300, 400, and 500◦ C in vacuum. EDS measurements
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Figure 2.12. SEM micrographs of SnS thin films by sputtering SnS target and subsequently
annealed in vacuum environment. (a) As-deposited films and films annealed at (b) 300c ircC, (c)
400◦ C, and (d) 500◦ C. [109]

showed that the as-deposited sample, and samples annealed at 300 and 400◦ C were sulfurrich. The sample annealed at 500◦ C was sulfur-poor. SEM micrographs of the films show
minimal change in crystallite size, which were about 100-200 nm in diameter. In addition,
minimal change was seen in microstructure, as shown in Figure 2.6.3. The results suggest
aligns with other annealing studies where microstructure was not significantly impacted
by annealing (see Figure 2.6b and c. [64, 65]

2.7 Current Status of SnS Thin Films
While a variety of deposition methods have been attempted for SnS thin films, a large
variety in the reported results is seen in the literature. The reported optoelectronic
properties of SnS thin films is inconsistent, and a comprehensive microstructure-property
relationship for SnS is lacking. Electronic properties of SnS range significantly, which
could be a result of a poorly understood microstructure-property relationship. Variation
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even occurs for films made by similar deposition methods, suggesting that SnS is very
sensitive to the inputs of preparation. Understanding the property sensitivity of SnS is key
to furthering its improvement in devices. Some differences in the electronic properties
may be attributed to the contaminants, but these large differences might also be suggestive
of a microstructure-property relationship not yet understood for SnS.

2.7.1 Considerations for Evaluating XRD Patterns
Upon examination of the literature, it seems easy to produce oriented SnS by several
deposition methods including spray pyrolysis [67, 84, 111] and thermal evaporation [116].
Another consideration regarding XRD data is the accessory used for the measurement.
Grazing incidence XRD (GIXRD) is more appropriate for measuring thin film material,
but the accessory is not always available. Some groups specify the use of powder mode
for XRD measurements. [85, 117] Other groups do not specify, but it can be inferred
from the peaks seen in the XRD patterns, the measurement could have been done in
powder mode. [67, 84, 111, 116] The consequence is some groups have used powder
mode to measure thin film SnS, which only detects crystallographic orientations that are
parallel to the film surface. The result is typically an appearance of a very oriented thin
film, when it is possible that more orientations are present that are not parallel to the film
surface.
Another important consideration is that groups report the XRD patterns for SnS
thin films, but report minimal analysis to confirm the phases present. Upon closer
inspection, it is evident that many groups do a quick check to confirm the presence of
SnS, usually the α-SnS phase. The commonly used PDF for α-SnS is #39-354 (see
Table 3.3). The patterns tend to deviate slightly from the PDF for α-SnS, including the
preferred orientation of the (111) peak [17], and more detailed investigation is necessary.
The (111) and (101) peaks are closer together for sputtered SnS films [17, 100] than
for other deposition methods of polycrystalline SnS such as electrochemical deposition
[94], hot wall deposition [75], or molecular beam epitaxy [118]. Evidence in changes in
lattice parameter and presence of secondary phases are possible causes for deviations
from card data. [119] Another possibility is the presence of an unknown phase, yet to be
determined. Biacchi et al. [33] discovered a new crystal structure for SnS nanocrystals
via analysis of XRD patterns and transmission electron micrographs.

38

The last consideration for XRD analysis is use of the Debye-Scherrer formula to
determine crystallite size. [67, 89, 120, 121] Many more groups use this technique, but
do not confirm if they account for strain in the film, which is evaluated by considering
full-width-half-max (FWHM) of each peak. The issue is even more important to consider
for groups not using GIXRD mode for their measurements.

2.7.2 Optical Properties
Studies on the optical properties of SnS range from evaluation of optical constants to
determination of α and Eg alone. Goswami et al. [122] was likely the first to evaluate
the impact of film thickness and substrate temperatures on vacuum-deposited SnS thin
films. They found variation in the optical properties of SnS with respect to these parameters, which was correlated to grain size and crystallinity. El-Nahaas et al. [123]
and Abou Shama et al. [124] compared the optical constants (or dielectric constants) of
thermally evaporated amorphous and crystalline SnS. El-Nahaas et al. saw similar trends
to Goswami et al. in the variation of spectral reflectance and transmittance as a function
of thickness. However, the remaining analysis only focused on the differences between
crystalline and amorphous SnS. More in-depth analysis of the microstructure-property
relationship for crystalline SnS was not evaluated in these studies.
Determining the absorption coefficient and band gap is found in many thin films
studies of SnS. However, the derivation method for α sometimes varies, reducing the
ability to compare values. As discussed in Sections 2.4.2.1 and 2.5.2, SnS has both
direct and indirect gap transitions. Table 2.3 lists some of the optical properties of SnS,
including absorption coefficient, equation used to determine α, band gap, and type of
band gap by deposition method seen in the literature. For equations in this table, d is
the film thickness, T is % Transmittance, and R is % reflectance. The table shows the
variation in the literature, from the range of band gaps, to the method for extracting the
absorption coefficient, α. Numerous groups do not even specify how they determined α,
or why they used a particular equation, neglecting any assumptions associated with the
approximation for α. More details regarding the equations and assumptions associated
with the equations for α will be discussed in Chapter 3.
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Table 2.3. Reported band gaps and absorption coefficients of SnS thin films by deposition method.
SnS Deposition
Method
Vacuum
Evaporation

Equation for Determining α

Sulfurization of
Sn Thin Films
Sulfurization of
Sn Thin Films
Spray Pyrolysis
Thermal
Evaporation
Thermal
Evaporationa
Thermal
Evaporation

Eg Type

Eg (eV)

Ref.

Not Specified

α at Eg
(cm−1 )
2 × 104

Direct

1.48

[6]

Not Specified

> 104

Direct

1.35

[66]

5 × 104

Direct

1.16-1.3

[16]

> 104

Direct

1.32

[125]

≥ 104

Direct

1.35

[87]

1
α = − ln
d



T
1−R



Not Specified
 
1
1
ln
d
T
1
ln
d

 
1
T

3 × 104

Direct

1.35-1.42

[112]

1
ln
d

 
1
T

~106

Direct,
Indirect

2.02-2.43,
0.6-1.28

[126]

Indirect

1.12

[72]



√
1
(1−R)2 + (1−R)4 +(2RT )2
ln
Chemical Bath
> 104
2T
d
Deposition
a
Results for rapid thermal annealing of samples.

2.7.3 Electronic Properties
Measuring the electronic properties of a semiconducting material can be especially
challenging if the material has a high resistivity. Measurement of the electronic properties
is dependent on both the electronic properties of the material, and the ability to make
contact to the material. There are many ways to obtain resistivity, including 4 point probe,
transmission line method, through film measurements, and others. Van der Pauw Hall is a
popular method for determining the semiconducting properties of the material, including
mobility, carrier concentration, carrier type, and resistivity. However, extracting these
parameters is dependent on making good Ohmic contact to the material, and resistivity
that is low enough to measure movement of carriers. Capacitance-voltage measurements
are also useful for determining carrier type and concentration, but require a Schottky
barrier and depletion region within the semiconducting material. Table 2.4 lists some of
the properties by deposition method reported in the literature. The variation in electronic
properties is large for all three parameters.
In Section 2.4.2.2, carrier concentration and defects were discussed. The potential
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Table 2.4. Reported electronic properties of SnS thin films by deposition method.
SnS Deposition
Method
Vacuum
Evaporation

µH
Carrier
(cm2 /(V·s)) Concentration (cm−3 )
400-500
6×1014

Majority
Carrier
hole

ρ
(Ω-cm)
13-20

[6]

Sulfurization of
Sn Thin Films

10

4.2×1015

hole

150

[66]

Spray Pyrolysis

128

1.65×1015

hole

30

[125]

Chemical Bath
Deposition

90

1017

hole

1

[15]

Thermal
Evaporationa

99

1.3×1016

hole

5

[112]

Vacuum
Evaporation

0.8-31.6

>1015

hole

83-127

[110]

Molecular Beam
Epitaxy

25-81

>1016

holeb

–

[127]

hole

–

[128]

Vapor Transport 385
1017
Deposition
a
Results for rapid thermal annealing of samples.
b
Films extrinsically doped with copper.

Ref.

variation in parameters was predicted by Vidal et al. [50]. They paired experimental
and calculation methods to compare hole concentration with growth temperature for
thermally-evaporated SnS thin films. Calculations showed a range of hole concentration
for a range of Sn-rich to S-rich thin films, with increasing hole concentration with
increasing growth temperature. Experimental data showed a reverse trend where hole
concentration decreased with increasing growth temperature. This was explained by the
challenge to incorporate sufficient sulfur in the film at higher growth temperatures. While
growth temperature can be attributed to sulfur content in the film, this is a process-property
relationship. Understanding the relationship between growth of the microstructure and
electronic property can help target a better process for producing high quality SnS to be
integrated into devices.
2.7.3.1

Extrinsic Doping

Extrinsic doping can be used to produce p- or n-type material. Since SnS is natively
n-type due to the large number of Sn vacancies, as discussed in Section 2.4.2.2. While
SnS is natively p-type, several groups have used Cu, Ag or In to improve the electronic
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quality of SnS. Wang et al. [127] saw that without extrinsic doping, carrier concentration
could not be controlled, resulting in a wide range of values. Cu incorporation resulted
in improvement of both mobility and carrier concentration to 81 cm2 /V·s and 1.2×1017
cm−3 . The amount of Cu in the films was controlled by adjusting the temperature of the
copper source. Cu concentrations were not reported. Zhang et al. [129] also used Cu to
improve electronic quality of SnS, ranging from 0 to 23 at%. While they saw much higher
carrier concentrations (up to > 1019 cm−3 ), mobility of SnS:Cu films were much lower.
Kumar et al. [85] found that 8% Ag doping of SnS thin films yielded high electronic
properties for SnS thin films. Their spray-pyrolyzed films had carrier concentration and
mobility were 2.14×1018 cm−3 and 498.8 cm2 /V·s respectively. These values were better
than Cu doping. In a separate study, Kumar et al. [117] found the 4% incorporation of
In in SnS thin films was optimal for improving carrier concentration, hole mobility, and
resistivity. Mobility of the 4%-doped film was nearly as high as the film doped with
8% Ag, at 452.9 cm2 /V·s, but carrier concentration was an order of magnitude lower, at
1.965×1017 cm−3 .
Converting SnS to n-type requires extrinsic doping. The advantage of producing
n-type SnS is to produce a SnS homojunction, which would be better in a PV device.
Some studies have used produced n-type SnS by doping with Sn4+ . [73, 130, 131]
Presence of Sn4+ results in a donor state, causing SnS to be n-type. Huang et al. [130]
was able to extract electronic properties for Sn4+ -doped SnS thin films. One n-type film
had a carrier concentration of 5.5×1018 and mobility of 0.1 cm2 /V·s. The poor mobility
would be problematic once integrated into a device. However, these parameters are within
workable range, and shows the potential of SnS. Other groups have used other metals
to extrinsically dope and form n-type SnS, including Sb3+ . [97, 132]. Sinsermsuksakul
found that Sb-doping at 0.7 to 4.5 at% increased the resistivity to > 104 Ω-cm, which
was too large to extract other electronic properties. They found no significant impact on
the lattice, suggesting that the difference in radius for Sb3+ and Sn2+ is not significant.
XRD patterns did not show formation of Sb2 S3 , but it could be below the sensitivity
of the measurement. More studies of n-type dopants for SnS are needed to develop a
homojunction device with SnS.
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2.7.4 Studies of Metallic Contacts to SnS
Making an Ohmic contact with SnS is important for device integration. Several studies
have looked at some metals to determine their compatibility with SnS. Devika et al. [133]
did an extensive study with Ag (φAg =4.3 eV), Al (φAl =4.25 eV), In (φIn =3.83 eV), and
Sn (φSn =4.42 eV) circular metal contacts on p-type SnS. In this paper, they say the work
function of SnS is 4.2 eV, which differs from some other sources. [134] SnS films were
slightly S-deficient. Using the transmission line method, they found that Al, In, and Sn
yielded Ohmic contacts while Ag did not. They found current flow to be the highest
value with In contacts, which they suspect is a result of some In diffusion into the film.
Current-voltage measurements at varying temperatures showed most contacts to have a
thermionic emission characteristic, while Ag has a field emission or tunneling mechanism.
Annealing of the contacts resulted in all metals to be Ohmic with SnS. Ghosh et al. [107]
also looked at Al contacts on p-type SnS, finding a relationship between sulfur content in
the film and the nature of the Al/SnS contact. As-deposited, Al formed a Schottky contact
with SnS, while annealing reduced the barrier for increasingly higher temperatures up to
350◦ C. They found the formation of an Al-S alloy helped to de-pin the Fermi level of
SnS such that the effective barrier at the interface was lowered. Reddy et al. [135] tested
Zn/p-SnS contacts finding significantly reduced resistivity compared to Ag. They found
that Zn metal pins the Fermi level in SnS at about 0.57 eV, and that Zn slightly diffused
into SnS.
These studies offer good options for Ohmic contacts with SnS, but the leading
SnS-based PV devices use Mo as the contact metal. [5, 115] Patel et al. [136] recently
completed a study using impedance spectroscopy of devices to investigate several back
contact materials including graphite, Mo, Ni and Cu, based on their work functions. Their
findings showed that Mo and Ni are poor choices due to increased series resistance and
decreased shunt resistance due to tunneling assisted recombination. They found graphite
and Cu to be suitable alternatives to these materials, with Cu as the best option. While
Mo is well-understood as a back contact material and used for CIGS and CZTS devices,
these results show that exchanging Mo for Cu or graphite could substantially increase
the fill factor of SnS-based PV devices, which is currently very low compared to other
materials. Films analyzed in this study were p-type.
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2.8 Progress of SnS in PV Devices
Engelken et al. [137], Ristov et al. [69], and Mishra et al. [96] were among the first to
suggest using SnS in PV solar cells. SnS-based PV cells have been tried with a variety
of device structures. Since SnS is natively p-type, devices are generally based off other
well-understood heterostructures. Devices typically use CdS or ZnO as the n-type layer
in a heterostructure. Buffer layers of ZnO and Zn(O,S) have been tried as well. Typical
bottom contacts include Mo, Ag or In, while In2 O3 :Sn (ITO) or SnO2 :F (FTO) have been
used as the transparent conductive oxide. Both superstrate and substrate configurations
for SnS-based devices have been tried. Table 2.5 shows the structures of devices and
performance parameters. High Jsc has been achieved in SnS solar cells, but Voc and FF
remain significantly lower than other thin film devices. The photoelectrochemical cell
with TiO2 made by Wang et al. had the highest Voc and FF of all the devices listed. [138]
However, photoelectrochemical cells have much poorer current densities than standard
PV heterojunction devices. [138, 139] Determining the optoelectronic properties of SnS
and its interaction with the other layers of the PV device are important for improving
these performance parameters. Figure 2.13 shows the progress of these devices as a
function of time, showing the compromise between Voc and Jsc .

2.8.1 Issues with SnS Band Alignment of p-n Heterojunction
Because of its successful pairing with CIGS, CdTe, and CZTS heterojunctions, CdS has
been the most popular n-type material to pair with SnS. This is an issue because several
studies have shown that CdS results in a type II junction with SnS, meaning there is a
negative conduction band offset at the interface. [90, 141] This is unfavorable because
there is a risk of high recombination at the interface for type II heterojunctions. [141]
Nwofe et al. [90] used capacitance-voltage to determine the density of interface states for
CdS/SnS heterojunction. While the data yielded a built in potential of 0.85 V, they found
a high density of interface states supporting the theory that CdS is a poor n-type material
to use in a heterojunction with p-SnS.
Other material pairs have been recommended including InSx Oy [141], Zn1−x Mgx O
[142], Cd1−x Znx O [143], and ZnO with a Zn(O,S) buffer layer [5, 78, 115]. The best
largest efficiency device used n-ZnO, but requires the Zn(O,S) buffer layer with optimized
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Table 2.5. Performance of SnS-based devices ranked by performance.
SnS Deposition
Method
ALD

η

Glass/Mo/SnS/SnO2 /
Zn(O,S):N/ZnO/ITO/Al/Ni

Device Structure

Jsc
(mA/cm2 )
20.2

FF

Ref.

4.36%

Voc
(mV)
372

58.0%

[5]

ALD

2.9%

261

24.9

44.4%

[115]

Pt+Electrolyte+
SnS/FTO/Glassa

Electrochemical
Deposition

2.08%

438

0.0108

44%

[139]

Glass/Mo/SnS/
Zn(O,S)/ZnO/ITO

Pulsed CVD

2.04%

244

19.42

42.97%

[78]

Au/SnS/CdS/AZO/Glass

Thermal
Evaporation

1.42%

208

17.9

38.0%

[140]

Glass/SnO2 /SnS/CdS/In

Spray Pyrolysis

1.3%

260

9.6

53%

[125]

Glass/Mo/SnS/CdS/ZnO

Hot-Wall
Deposition

0.5%

132

3.63

29%

[75]

Glass/ITO/CdS/SnS/Ag

Vacuum
Evaporation

0.29%

120

7.0

35%

[6]

Glass/FTO/CdS/SnS(ZB)b /
SnS(OR)c /Ag

Chemical Bath
Deposition

0.2%

370

1.23

44%

[15]

FTO/Pt+Electrolyte+
SnS/TiO2 /FTOa
a
Photoelectrochemical Cell
b
Zinc Blende
c
Orthorhombic

Chemical Bath
Deposition

0.1%

471

0.3

71%

[138]

Si/SiO2 /Mo/SnS/
ZnO0.74 S0.26 /ZnO/ITO/Ag

Zn:O ratio to achieve high efficiency. The complexity of the record efficiency device
does not consider the fundamental challenges with SnS, and uses Mo as a back contact.
These issues must be better understood in order to improve the efficiency of SnS-based
devices.

2.9 Summary
SnS can be made in many ways, as both a single crystal and a polycrystalline thin film,
but producing a high quality material for thin film PV is still out of reach. This chapter
reviewed studies that investigated the fundamentals needed to understand SnS and predict
its properties in a device. One important study covered the theory of defects for SnS,
which is important for producing high quality material. While numerous methods have
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Figure 2.13. Performance progress of SnS-based devices.

been employed to grow thin film SnS, integration into a device has found three challenges:
(1) producing high quality material, (2) pairing with the right n-type semiconductor for
device integration, and (3) selecting an appropriate back-contact metal. While many
studies focus on the heterojunction, fully understanding the fundamental issues with SnS
is important for moving forward. The volatility of sulfur has proven to be an issue for
guaranteeing S-rich SnS thin films. In addition, S content was found to be important at
the junction and the back contact for device performance. The following chapters will
show how sputtering SnS was used to study the microstructure-property relationships for
SnS, with respect to its optoelectronic properties, with a focus on S-deficiency.
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Chapter 3
Methods of Deposition, Characterization,
and Analysis
This chapter presents the methods used for deposition and post-deposition processing
of tin sulfide thin films. It also covers characterization techniques used to determine
the fundamental properties and the microstructure-property relationship for optical and
electronic properties. Analytical methods for deriving material properties of tin sulfide
thin films are presented.
Samples were numbered, beginning at 1, to distinguish between deposition runs. A
majority of deposition runs included both Si and glass substrates, as both were needed for
various characterization methods. The sample naming convention reflects the substrate
used for a particular analysis. For example, sample 20A is from deposition run number
20 on a Si substrate, whereas sample 20B is from the same deposition run but on a glass
substrate. This naming convention will be used henceforth. Samples from deposition
runs 1-121 were deposited with the SnS target. Samples from deposition run 122 or later
were deposited with the SnS2 target.

3.1 Processing Methods
The experimental methods employed for this dissertation can be divided into three general
topics. In all cases, radio-frequency (RF) sputtering at 13.56 MHz was employed to
deposit tin sulfide thin films. Early work utilized a SnS target to deposit SnS thin films,
with special focus on in situ substrate heating. The second portion of the experimental
investigation focused on RF sputtering of a SnS2 target with in situ substrate heating.
The final experimental investigation evaluated post-deposition annealing of tin sulfide
thin films made by RF sputtering of a SnS2 target. Several characterization methods were
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employed to evaluate thin film structure, as well as optical and electronic properties of
tin sulfide thin films.

3.1.1 RF Sputtering of SnS Target
SnS thin films were deposited in a radio frequency (RF) magnetron sputtering system in
a downward vertical geometry. Target-to-substrate throw distances ranged from 7, 12,
and 17 cm. Chamber pressure for depositions ranged from 5 to 60 mTorr. Plasma power
ranged from 105 to 155 W. Both 165 W and 175 W depositions were attempted, but
the reflected power for these depositions was greater than 25 W, which was considered
unfavorable. Chamber pressure was measured with a convectron or baratron gauge. Base
pressures below 2×10−6 Torr were achieved using a turbomolecular pump and measured
with an ion gauge. To achieve these base pressures, substrates would typically be placed
inside the chamber at least 10 hours prior to the start of deposition.
Argon plasmas were ignited at 30 to 60 mTorr with the shutter closed. Ar flow rate
was 45.0 sccm and measured using an MKS mass flow controller. Chamber pressure was
adjusted using the throttle valve to the turbo pump. Plasmas were ignited at powers of 105
or 115 W. The plasma would not ignite at powers greater than 115 W. Once the plasma
was ignited, the shutter was kept closed for 2 minutes to remove contaminants from the
target prior to deposition, also known as presputtering. If the set point power or pressure
desired for the deposition differed from the ignition point, those conditions would be
adjusted during the 2 minute presputter process. Once the presputter process finished,
the shutter was opened and the timer started for timed depositions, typically 10 or 20
minutes. At the end of a deposition, the shutter was closed, and then the power supply
was shut off. For depositions without substrate heating or post-deposition annealing in
the chamber, the samples were typically removed from the chamber immediately after
the deposition was complete.
The 3” diameter target used for depositions was tin monosulfide of 99.999% purity
(LTS Research Laboratories, Inc.). Films were typically co-deposited on silicon nitride
coated silicon wafers and glass microscope slide. At the end of the life of the target, the
copper backing plate began to show. The deposition rate also slowed at the end of the
target life.
Two substrates were put on the substrate holder for a typical deposition, including a
microscope slide and SiNx /Si substrate. It was important for each deposition to have both
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Figure 3.1. Diagram showing the substrate at each step of the process. (a) Paint graphite on
clean Si substrate, (b) deposit tin sulfide on substrate, and (c) remove graphite to leave step for
profilometry.

substrate types because both were needed for different characterizations. Glass substrates
are transparent for the wavelength region in which tin sulfide absorbs. Therefore they
were useful for optical measurements. Additionally, they are non-crystalline so there are
no unwanted peaks in x-ray diffraction patterns. Si substrates are easy to cleave and have
value for characterization methods that require small pieces, such as electron microscope
imaging or composition measurements. Prior to deposition, substrates were cleaned using
acetone and isopropyl alcohol. Substrates were dried with ultra-high purity nitrogen. A
thin line of colloidal graphite was painted on the SiNx /Si substrate prior to the deposition.
After the deposition, these substrates were cleaned with acetone in an ultrasonic bath to
remove the colloidal graphite. This process provided a step from substrate to thin film
that was measured by profilometry to determine thickness. Figure 3.1a-c shows a visual
representation of the substrate at each step of the process.
Early experiments focused on depositions without substrate heating. Power, pressure, and target-to-substrate distance were varied to evaluate the effects of these parameters on film properties. Figure 3.2 shows samples that match the aforementioned
parameters. This diagram provided a 3-dimensional representation of the samples and
the parameters that were produced. Blue spheres represent samples that were made and
their corresponding sample number. Orange spheres represent samples that were not
made. Instead of producing one sample matching every sphere, best properties could be
inferred from the samples made.
3.1.1.1

Depositions with Substrate Heating

A resistive heater was used for depositions with substrate heating. Heated substrate
depositions were targeted for the range of 100 to 300◦ C. A variable AC transformer
was used to vary the input power to the heater. The temperature to power set points
are shown in Table 3.1. The third column corresponds to powers correspond at which
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Figure 3.2. Diagram showing the phase space of samples made for early experiments using SnS
target. Diagram was used to visually evaluate how deposition conditions yield certain physical
properties. Blue spheres represent samples made and orange spheres conditions not used to make
samples.

the heater is stable. Before ignition of the plasma, the heater power would be set to the
power in the first column of Table 3.1. This would be sufficient power to ramp to the
set point temperature in 15-20 minutes. Once the resistive heater would reach the set
point temperature, the power was lowered to its set point value. After the power to the
variable AC transformer was lowered, the temperature would not increase substantially
beyond the set point. This process mimicked a computerized feedback loop, but was
not optimized. Because the low voltage set points to achieve 100 to 200◦ C were so low,
the sensitivity in that range was poor. As a result, temperature set points were not easily
repeatable.
Temperature was measured using a thermocouple secured to a small piece of Si
sitting adjacent to the substrates. This ensured that the measured temperature was closely
matched to the temperature of the substrates. Temperature was measured at start and
finish of deposition. Substrate temperature could not be measured during the deposition
because of signal interference with the RF power. Set point powers did not yield accurate
output temperatures, resulting in deposition temperature that differed from the target
temperature.
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Table 3.1. Set points of the resistive heater to ramp and maintain target temperatures.
Ramp Power (V)
12

Set Point Temperature (◦ C)
100

Power for set point (V)
2-3

14

150

5

16

200

6

Once the heater was lowered to the set point temperature, the process for igniting
the plasma and starting the deposition was begun. Temperature was recorded immediately
before plasma ignition and immediately after the plasma was shut off. Without substrate
heating, substrate temperature would typically increase 0.5-1◦ C/min. Most depositions
would result in a temperature increase of 15-25◦ C. With substrate heating, the change in
substrate temperature varied, but the temperature typically increased 1-5◦ C during the
deposition. It was likely a combination of the energy of the plasma adding heat to the
substrate as well the heater set point at too high of a power.
No external cooling was used to remove heat from the heater at the end of a
deposition. The heater would cool slowly, requiring at least 3 hours to return to room
temperature. Samples deposited with substrate heating were kept in the chamber until
they returned to room temperature to reduce the impact of surface oxidation of the thin
film.
Better control of the power output of the heater was expected to improve the
accuracy of the temperature set point. Since measurement of the temperature during the
deposition was not possible with the system setup, another avenue was tested. It was
hypothesized that adjusting the output power of the heater throughout the deposition
would provide better control than a constant output at a single voltage. A typical feedback
loop could supply power in intermittent cycling to maintain constant heat. This process
was replicated with varying cycling times.
For cycled heating depositions, the heater was set for 150◦ C substrate temperature.
Once the heater reached 150◦ C, the heater was shut off, to begin setting up the rest of
the system for the deposition. Argon flowed, set to 30 mTorr, and the power to the target
ignited. The 2-minute presputter process ran with the target shutter closed. Once the
shutter was opened, the power to the heater was turned on again and the cycling process
would start. At the end of the deposition, when the plasma was shut off, the heater would
be on the “off” cycle interval. The heater was then turned on again for an additional
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3 minutes. During these 3 minutes, the temperature would continue to drop, typically
decreasing by 3 to 5◦ C.
As mentioned previously, temperatures typically increased during depositions with
substrate heating. However, it was found that depositions with heater cycling ended at
lower temperatures than at the start of the deposition. Typical depositions ended with
a negative temperature difference of 10◦ C. An experimental test was run to determine
if the change in temperature was a result of the plasma or the heater. The test involved
running the system identically to the deposition conditions for deposition run 105, with
one exception of not igniting the plasma. In this test, the on/off cycle interval was 1 min
on/3 min off for 5 cycles. Temperature was measured for the length of the 20 minutes. It
was found that the temperature increased by 10◦ C, yielding a net difference of positive
20◦ relative to when the plasma is ignited. Further discussion of this test is found in
Section 4.1.2.1.

3.1.2 RF Sputtering of SnS2 Target
Sputtering a SnS2 offered potential to produce tin sulfide thin films of varying sulfur
content. While a near 1:1 ratio of Sn:S was desirable, starting from sulfur excess was
a new method to produce SnS thin films. Overall, the process for sputtering the SnS2
target was very similar. A new 3” diameter tin disulfide target replaced the SnS target.
The SnS2 target was of 99.999% purity (LTS Research Laboratories, Inc.) on a copper
back plate. As a higher resistivity material, the target required new set of conditions
for igniting the plasma. Argon plasmas required ignition at pressures of greater than 60
mTorr and target power of 115 W.
Replacement of the SnS target required a new set of depositions to evaluation
their impact on thin film properties. The first set of depositions examined the effects of
chamber pressure and target power. Depositions at 115 and 155 W, as well as pressures
of 10-60 mTorr were done to develop baselines. For most depositions, target-to-substrate
distance was kept at about 11 cm, but a subset of samples were deposited at 6.5 cm. Films
were typically co-deposited on glass and SiNx /Si substrates. Base pressure was usually
less than 2×10−6 Torr. Moisture levels in the lab were high in the summer months, and
resulted in higher base pressures up to 4×10−6 Torr. Depositions during this time were
kept to a minimum.
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Once baselines were established for the above conditions, substrate heating was
introduced. It was expected that thin films deposited from the SnS2 target would have
excess sulfur content. In situ substrate heating was the first method pursued to produce
films with Sn:S ratios closer to 1:1.
The same heater used for samples made with the SnS target was used for the first
experiment with the SnS2 target. The process for using the heater was the same. Substrate
temperatures ranged from 120 to 260◦ C. Both heater cycling and constant heating were
done for the experiment. All depositions were 20 minutes with 2 min on, 2 min off
cycling. Heater power was varied to change the temperature. The heater was also on
after the plasma was shut off for 3 minutes, for a short post-deposition “anneal”.
Since the reaction time of the resistive heater was slow and had poor precision, a
new heater was installed. The new heater used a halogen lamp to heat a copper plate. As
before, a variable AC transformer was used to control the power to the heater. Samples
rested directly on the copper plate. As done with the resistive heater, the thermocouple
was secured to a piece of Si placed adjacent to the other substrates on the copper plate.
The heater could reach the desired temperature in less than 10 minutes, and cooled in less
than 2 hours. A new power-to-temperature relationship like the one shown in Table 3.1
was developed for the halogen heater. The halogen heater differed from the resistive
heater in that lowering the power from the ramp power to the set point power had a
delayed reaction time.
3.1.2.1

Annealing of Sulfur-Rich Tin Sulfide Thin Films

The purpose of annealing tin sulfide thin films was different depending on the target used
to deposit the films. Due to the higher volatility of sulfur over tin, sulfur loss during
annealing was of concern, with two exceptions: samples annealed in sulfur overpressure
had potential to maintain the 1:1 ratio of tin to sulfur, or films with high sulfur content,
such as those deposited with the SnS2 target.
For films deposited with the SnS target, anneals were done in a sulfur environment
to prevent sulfur loss. A tube furnace was set up with nitrogen flow at the entrance to
the tube, and exhaust leading to a beaker or an Erlenmeyer flask filled with water to
absorb any sulfur in the exhaust stream. A sulfur boat with about 0.02 g of sulfur was
placed upstream of the sample so that sulfur gas would flow above the sample. Figure 3.3
shows the standard set up for furnace anneals. Due to the toxicity of gaseous sulfur,
the sample would be placed in the closed furnace prior to the temperature ramp, and
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Figure 3.3. Diagram showing setup for furnace anneals.

only removed once the furnace cooled to less than 50◦ C. The furnace could ramp to the
desired temperature in 20-30 minutes, but had to be adjusted manually to maintain the
desired temperature. Tested temperatures were 200-300◦ C Only a few samples made
with the SnS target were annealed. The results were undesirable, so these methods were
not pursued further.
A majority of the annealing experiments of tin sulfide thin films were conducted
on thin films grown by sputtering the SnS2 target. Samples were annealed for 30 or 60
minutes at 200 to 500◦ C. As-deposited samples were also studied to compare to annealed
samples.
The first set of anneals used the furnace in a sulfur environment. Samples were
annealed at 200 and 300◦ C for about 30 minutes. The furnace temperature was carefully
monitored to maintain the anneal temperature within 15◦ C of the set point. Cool down
was typically 90 minutes.
The second type of anneal was done in vacuum in the same chamber as the
deposition. Before heating, base pressures were around <10−6 Torr, but heating would
cause the pressure in the chamber to increase. The difference in measured pressure is a
result of an increase in vapor pressure. Table 3.2 shows the relationship between base
pressure and anneal temperature. The large increase in base pressure at 500◦ C relative
to 400◦ C suggests that another reaction began to occur between these temperatures. At
these higher temperatures, it is possible that a new species entered the vapor phase due to
the new reaction. Annealing immediately after a deposition without breaking vacuum
ensured that no surface oxide could form prior to annealing. The two aforementioned
heaters were both used for post-deposition annealing in a vacuum to study the effects
of ramp time and cool down time. The ramp time and cool down time for the resistive
heater was much longer compared to the halogen heater. Ramp times for the resistive and
halogen heaters were 15 minutes and 7 to 10 minutes respectively, while cool down times
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were 4 hours and 2 hours respectively for a 400◦ C anneal. Samples from deposition run
174 had two levels of annealing. The heater temperature quickly increased to 350◦ C in
less than 5 minutes, which was followed by a slow increase to 400◦ C in about 30 minutes.
A 60 minute anneal time was recorded from the time it reached 400◦ C. Ramp time and
cool down time impacted film properties, and experimental parameters had to be adjusted
to replicate results.
Table 3.2. Base pressure of vacuum chamber for varying anneal temperatures. Pressures measured
with an ion gauge.
Temperature (◦ C)
23
100
200
300
400
500

Pressure (Torr)
5.70 × 10−7
1.93 × 10−6
2.64 × 10−6
3.1 × 10−6
3.3 × 10−6
7.38 × 10−6

P@Anneal T:P@RT
1:1
3.4:1
4.6:1
5.4:1
5.8:1
12.9:1

3.2 Thin Film Characterization
Several characterization types were conducted on SnS films to determine thickness,
morphology, crystallographic orientation, phase, and composition. Film thickness was
determined using a Tencor Profilometer. As mentioned previously, the absence of
colloidal graphite left a step from substrate to thin film which could be used to measure
thickness. The probe would drag across the substrate and film surface to get a height
difference representative of the film thickness. The measurement was normalized to the
substrate prior to calculation of the height difference. A minimum of three measurements
was typical to ensure thickness measured was precise. Figure 3.1c shows the location and
movement of the profilometry probe from Si to film surface for thickness measurements.
When possible, these thickness measurements were compared to thicknesses determined
from spectroscopic ellipsometry.
Surface morphology of the SnS films is assessed using the ZeissSMT1530, highresolution Field Emission Scanning Electron Microscopy (FESEM). Copper tape was
used to secure samples to a stainless steel sample holder and provide a current sink for
samples, as they were resistive films. The cross section of some samples were measured,
but it was more difficult to produce a good image because of the high resistivity of the
films. Working distance was typically 1.2 to 2.3 mm, with a target distance of 1.5 mm.
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Acceleration of the electron beam was 2 to 3 keV, with lower energies used for higher
resistivity material. Magnification of film micrographs ranged from 10 to 90kX.
SnS phase analysis and crystallinity were measured using GIXRD at an incident
angle of 1◦ and detected from 5◦ to 70◦ (PANalytical X’Pert Pro MPD). The MPD
operated at 45 kV and 40 mA with a Cu (λ = 1.541 Å) radiation source. Measurement
angles were within an accuracy of 0.04◦ . Substrates were approximately 1 inch squares
for this measurement, which was sufficient to be in range for a majority of the x-ray
beam. Height alignment for the measurement was within an accuracy of 1 mm. A glass
substrate was measured without a tin sulfide thin film to determine a baseline for the
XRD pattern for the amorphous substrate. XRD patterns are normalized to the maximum
intensity unless otherwise specified.

3.2.1 Thin Film Composition
Determining the composition of tin sulfide thin films was a challenge, and only a subset of about 30 films were measured for their composition. Rutherford Backscattering
Spectroscopy (RBS) measurements were used to measure about 10 thin films made with
the SnS target. The 1.7 MeV Tandetron Accelerator was located at Rutgers University.
Samples were sent to Rutgers for this measurement, and analysis of the data was conducted at Penn State. Films grown on Si were cut into pieces about 1 cm2 in size and
sent to Rutgers. A 2 mm diameter, 2 MeV He beam was accelerated to the film surface,
and backscattered electrons were measured. Data was analyzed using SIMNRA software
which works by creating a layer-by-layer structure, and fitting the data to best match the
model. The known substrate and SiNx surface layer were held constant while the thin
film composition and thickness were varied to best match the data. Thickness is a value
of atoms per cm2 , which could be used to determine the film density for a known film
thickness. Appendix B shows the calculation methods for determining film density. Fits
were done with and without oxygen to determine if the surface was oxidized.
Composition could also be determined using EDS but to a lesser degree of accuracy
than RBS. EDS of some samples was measured using an Oxford EDAX detector on a
FEI Nova NanoSEM 630 FESEM. Before measuring samples, the beam was measured
against a Si standard at 5 keV prior to all measurements. A single crystal SnS sample
was measured and calibrated to be used as a quantitative standard instead of the standards
available from Oxford. All samples were measured at a 5 mm working distance. Early
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samples were measured at 20 keV because the beam measurement was done for copper
at 20 keV. The method was altered later to use Si for the beam measurement at 5 keV.
All measurements from this point were done at this accelerating voltage. Samples were
measured for sufficient time to detect 1 million counts. Spot size was adjusted to ensure a
dead time of 10 to 50%, as larger dead times ensured faster data collection. Samples were
measured at a magnification of about 4kX or 10kX. Several scans at different locations
were done for each sample and averaged. Samples measured using RBS were measured
using EDS to determine the % error of the measurements. It was found that the error was
about 2% nominally. This error was too large to confirm if a sample was sulfur-rich or
sulfur-poor, but was valuable for determining an approximate ratio of tin-to-sulfur, and
relative ratios of samples.

3.2.2 Structural Analysis
XRD patterns provide data necessary to determine phases present in a polycrystalline
thin film. Shifting of peaks is an indication of a change in the lattice parameter. Rietveld
analysis using whole pattern fitting (WPF) was be used to determine phases present in
films via Rietveld refinement of crystal structures for films deposited with SnS target.
Convergence of the fit and residuals indicate whether multiple phases are present. PDFs
used for these fits are listed in Table 3.3.
A statistical cluster analysis from principal components was completed to investigate the similarities between films in X’Pert HighScore Plus. The purpose of the analysis
is to find films with common pattern data, and highlight sputter conditions having the
most influence on film properties. Films deemed similar by the cluster analysis were
compared via the results from WPF to better understand correlations found in the cluster
analysis.
WPF of XRD pattern data was done on several samples to determine phases present
in films using Jade 10 from Materials Data, Inc. For these sputtered SnS thin films, good
single-phase fits were not always possible, indicating the presence of multiple phases.
Background was excluded and both one and multiple phases were tested to determine
which produced a reasonable residual (R) value. Fit parameters from WPF include lattice
paraemeters, scaling factor, full-width-half-max, Lorentzian component and skewness.
In the fitting process, two residual parameters are calculated. Weighted-pattern residual
(Rwp ) and expected residual (Re ) are found using the following equations [55]:
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Table 3.3. Summary of card data for tin sulfide phases. Starred PDF numbers indicate that card
contains structure data for whole pattern fitting.
PDF Card
Number
39-354

Polymorph
α-SnS

Space
Group
Pbnm

Lattice Parameter (Å)
a
b
c
4.329 11.192 3.984

4-4-8696∗
4-4-3833∗
4-4-3831∗
4-4-8426∗

α-SnS
α-SnS
β-SnS
Rock salt

Pbnm
Pbnm
Cmcm
Fm3̄m

4.32
4.242
4.128
5.8

11.15
11.32
11.48
5.8

3.97
4.05
4.173
5.8

97-7-2129

SnS
(unassigned)
Sn2 S3
Sn2 S3

Abm2

5.749

5.737

11.876

Pnmb
Pmna

8.84
8.864

14.12
3.747

3.73
14.020

SnS2

P3̄m1

3.649

3.649

5.899

30-1379
97-656782
23-677

P

Rwp =

Re =

wi (yi,o − yi,c )2
P
2
wi yi,o

(N − P )
P
2
wi yi,o

Notes
Standard card quoted in the literature.
Data collected at 300 K.
Data collected at 700 K.
Data collected at 1000 K.
Epitaxially grown onto (100)NaCl
at 670-770 K.
Reference:
Calculated from
FIZ#7912 [144]
Measured at 900 K
Reference:
Calculated from
FIZ#656782 [145]
Reference: Natl. Bur. Stand. (U. S.)
Monogr. 25, v9 p57 (1971)

!1/2

(3.1)

!1/2

(3.2)

In these equations, wi is the weighting factor (wi = 1/yi,o ), yi,o is the observed diffraction
intensity at a given 2θ, yi,c is the calculated diffraction intensity, N is the number of
points, and P is the number of parameters. Fitting occurs to satisfy the following relation:
Rwp
→1
Re

(3.3)

“Goodness of fit” is evaluated by how close the final ratio is to 1. Card data associated
with the potential phases present in these films are listed in Table 3.3. Cards containing
the necessary structure data for WPF are starred.
Visual inspection of residual intensities between the derived pattern and raw data
was used to determine if a given fit was best. Some fits showed residuals that indicated the
presence of another phase not accounted for in the fit. For large residuals, re-evaluating
the included phases was important for finding a better fit for a given sample.
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SnS thin films on glass had some amorphous behavior due to X-ray penetration of
the substrate. An amorphous profile was included in the fit for these samples. Fitting of
thin films deposited on crystalline silicon did not require the amorphous profile in the
fitting parameters. Fit parameters for the amorphous profile include centering angle, fullwidth-half-max, intensity, and skewness-factor. Density was set to that of the substrate,
of 2.67 g/cm3 .

3.3 Optical Measurements and Analysis
Initially, two methods were used to determine the absorption characteristics of the thin
films. First, measurements of the transmittance and reflectance spectra were used to
derive the absorption coefficient (α). Second, optical constants were determined using
spectroscopic ellipsometry data. The extinction coefficient was then used to determine
the absorption coefficient. once the absorption spectrum was determined, it was used to
extract the band gap using Tauc plots.

3.3.1 Spectrophotometry Measurements and Analysis
Transmittance and reflectance spectra were measured for SnS-coated glass slides using a
Perkin Elmer Lambda 950 spectrophotometer over a spectral range from 300 to 2000 nm.
Slit width for the instrument was set to 4 mm. A lens was used to focus the beam of light
to a small area of about 12 mm2 on the film surface. Measurements were done using the
integrating sphere attachment for the instrument.
The films were highly specular and it was necessary to determine if the measurements should be measured against spectra collected for an aluminum mirror background
or the standard white scattering background, or spectralon. A set measurements was done
using both backgrounds with the integrating sphere. Measurements were also done using
the universal reflectance accessory to compare to these measurements. It was found that
the aluminum mirror was a better background for the reflectance measurements than the
spectralon. Therefore, all reflectance measurements for films made with the SnS target
were done with the background spectra set to the aluminum mirror spectra.
If the reflectance (R) is zero, a first order approximation of α is determined from
film thickness (d) and transmittance (T ):
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1
α = − ln(T )
d

(3.4)

However, as the films have non-negligible reflectance for the range of analysis, Eq. 3.4
cannot be used to approximate α. For films with high reflectance in the range of analysis,
Eq. 3.5 must be used to determine α:
1
T
α = − ln
d
1−R




(3.5)

The following equation from Table 2.3 on page 40 can also be used to calculate α:




2T
1

q
α = − ln 
2
4
2
d
(1 − R) + (1 − R) + (2RT )

(3.6)

All three of these equations are found in the literature for determining α of SnS thin
films. An analysis will follow in Chapter 5 evaluating the validity of these equations for
determining α.

3.3.2 Spectroscopic Ellipsometry Methods
SnS films deposited on glass substrates were characterized using a multichannel, dualrotating compensator spectroscopic ellipsometer (model RC2, J.A. Woollam Co.) at 50◦ ,
60◦ , 70◦ , and 80◦ over a spectral range of 0.75 to 5.15 eV (1690 to 240 nm, every 1 nm).
Integration time for the measurements was 5 to 10 seconds, with insignificant impact
on the measurements between the two times. Details of the operation and governing
equations for the spectroscopic ellipsometer can be found in Appendix A. Ψ and ∆ are
used to calculate the optical constants of the measured material for a known sample
structure, including information about the substrate. The model must be an accurate
representation of the sample structure in order to correctly predict the optical constants
of the material. First, the substrate must be known. Early work developed models of
SnS thin films grown on Si substrates. [17] A model for a clean SiNx /Si substrate was
developed by Dr. Motyka and used for the ellipsometric analysis. The simplest version
of the thin film structure is shown in Figure 3.4a. Explanation of each thin film structure
type shown in Figure 3.4 is discussed in later paragraphs.
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Figure 3.4. Diagram showing sample layered structure used to model ellipsometry data (a) simple
structure, (b) graded layer, (c) bilayer structure with surface layer of different density than “bulk”
SnSx layer.

Models developed for films grown on SiNx /Si substrate were used as a starting
point for films deposited on glass. A model was developed for glass substrates using both
spectroscopic ellipsometry data and non-polarized transmission measurements of a clean
substrate. A general oscillator model with a Tauc-Lorentz oscillator was used to describe
the substrate.1
The ellipsometric spectra for these samples were analyzed using a structural model
consisting of a substrate/bulk-SnSx film/surface roughness/air ambient structure (CompleteEASE software, J.A. Woollam Co.). The optical constants of SnS thin films were
modeled using Cody-Lorentz and Tauc-Lorentz oscillators. [146, 147] More information
about choice of oscillators can be found in Appendix A.
Depolarization data was included in the fits to account for thickness non-uniformity.
Surface roughness was modeled as an Effective Medium Approximation (EMA) layer
which consists of a 50/50 mix between the bulk SnS layer and void. Modeling the
structure of the thin film stack modeled both the optical constants (and dielectric function)
as well as the thickness of each layer.
Non-polarized transmission measurements were appended to the ellipsometry
data for thin films on glass substrates and modeled using multi-sample analysis. Bulk
thickness was allowed to fit as separate values using the multi-sample analysis tool. To
ensure sufficient inclusion of the transmission measurements, the sample was weighted
600% instead of the default 100%.
When possible, only Tauc-Lorentz oscillators were used, but if the model was
insufficient, a single Cody-Lorentz oscillator was added. Cody-Lorentz oscillators
1

Model was finalized with J. A. Woollam engineer to confirm validity.
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have three additional fit parameters compared to Tauc-Lorentz oscillators: (1) Lorentz
transition energy, Ep (2) Urbach tail transition energy, Et and (3) Urbach absorption
exponential rate, Eu (see Appendix A for explanations). Et and Eu were not set to fit
during the normal fitting process. Instead, they were adjusted based on the transmission
data. As a result, Cody-Lorentz oscillators were not used for thin films on Si substrates
because transmission data was not available or for thin films on glass without transmission
data.
Once a valid fit was developed, the model was saved as a new material file. The
layer was converted to a wavelength-by-wavelength model, using the new material file as
a starting point. The purpose of the wavelength-by-wavelength fit was to improve the
model by allowing features in the dielectric function not otherwise seen in the general
oscillator model. If switching to the wavelength-by-wavelength model significantly
altered the dielectric function of the material, the model was returned to the general
oscillator model to seek more improvements. More information about the wavelengthby-wavelength model is available in Appendix A.
Depolarization data of measurements at 80◦ showed the ellipsometric measurements to be too shallow for inclusion in the model for a majority of samples. Thickness
non-uniformity was typically in the range of 1 to 6%, but occasionally as high as 20%.
Accuracy of the depolarization data is dependent on the calibration of the instrument.
The more lamp hours between instrument calibration and film measurement, the less
accurate the depolarization data. Therefore, depolarization data was excluded if it could
not be fit well because it could be attributed to the amount of time since the previous
calibration. Length of time since last calibration does not affect Ψ and ∆ significantly.
Samples that were more difficult to fit using a single layer model for SnS required
some modifications for better representations of the data. Slight alterations to the structure
without great adjustment to the optical constants of bulk SnS were sufficient to improve
fits. Some samples required grading of the film density using linear or exponential
(non-linear) grading. Grading refers to a change in film density, with void fraction
changing through the thickness of the film. A graded layer was likely a result of change
in crystallite size. The density of the film is likely to evolve for thicker films as a result
of thicker crystallites. The effect of grading the thin film is shown in Figure 3.4b. Linear
grading indicates that the change in density is continuous and gradual through the film
thickness. A film is divided into five sub-layers to model linear grading. Non-linear
grading was better suited for thicker films. Because tin sulfide is highly absorbing,
62

a change in density cannot be detected significantly through the entire film thickness.
Therefore, the ellipsometry measurement can detect a change in density, but only near
the surface of the film. When non-linear grading of the film was insufficient to detect this
change, the bilayer structure shown in Figure 3.4c was used. Typically, the surface layer
would have a lesser density than the “bulk” SnSx layer, but occasionally was more dense.
The less dense surface layer is explained by the films having larger grains that are closer
together, resulting in less grain boundaries. Less void space is possible at the surface for
this configuration of the thin film stack.
Appendix A outlines the series of equations that are used to convert Ψ and ∆ into
the complex index of refraction, which is expressed as:
ñ = n + ik

(3.7)

where n is the index of refraction and k is the extinction coefficient. It is also helpful to
evaluate data in terms of the complex dielectric function (ε̃):
ε̃ = ε1 + iε2 = ñ2

(3.8)

where ε1 and ε2 are the real and imaginary dielectric constants respectively. Modeling
the data is an iterative process to find the best solution for the optical constants. This
method was also used to determine the absorption coefficient. The extinction coefficient
(k) is related to the absorption coefficient as a function of wavelength (λ) in centimeters:
α=

4πk
λ

λ=

1239.5eV-cm
hν

(3.9)

where
(3.10)

and hν is photon energy in eV. The derivation of the optical constants also models film
thickness, so they are independent of thickness. As a result, thickness is not in the
equation to derive α, while it was need for spectrophotometry measurements (Eqns 3.4,
3.5, 3.6, 3.9. [148]
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3.3.3 Derivation of the Band gap
Band gaps were determined by the methods outlined by Pankove. [149] In the literature,
it has been referenced that tin sulfides have the allowed direct, indirect, and/or forbidden
direct band gap. The methods for determining all three types of band gaps are summarized
here.
The absorption coefficient is related to photon energy by Eq. 3.11:
α∗ (hν) = A(hν − Eg )n

(3.11)

In this equation, the coefficient A is a constant, hν is the photon energy, Eg is the band
gap, and n is 1/2 or 3/2 for allowed and forbidden direct transitions respectively. To find
the band gap, the quantity (αhν)1/n was plotted against photon energy, and the most
linear region extended to the x-axis. The energy at which the line crosses the x-axis was
the band gap. Similarly, the indirect band gap was found using Eq. 3.12:
α∗ (hν) =

A0 (hν − Eg − Ep )2
1 − exp (−Ep/kT )

(3.12)

where A0 is a different constant from A in Eq. 3.11, Ep is the phonon energy, k is the
Boltzmann constant and T is temperature. To find the indirect band gap, (αhν)1/2 is
plotted against photon energy and Eg is extracted from the most linear region. Typically,
the indirect band gap is derived using by finding two linear regions on this plot. The
result will be two locations where the lines cross the x-axis. The lesser value is Eg − Ep
while the greater value is Eg + Ep . Sometimes Eg can be approximated by finding only
one linear region as was done for finding the direct and forbidden gaps if Ep  Eg .
Disorder in the polycrystalline films buries the contributions of phonons near the band
edge. In this scenario, Eg is approximated using only one linear region to extract the
band gap. These (αhν)m versus hν plots are also known as Tauc plots.

3.4 Metallization Process and Electronic Measurements
Several measurement techniques were used to determine the resistivity, carrier type,
carrier concentration, mobility, and lifetime. Some measurement techniques were unsuccessful at determining these properties due to poor electronic quality, which resulted at
multiple avenues for determining electronic properties.
64

Figure 3.5. Schematic showing configuration metal pads as (a) Top and (b) Bottom Contacts.

3.4.1 Resistivity Measurements
Some depositions also included substrates with metal pads deposited on SiO2 /Si substrates. Ti, Mo, and Al pads were deposited on SiO2 /Si substrates by DC sputtering.
Substrates were precut and secured to a stainless steel mask using Kapton tape. The mask
had five 0.6 by 0.01 cm openings. This method ensured the least amount of spreading
so that metal would not spread much beneath the holes in the mask. Five contacts were
spaced 0.02, 0.03, 0.05 and 0.07 cm apart. Contact contributions to the measurements
were reduced due to the large gap spacing. Metal pads were about 100 nm. These
contacts will be henceforth referred to as “bottom contacts.” Ti pads were also deposited
on the surface of tin sulfide thin films, referred to as “top contacts.” Figure 3.5 provides a
visual representation of the film structure with top and bottom contacts.
These metal contacts, as shown in Figure 3.5, were designed to be used for transmission line measurements (TLM) method. Current-voltage (I-V) measurements are
done for each contact spacing, such that only contacts immediately next to each other are
measured. For each I-V measurement, only linear measurements were used to extract
the resistivity value. If the I-V curves were non-linear, that meant the contacts were
non-ohmic. For linear I-V measurements, resistance was calculated from by 1/slope of
the I-V plot. Resistances (R) from each spacing were plotted against each spacing to
extract sheet resistance (Rsh ) from the slope:
h

i∗

Rsh = slope R/spacing Z

(3.13)

where Z is the contact length. The contact length was 0.6 cm for top contacts and 0.3 to
0.4 cm for bottom contacts. Resistivity (ρ) was calculated using Eq. 3.14:
ρ = (Rsh )∗ d

(3.14)
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where d is the film thickness. Contact resistance (Rc ) was half the value of the y-intercept
of the resistance versus contact spacing plot. For films with low contact resistance, the
error in contact spacing due to spreading beneath the mask during metallization became
apparent.
A selection of samples were chosen for circular TLM measurements, with contact
spacing sufficiently small in order to accurately determine specific contact resistance.
Two samples made with the SnS target were selected for initial testing. A second set of
samples were grown specifically for these measurements using the SnS2 target. From this
target, one sample group was grown at 10 mTorr, 115 W, without substrate heating for
10 minutes, and subsequently annealed at 400◦ C for 1 hour to produce p-type SnS thin
films. A second sample group was grown at 30 mTorr, 115 W, at 200◦ C for 20 minutes to
produce n-type SnSx with an expected tin-to-sulfur ratio of 2:3. Contact spacing ranged
from 1 to 20 µm. Titanium and Ti/Au contacts were used for samples grown with the
SnS target. Palladium and silver contacts were tested for the samples grown with the
SnS2 target.

3.4.2 Carrier Properties
Van der Pauw Hall measurements are useful for extracting several electronic properties of
a material at once, but it was not possible to use this method for tin sulfide thin films with
high resistivity. For these films, hot probe measurements were done to determine carrier
type. Voltage difference was measured across two probes, where the positive probe was
heated and the negative probe at room temperature. A soldering iron was used as the heat
source. Voltage drop detected carrier mobility in films, which indicated carrier type. If a
material is p-type, the heat causes carriers to move towards the heated probe, yielding a
negative reading on the voltage meter. If a material is n-type, carriers move away from
the heated probe, yielding a positive reading. Figure 3.6 provides a diagram for this
technique showing carrier flow direction for p- and n-type material. Carrier movement
is a result of impact of the temperature difference on the material’s band diagram. The
energy of the conduction and valence band at the hot probe is elevated relative to their
position at the cold probe. As a result, an electric field forms allowing carrier drift. [150]
For films with sufficiently low resistivity, van der Pauw Hall measurements were
done to determine carrier properties. Indium contacts were pressed onto thin films,
and heated for several minutes to improve contact quality. Heating was found to help
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Figure 3.6. Diagram of hot probe method showing direction of carrier flow for (a) p-type material
and (b) n-type material. Positive probe is heated with soldering iron.

Figure 3.7. Diagram showing positioning of indium contacts for Hall effect measurements.
Magnetic field direction shown, but samples were measured for reverse magnetic field direction
as well. Electric field shown in red shows rotation of carriers if dominant carrier type is p-type.

attain better measurements. Contacts were spaced 5 to 10 mm apart. Contact were
checked prior to each Hall measurement by probing all combinations by sourcing current
and measuring voltage. These measurements provided a baseline resistivity. Van der
Pauw Hall measurements were done using an electromagnet set to 5000±50 Gauss.
Measurements were done twice, with the sample rotated 180◦ for the second measurement
for reverse magnetic field. Figure 3.7 shows a diagram for the orientation of the film
relative to the magnetic field, as well as placement for the indium pads.
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Chapter 4
Deposition and Annealing of SnSx Thin
Films
Multiple methods of processing SnSx films were pursued via the use of different targets
and post-deposition processing methods. This chapter will evaluate the microstructure
of SnSx including crystallinity, phase, microstructure, and composition. The sections
are separated by method, and the final section will compare all films of similar phase.
Identification of the microstructure was important for determining the relationship to
optoelectronic properties.

4.1 Films made using SnS Target
The next few sections will evaluate the impact of sputtering a SnS target, with and without
substrate heating, on film microstrcutre and growth. A brief discussion of annealed films
will also be discussed. Films made with the SnS target would always yield crystalline
SnS thin films, but variation in composition, morphology, phase, and crystallinity was
observed for different deposition parameters.

4.1.1 Films made without Substrate Heating
To explore the impact of deposition parameters on film growth and microstructure, the
impact of target power was studied for films deposited at different total pressures, without
substrate heating. Depositions without substrate heating are referred to as depositions at
room temperature (RT), but some increase in temperature is seen due to heating from the
plasma. Table 4.1 lists the deposition parameters, film thickness, and deposition rate of
films characterized in this study. Rutherford back scattering measurements completed
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Table 4.1. Conditions of samples sputtered with SnS target at room temperature.
Deposition
Run
9
10
26
27
28
29
30
31
33

Power
(W)
175
145
105
135
155
105
155
105
135

Pressure
(mTorr)
10
30
60
60
60
60
5
5
5

Target-to-substrate
distance (cm)
17
17
17
17
17
17
17
17
17

Deposition
Time (min)
10
10
20
20
20
20
10
10
10

Thickness
(Å)
--710
850
830
2500
3200
1300
2200

Dep. Rate
(Å/s)
--0.59
0.70
0.69
0.46
5.3
2.2
3.7

36
37
38
39

105
155
135
105

5
60
60
60

7
7
7
7

10
20
20
20

9100
8100
7900
6900

15.2
6.8
6.6
5.6

on samples with similar total pressures and target powers to the samples presented in
4.1 proved to have nearly 1:1 ratio of Sn:S, as measured by RBS. Samples 36A and 37A
were both slightly S-rich.
FESEM imaging of samples prepared under various deposition conditions shows
significant differences in the shape, size, and density of the crystallites. Micrographs of
films grown at 10 mTorr, such as sample 9A, and varying powers showed little difference
in the crystallite size and shape indicating that for this pressure, power has little impact
on the morphology. Figure 4.1 shows the impact of deposition pressure and target power
on crystallite formation. These micrographs show that crystallite length increases and
density decreases for the increase from 5 to 10 mTorr. However, the high pressure of 60
mTorr gives a very dense film compared to the 5 and 10 mTorr samples. For an absorber
layer in traditional planar photovoltaic devices, it is generally desirable to have large
textured grains and densely packed crystallites with well-passivated grain boundaries.
Despite the improved density for high pressure depositions, each grain is made up of very
small crystallites. For depositions at room temperature, films nearly always were made
up of small crystallites. The shorter substrate-to-target distance for samples 36A and 37A
resulted in very different morphology dependent on the pressure. While Sample 36A
was deposited at the same pressure as Samples 30A and 33A, the morphology of small
crystallites within a larger grain was seen in Sample 37A. The morphology of sample
36A showed an interesting morphology in that there were undefined grains. From the
micrograph it is difficult to see where one grain ends and another begins suggesting a
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Figure 4.1. Field emission scanning electron micrographs of SnS thin films made without
substrate heating. Sample growth conditions are listed in Table 4.1.

very different growth mode than the other samples. The deposition rate for this sample
was significantly larger at such a low pressure and a short throw distance. The rate of
nucleation compared to growth was likely much lower. The morphology reflects the
idea that atoms reached the surface of the film attached to nucleated crystals rather than
forming new crystallite sites, as seen for slower deposition rates. Typically, crystallites
and grains grow in size for thicker films, which is seen for sample 37A. However, Sample
36A does not have very large grains, which indicates that most of the film growth
occurred perpendicular to the substrate surface. The microstructure of this film suggests
that energy from the plasma caused heating of the film, resulting in a morphology similar
to those with applied substrate heating. Despite this effect, adatom mobility is minimal
for these conditions, seen from the size of the crystallites, and other means to increase
adatom mobility was determined to be necessary to improve morphology.
XRD patterns showed the primary phase of these films to be α-SnS. The pattern
data best match PDF#39-354, but it was found that some peaks matched PDF#4-4-8426,
which is the Rock Salt crystal structure of SnS. Figure 4.2 shows 3 films at varying power
for constant pressure and substrate-to-target distance. The peak doublet at 31-32◦ 2θ
typically corresponds to (hkl) planes (101) and (111) or (040). However, these peaks
are much closer together for these sputtered films. While the (200) peak from the Rock
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Figure 4.2. XRD of SnS thin films made with SnS target at room temperature, 5 mTorr Ar
pressure and 17 cm substrate-to-target distance.

Salt PDF aligns well with the smaller peak in the doublet, strain in the films could cause
change in the lattice or interlayer spacing. The shifting of the peaks closer together than
the herzenbergite card data is similar to the results seen by Brownson et al. [94]. They
found that peaks shifted closer together for the transition from δ-SnS to α-SnS, where
the difference in these phases of SnS is a result of change in interlayer spacing. Further
analysis of this difference in XRD pattern and PDF will be discussed in Section 4.1.4.
Films shown in Figure 4.2 deposited at 5 mTorr have very similar XRD patterns.
This aligns with the near-identical morphology seen for Samples 30A and 33A in Figure
4.1. The difference in power from 105 to 155 W is not significant to change morphology
or crystallinity. Guang-Pu et al. [97] found that the range of 30 to 70 W was significant
to cause a change from amorphous to crystalline. At much higher powers, enough energy
was present to dislodge Sn and S atoms at similar rates resulting in no change in film
growth modes.
Figure 4.3 shows the XRD patterns of three films deposited at 105 W, with varying
pressure and substrate-to-target distance. The data from Table 4.1 and Figure 2 show that
the film deposited at 5 mTorr had a high deposition rate but a more random distribution of
crystallite orientations compared to the film deposited at 60 mTorr. The sample deposited
at 60 mTorr had a slower deposition rate, but primarily one dominant orientation of
crystallites. While α-SnS matches most of the peaks in these x-ray patterns, the additional
peaks suggest that the Rock Salt phase may be present. One study by Nozaki et al.
concluded that SnS films could have variable lattice parameters as a result of interfacial
interaction between the film and the substrate. [118] For films of comparable thickness
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Figure 4.3. XRD of SnS thin films made with SnS target at room temperature, 5 mTorr Ar
pressure and 17 cm substrate-to-target distance.

to those presented here, the lattice distortion continued through the film, perpendicular to
the substrate. [118] Similarly, it is likely that interfacial effects between the film and the
substrate cause the distortion seen in Figure 4.2.
Films deposited at high pressure have preferential orientation in the (111) direction,
like Sample 29B. Films deposited at low pressure have secondary inclusions of grains
with (101) orientation, as well as additional minor peaks of various orientations, as was
seen in Figure 4.2. Sample 39B was deposited at high pressure, but a much shorter
substrate-to-target distance resulting in a much higher deposition rate. As was seen
in its morphology in Figure 4.1, the XRD pattern of this sample is quite similar to
the samples shown in Figure 4.2. This further supports the idea that growth mode is
related to deposition rate. The very fast deposition rate for Sample 36B resulted in more
oriented crystallites as seen from Figure 4.3 compared to the intermediate deposition rate.
Additionally, the peak doublet for this sample has a larger separation. Since both peaks
are centered at the same 2θ as Sample 39B, the peaks in Sample 36B must be narrower,
indicating that the film is more crystalline. This is supported by the morphology where
crystallites were note well-defined, indicating that they grew into each other.

4.1.2 In situ Heating Studies
Two studies were done to investigate the effects of substrate heating on sputtered SnS
thin films. All films were made with the SnS target. The first study looked at the
effect of pressure and substrate temperature (samples 55-61). Sample parameters are
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Table 4.2. Samples grown with SnS Target, comparing with pressure and substrate temperature
as variables. All samples grown at 12 cm substrate-to-target distance.
Deposition Power
Run
(W)
55
155

Pressure
(mTorr)
60

Temp
(◦ C)
RT

Deposition
Time (min)
10

Thickness
(nm)
200

Dep. Rate
(Å/s)
1.7

Density from
RBS (g/cm3 )
4.66

56

155

10

RT

10

910

7.6

4.01

57

155

60

280

10

230

1.9

4.42

58

155

10

200

10

870

7.2

4.31

59

155

10

230

10

850

7.1

3.93

61

155

60

150

10

170

1.7

3.61

listed in Table 4.2. Target temperatures were 100 and 200◦ C, but the large sensitivity
of the variable AC transformer made it difficult to maintain targeted temperatures. The
temperatures tested did give a good sense of the impact of substrate heating. The second
study looked at cycling the heater to maintain temperature better. Cycling rates are
specified in Table 4.2. All samples deposited with substrate heating were deposited at a
substrate-to-target distance of 12 cm because of the position of the heater in the chamber.
For frame of reference, Samples 55A and 56A were deposited at room temperature for
frame of reference for this new target-to-substrate distance.
Figure 4.5 shows the SEM micrographs of samples 55 through 61. All samples
except Sample 59A were imaged at an angle. The micrographs show that substrate heating
was insufficient to improve adatom mobility and form significantly larger crystallites
with high density of crystallites. These early results were not promising for improving
morphology. One concern over substrate heating was the possibility sulfur loss due to
high sulfur vapor pressure. RBS measurements were done on these samples and only
Sample 61A was slightly sulfur deficient. All other samples were sulfur-rich. Full details
of these results are in Appendix B. Table 4.2 also lists the RBS-derived density of these
films. Only Sample 58A saw an increase in density over the non-heated sample. It could
be that some sulfur evaporated from the sample after the deposition ended resulting in a
sample with more voids.
Figures 4.5a and b show that samples deposited at 60 mTorr have a more significant
shifting of the primary peaks for varying temperature than samples deposited at 10
mTorr. XRD patterns show the large difference in the orientation of the crystallites for
heated samples relative to samples produced at room temperature. At room temperature,
adatoms landing on the surface of the substrate are likely to prefer a single orientation
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Figure 4.4. XRD of SnS thin films made with SnS target at varying substrate and Ar pressure.
Sample conditions listed in Table 4.3.

based on minimum energy at the interface. At lower pressure, high bombardment rate of
adatoms at the substrate surface leads to additional minor crystal orientations.
4.1.2.1

Cycled Heating Experiments

Substrate heating did not yield better results as intended. Targeting the correct substrate
temperature proved to be challenging, so feedback control was desired. As discussed
in Section 3.1.1.1, cycled heating was used to replicate the mechanism of a feedback
control loop. By applying heat to the samples in intervals, the heat mechanism was more
like an oven. Table 4.3 shows the samples from the cycled heat experiment, plus one
control sample, of deposition run 99. Cycling time was varied for the first set of samples,
while the effect of chamber pressure, target power, and number of cycles was varied for
the second set of samples. Heater time per cycle was adjusted for deposition run 110
to better match the deposition rate such that the thickness at each interval would match
closely to that of deposition run 105.
SEM micrographs and XRD patterns for samples listed in Table 4.3 are shown in
Figures 4.6 and 4.7 respectively. The impact of cycling heating was significant. While
samples 103A and 104A had the heater off for longer periods than on per cycle, they are
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Figure 4.5. X-ray diffraction patterns of SnS thin films at varying temperatures at 155 W target
power, 12 cm throw distance, and (a) 10 mTorr and (b) 60 mTorr total Ar pressure. (Top) Full
range of measurement. (Bottom) Focused region as highlighted in grey from 20◦ to 40◦ .

Table 4.3. Samples grown with substrate heating and SnS Target. Samples 55 through 61 were
part of an experiment to evaluate the effect of pressure. Cycling times tested to improve resistor
heater feedback are included for samples grown with cycled heating.
Deposition
Run
99
103

Power
(W)
115
115

Pressure
(mTorr)
20
30

Temp
(◦ C)
100
150

On, Off Time
Per Cycle (min)
N/A
1
/3 , 3

Deposition
Time (min)
10
20

No. of
Cycles
N/A
6

Dep. Rate
(Å/s)
4.5
2.5

104

115

30

150

1, 3

20

5

1.7

105

115

30

150

3, 1

20

5

2.0

106
107

115
115

30
30

150
150

2, 2
3, 1

20
12

5
3

1.6
2.0

108

115

10

150

3, 1

20

5

3.5

1

2

110

115

10

150

1, /3

6 /3

5

4.2

111

155

30

150

3, 1

20

5

2.9

112

155

30

150

3, 1

20

5

2.1

113

155

30

150

2, 2

20

5

1.6

121

115

30

150

1, 3

32

7

1.7
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Figure 4.6. Field emission scanning electron microscopy images of films made with SnS Target
and substrate heating. See Table 4.3 for deposition conditions.

closely matched in both morphology and XRD pattern to sample 99A. Crystallite size
and shape are similar for most of the samples from this experiment. Sample 107A has
smaller crystallites, since the deposition time was shorter. The micrographs for Samples
105A and 106A were harder to get into focus. This could be because the grains are
discontinuous like Sample 36A.
From XRD patterns, it was gathered that Samples 105B and 106B had highly
oriented crystals. Figure 4.8 shows Samples 104B, 105B, and 106B not normalized to
show the large difference in peak intensity. XRD patterns for α- and β-SnS phases are
overlayed. Both phases match dominant peaks in this pattern. It is possible that there
is strain in the film, or that the phase is between the α- and β-SnS phases, with atoms
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Figure 4.7. Cycled heating experiment of varying intervals and number of cycles. Legend is in
the format of heater on/heater off/number of cycles.

shifted to positions in between the two phases. This is possible because of the high
energy of the plasma, whereas at thermodynamic equilibrium, these phases are not able
to form.
As mentioned in Section 3.1.1.1, an interesting phenomenon was found for the
heated stage depositions. In non-heated depositions, the substrate will typically rise
about 1◦ /minute in the course of a 10 to 20 minute deposition. The sputter process is
high energy, and an increase in the substrate temperature is not unexpected. For heatedstage depositions, the increase in temperature during the deposition is sometimes faster,
but in other cases slower than non-heated depositions. Cycled heated depositions have
consistently slower temperature increase rate than non-heated depositions. Since the
sputter process is not changing significantly, it is unexpected to see a lower increase in
temperature during heated-stage depositions. The result suggests that energy typically
transferred through heat to the substrate at room temperature is transferred differently
during the heated-stage depositions. A test of the heater function showed that for an
identical heater cycling to sample 105B resulted in an increase in temperature of 10◦ C.
Ar flowed into the chamber and maintained the same operating pressure as sample 105B.
Deposition run 105, like the other depositions with cycling, resulted in a decrease in
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Figure 4.8. Narrow range for select samples from cycled heating experiment with α- and β-SnS
XRD patterns overlayed.

substrate temperature of 10◦ C. The result was a net difference in temperature of -20◦ C
for a deposition relative to the normal heater process. The film must have absorbed the
heat in order to account for the net heat loss. This excess energy assisted in the mobility
of adatoms on the surface to result in an oriented film. The number of cycles and cycling
rate are especially important for producing the oriented film. These results are important
for determining the processes that govern deposition modes of tin sulfide.
Samples 105B and 106B match closely to β-SnS and are nicely oriented. Combined,
these two properties indicate that an interesting phenomenon occurred during their
depositions. The cycled heating seemed to resonate with the deposition process to result
in a single phase oriented film. For this to occur, the heat cycling must have aligned the
necessary energy to form an oriented film. There must have been a balance between
deposition rate and mobility of adatoms on the substrate surface to form oriented grains.
The heater test without a depositions reacted to the off setting on the heater by decreasing
by 0.5 to 0.8◦ C, as shown in Figure 4.9. From this plot, the reaction to the heater
cycling is evident, and can be linked to film structural properties. The initial decrease
in temperature is a result of the heater being shut off during the chamber set up and
presputter processes. Following this, the heater did not decrease in temperature during
the first few cycles. This could explain why sample 107B did not become oriented, as
the system needed more cycles to reach the point of decrease in temperature. Sample
121B also did not become aligned. This was the last deposition for the SnS target, so it
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Figure 4.9. Cycled heating test for 3 min/1 min on/off cycling. Replicate of sample 105B without
Plasma on, with Ar flow at 30 mTorr, and target heater temperature of 150◦ C. Shaded regions
indicate times the plasma is off during a deposition.

could have been that the deposition rate had slowed significantly by this point such that
the cycling rate was no longer resonant with the deposition rate. Further experimentation
needs to be done to develop a model for the growth mode. In situ measurements would
also be useful for determining the mechanism of crystallite formation and preferential
orientation.
4.1.2.2

Powder versus Grazing Incidence Mode

Grazing incidence mode for XRD measurements is useful for thin film samples because
it can detect all crystallographic orientations present in a film. Powder mode can be used
to look at specific peaks that are parallel to the plane of the substrate. Samples 105B and
111B were measured in both modes to evaluate the differences for a film with oriented
crystallites and non-oriented crystallites. Figure 4.10 shows the XRD patterns for these
samples in both modes. It is especially clear for sample 111B, which is not oriented, that
there are many peaks that do not appear in the pattern for powder mode. This indicates
that those peaks correspond to planes not parallel to the substrate. Measurement in
powder mode helped refine the peak doublets near 27◦ and 31◦ . When peaks are parallel
to the plane of the substrate, powder mode is useful for finding those peaks. However,
as mentioned in Section 2.7.1, measurement in powder mode only can result in lost
information as not all peaks can be detected in this mode.
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Figure 4.10. XRD patterns of samples (a) 105B and (b) 111B measured in grazing incidence and
powder modes. Deposition conditions for these samples are listed in Table 4.3.

4.1.3 Annealing of SnS Thin Films
Annealing in sulfur environment in the furnace was not an effective tool for improving
SnS quality. As seen in Figure 4.11, annealing at 400◦ C for 30 minutes resulted in full
conversion of the film to SnS2 . RBS of the film before and after annealing showed a
significant increase in sulfur content as well. Shorter anneal time was desired to limit the
time for phase change to occur, but the furnace was not conducive to a faster anneal. Due
to the hazard of vaporized sulfur, the furnace tube could not be opened before significant
cooling had taken place. As a result, further experiments were not pursued.

4.1.4 Rietveld Analysis
XRD patterns provide data necessary to determine phases present in a polycrystalline
thin film, but identification of the phase was challenging for sputtered SnS. Because
sputtering is a plasma process, higher energy phases can form, as discussed in Sections
4.1.1 and 4.1.2. The card data for α- and β-SnS are similar, which complicates phase
identification. In addition, there are several important peaks from both phases clustered
near 31◦ adding to the difficulty in identifying the correct phase, as shown in Figure 4.8.
Shifting of peaks can also occur for a change in the lattice parameter. Whole pattern
fitting (WPF) can be used to determine lattice parameters and phases present in films via
Rietveld refinement of crystal structures. Convergence of the fit and residuals indicate
80

Figure 4.11. XRD patterns of sample 37A as-deposited and annealed at 400◦ C (??) in furnace in
sulfur environment.

whether multiple phases are present. WPF was utilized to determine phases present and
lattice parameters for sputtered SnS thin films.
Cluster analysis showed that films with common properties had similar growth
conditions, while variable throw distance and pressure had the greatest effect on isolating
samples. A dendogram representation of the cluster analysis is shown in Figure 4.13,
which includes a variety of sputter conditions for SnS thin films deposited on glass.
Similar samples in the cluster analysis are marked by their outline style. The dotted
grey line marks the threshold for dissimilar samples. Shaded samples are non-clustered,
indicating that X’Pert Analysis Pro deemed them dissimilar from all other samples with
respect to the derived principle components. The cluster analysis agreed somewhat with
resulting phases present in these films according to the WPF results. One isolating factor
in the cluster analysis was film thickness. Films with similar growth conditions but
significantly different thicknesses are not clustered, while WPF results found them to
have the same phases. This was likely due to the X-ray penetration of the substrate for
very thin films (<100 nm). WPF accounted for the substrate penetration in the amorphous
profile, whereas the cluster analysis separated such samples.
Rietveld refinement of all films shown in Figure 4.13 revealed the variability of
the phases forming for various conditions. The weighted-pattern residual value for most
films was less than 0.05, with all less than 0.10. The ratio Rwp /Re was less than 2.0 for
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Figure 4.12. Field emission scanning electron microscopy images of SnS material, with labeled
as Substrate Temperature/Pressure/Target Power/Substrate-to-Target distance.

most films, and less than 4.0 for all fitting results. Deviation from the desired ratio of 1.0
is expected due to the fact that these are thin films, not powder samples. The patterns
show that films have a primary orientation greater than the standard powder sample,
affecting the difference in the calculated and observed intensities of the XRD pattern.
Therefore, residuals and ratios of 0.10 and 4.0 respectively confirm expectations for thin
films.
Rietveld refinement of some samples resulted in a better fit for one of the two
herzenbergite phases listed in Table 1. The ratio Rwp /Re varied more significantly for
several other films, indicating a preference for one PDF over the other. One major
difference in the card data is the intensity of many peaks, affecting the residuals for
a fit with each card. PDF#4-4-8696 has much higher intensities relative to the (111)
peak as compared to PDF#4-4-3833. Some samples fit reasonably with either of the
herzenbergite phases. The lattice parameters are allowed to fit in the refinement, so they
are less significant in their impact on the preferred phase. For samples with reasonable
fits using either PDF, results showed lattice parameters within 0.01 Å for the two cards.
WPF results found that all films include the herzenbergite phase of SnS. The
polymorph β-SnS was present in a majority of the films. Reasonable fits for some films
were found both with and without β-SnS. The main difference between α-SnS and β-SnS
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Figure 4.13. Cluster analysis of films deposited on glass. Sputter conditions for samples are
labeled as Substrate Temperature/Pressure/Target Power/Substrate-to-Target distance. Intersections are labeled with common parameters. The dotted grey line represents cutoff for dissimilar
samples.

is the bond lengths in these polymorphs. According to Ettema et al. [46], α-SnS is a
distorted form of β-SnS. β-SnS has four equal-length bonds between the tin and sulfur
atoms resulting in a nearly tetragonal configuration of the atoms. In α-SnS, the sulfur
atoms are closer to two of the four tin atoms, with the shift occurring in the a-b plane.
The result is a shortening of two of the Sn-S bonds and a lengthening of the other two,
yielding an orthorhombic structure. The WPF results show that some films could be fit to
both a single phase system and dual phase system with β-SnS as the secondary phase.
The results indicate that the sulfur atom may not be shifting fully in the herzenbergite
structure, resulting in the appearance of the β phase.
Visual inspection of the residuals shows the significant difference in a sample
fit with and without the β polymorph, as shown in Figure 4.14a and Figure 4.14b.
The presence of larger residuals in Figure 4.14a indicates the fit is missing a phase.
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Figure 4.14. X-ray diffraction patterns observed and calculated for sample deposited at 25◦ , 135
W target power, 60 mTorr total Ar pressure and 7 cm throw distance. Film fitted using WPF
methods (a) without and (b) with the β-SnS phase.

The remaining residuals in Figure 4.14b is attributed to the difference in the preferred
orientation of the thin film not represented in a powder sample. Residuals shown in
Figures 4.14a and b are the difference between observed and calculated intensities.
All heated samples clustered together, indicated by solid black lines in Figure 4.13.
These results are reflected in Figures 4.5a and b, showing XRD patterns for films deposited at varying temperatures with all other parameters constant. As seen in Figures 4.13, 4.5a and b, non-heated samples are not similar to heated samples with identical
pressures and throw distance. Cluster analysis indicates that heating the substrate causes
samples of varying pressure to cluster, suggesting that the standard growth mechanisms
for varying pressure are suppressed for heated substrates. This change in the growth mode
for heated substrates is promising for improved morphology. Results also indicate that a
variation in temperature may not have a significant effect on the phases present, which is
promising for large-scale development. For mass production, the growth method must
be able to tolerate small deviations in temperatures to prevent significant deviations in
deposited material. Similarities can be seen for the peaks ranging from 30-32◦ . However,
the minor peaks differ significantly for the different pressure samples. Therefore, it was
unexpected that the analysis clustered all four heated samples.
WPF results of samples shown in Figure 4.5 showed that unit cell volume for
α-SnS increased for the 10 mTorr heated samples with increasing substrate temperature.
It is possible that adatoms grow in a compressed state for non-heated depositions and
added heat on the substrate relieves them from a compressed state. Added heat on the
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substrate surface at elevated temperatures causes adatoms to have higher mobility and
find alternative crystal orientations, possibly with higher substrate interface energy.
The third cluster, highlighted by long dotted lines, is interesting because it includes
varying throw distances and pressures. Samples deposited at 17 cm throw distance and
low pressure clustered with samples deposited at 7 cm throw distance and high pressure.
Deposition rates were within the range 2-7 Å/s. The cluster indicates that this range of
deposition rates yields similar films, and the authors hypothesize that deposition rate
has an impact on growth mode and resulting phases in the films. These are among the
samples that found relatively good fits with both α- and β-SnS, such as the sample shown
in Figures 4.14a and b. Low pressure, large throw distance samples also fit well with
the rock salt phase. Figures 4.12a and c demonstrate that lower pressure at larger throw
distance yields a more dense and uniform film. Results suggest that these conditions
are better for producing a film with good morphology and uniform phase, which are
necessary for producing a good active layer in a solar cell device.
The lowest sample shown in Figure 4.13 did not cluster with its sister samples
immediately above it. All three samples had identical throw distance, substrate temperature and chamber pressure, with target power as the only variable. A very slight
skewness is visible in the peaks for the sample produced at 105 W. Alternatively, the
WPF of these three samples shows that they have the same phases present in the films.
The variation in film thickness could prevent the 105 W-sample from clustering with the
samples deposited at higher target powers. A similar effect is seen for the second sample
in Figure 4.13 and its sister samples in the first cluster outlined by short dotted lines.
The amorphous profile for many of these samples was similar to that of a clean
substrate. Slight shifting of the center 2θ seen in most samples could be an indication
of the presence of amorphous SnS in the material. SnS samples grown on crystalline
silicon had no evidence of amorphous material. Therefore, it is likely that any amorphous
SnS present in the samples grown on glass resulted from amorphous SnS forming on the
surface of the substrate.

4.2 Films made with SnS2 Target
The parameter space for the SnS target was nearly exhausted, but high quality films
were not in reach. As such, the target was replaced with the SnS2 target to see if higher
quality films could be deposited. The presence of more sulfur in the source material was
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expected to increase the sulfur content in SnS thin films. Therefore, heated depositions
and annealing experiments were pursued more extensively to drive off excess sulfur from
tin sulfide thin films. Depositions without substrate heating were completed to establish
a baseline. This section will discuss the structural properties of films deposited with the
SnS2 target.

4.2.1 Films Grown at Room Temperature
Non-heated depositions with the SnS2 target yielded amorphous films for varying deposition conditions. Films were difficult to image by FESEM because of minimal
crystallization. EDS of one sample required an accelerating voltage of 15 kV to be measured. At 15 kV, the sample showed the film had a ratio of 2:3 for Sn:S. Most samples
had XRD patterns with little or no orientation. Depositions done at room temperature
with the SnS2 target are listed in Table 4.4.
Figure 4.15 shows the patterns of two samples from the same deposition at room
temperature. Samples were deposited at 10 mTorr, 7 cm substrate-to-target distance for
30 minutes. These conditions were the only conditions which did form a crystalline
film at room temperature, and only for the silicon substrate (sample 132A). Because of
the short substrate-to-target distance, substrate heating could have occurred from the
plasma sufficiently to induce crystallinity. The higher thermal conductivity of the silicon
substrate (sample 132A) compared to glass (sample 132B) explains why sample 132B
remained amorphous. The pattern data shown in Figure 4.15 is for SnS2 (PDF#23-677).
The pattern data does not match completely, but it is likely from strain in the film.
A detailed study of these thin films grown by the SnS2 target without substrate
heating or post-deposition annealing was investigated by Nicholas Tanen in his senior
thesis. The optoelectronic properties of the films for varying target power and chamber
pressure were investigated. [151] Tanen found that at the 12 cm substrate-to-target
distance, all samples were amorphous. At this distance, substrate heating from the plasma
is not as large.

4.2.2 In Situ Heating of Films Grown with SnS2 Target
Table 4.5 shows the summary of samples analyzed in this study including deposition
conditions, film thickness, Sn:S ratio and resistivity. All samples were deposited at 115
W and 40 mTorr.A uniform temperature was difficult to maintain during the deposition.
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Figure 4.15. X-ray diffraction patterns of samples deposited at room temperature, 10 mTorr, and
7 cm substrate-to-target distance, for 30 minutes. Samples are from the same deposition, but
different substrates. Pattern data is for SnS2 (PDF#23-677).
Table 4.4. List of samples deposited at room temperature without substrate heating.
Deposition
Run

Deposition
Time (min)

122
123
124
125
126
127
128
129
130
131
132
135

10
20?
~5
10
10
10
10
20
20
10
30
10

Chamber
Pressure
(mTorr)
62.5
45.6
10
30.1
10
30
9.95
62.3
62.9
30.1
10.1
30

Substrate
Distance to
Source (cm)
11.5
11.5
11.5
11.5
11.5
11.5
11.5
11.5
11.5
7
7
11.5

Target
Power (W)
105
90
90
115
115
155
155
115
155
115
155
115

This difficulty was expected to affect film properties. Initial and final temperatures were
recorded for these depositions. The temperature differential for depositions ranged from
11◦ C to 63◦ C. The impact of a larger temperature differential appears to depend on the
positive or negative change in temperature, which is seen in XRD patterns. Temperature
changes during the deposition were not independent of plasma processes. Without the
plasma, the heater temperature differential sometimes results in higher final temperatures
after 20 minutes relative to depositions. This observation suggests that the depositing film
absorbs a significant amount of energy from the heater, acting as a heat sink. Therefore,
the atoms on the substrate are likely to absorb much of the heat supplied. This directly
affects the adatom mobility, growth mode and as a result, the film properties.
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Table 4.5. List of samples for cycled heat experiment with SnS2 target, and corresponding
deposition conditions. All samples are deposited at 115 W and 30 mTorr.
Deposition
Run
136
137
138
139

Temperature (◦ C)
Initial Final
Average
206
195
200
164
200
180
128
148
140
256
212
230

Heater
Type
Resistor
Resistor
Resistor
Resistor

Heat
Method
Constant
Constant
Constant
Constant

Thickness
(nm)
430
700
170
410

Sn:S
Ratio
1:1.34
1:1.41
1:1.37
1:1.37

140
142
143
144

162
116
214
261

144
125
173
198

150
120
190
230

Resistor
Resistor
Resistor
Resistor

Cycled
Cycled
Cycled
Cycled

340
350
600
650

1:1.43
1:1.44
1:1.47
1:1.39

162
173
177
178
179
186
187
188

206
198
203
196
197
200
202
201

235
253
202
204
207
207
201
196

177
225
204
200
202
204
202
199

Halogen
Halogen
Halogen
Halogen
Halogen
Halogen
Halogen
Halogen

Constant
Constant
Constant
Constant
Constant
Constant
Constant
Constant

670
310
200
110
290
50
25
20

not measured
not measured
not measured
not measured
not measured
not measured
not measured
not measured

EDS measurements suggest that films have a thin oxide surface layer.1 Composition
of all films was fairly close, to a Sn:S ratio of 2:3. Composition does not trend with
substrate temperature for either constant or cycled heating. This composition suggests
that the films may be primarily Sn2 S3 or a near-even mixture of SnS and SnS2 . XRD
patterns do not match the Sn2 S3 pattern diffraction files. XRD patterns of films do not
distinctly match both SnS and SnS2 phases; thus phase identification cannot be reported
with confidence. Appendix D contains TEM micrographs of a 10 nm film produced by
methods similar to sample 136A. The micrographs show that the film has a diffraction
pattern similar to SnS2 , but it is not exact, which agrees with the result seen in the XRD
patterns.
Samples 140B and 142B had crystallites too small for detection by XRD, as shown
in Figure 4.16; however, crystallites were large enough to see in FESEM images as
shown in Figure 4.17. EDS data showed the films to have close to a 2:3 ratio of Sn:S,
which is significantly different than the ratio for the amorphous film 200B, deposited at
room temperature and had a ratio of 1:2. This shows that in situ heating could make an
amorphous phase of tin sulfide with a different composition. Cycling the heater limited
the amount of heat at the substrate preventing the film from crystallizing.
1

See Appendix B for full list of samples.
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Figure 4.16. X-ray diffraction patterns of samples listed in Table 4.5. (a) Samples produced with
constant heat. (b) Samples produced with cycled heat.

XRD patterns shown in Figure 4.16a do not follow a systematic trend for peak
intensity with respect to substrate temperature. The drastic change in temperature for
sample 139B could affect the resulting crystallographic orientation. The samples are
arranged from top to bottom with decreasing intensity of the 15◦ peak. A secondary effect
is evident at the peak near 31◦ , which increases in intensity as the 15◦ peak decreases.
Additionally, the 15◦ peak is much narrower than the 31◦ peak for all films. This suggests
that crystallites matching each of these peaks are of different size, or that multiple
orientations are hidden in the single peak. This is a likely possibility as herzenbergite has
several crystal orientations near 31◦ . For sample 139B, the phase matching the 31◦ peak
dominates the film, but the crystallites are likely to be smaller than the other films. The
evolution of these peaks might be expected to trend with substrate temperature; however,
the trend does not align with substrate temperature and must be a result of a secondary
effect. The 15◦ peak is suppressed in cycled heated films which suggests that the growth
mode is different for these films.
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Figure 4.17. Scanning electron microscopy images of all samples listed in Table 4.5.

The peak near 15◦ for the films made with constant heating indicates that the films
have a crystal structure with larger lattice spacing. Using Bragg’s Law, the lattice spacing
for those films was calculated as 5.99 Å. Samples 137B and 138B have characteristic peaks of both α-SnS and SnS2 suggesting that there is a mixture of these phases.
Peaks from α-SnS are not present in samples 136B and 139B, but the composition for
depositions 136 through 139 were very similar (see Table 4.5).
Cycling the voltage to the heater drastically affects the x-ray diffraction pattern,
as seen in Figure 4.16b. Cycled heating at higher temperatures produced a dominant
herzenbergite phase. XRD showed no or minimal peaks for cycled heated depositions at
lower temperatures. Substrate temperatures greater than 160◦ C seem necessary to induce
crystallinity for cycled heated depositions, whereas constant heating at temperatures
greater than 140◦ C was sufficient for constant heating. The large temperature drop
during the deposition for samples 143B and 144B also occurred for sample 139B. These
three samples also have similar XRD patterns, excluding the 15◦ peak in sample 139B.
The result suggests that the induced phase seen in XRD patterns is caused by the large
temperature drop during deposition.
Figure 4.17 shows the high temperature films primarily produced a leaf-like morphology with sample 136A as the exception. The crystallites in sample 136A are larger
than those seen in samples 140A and 142A. Figure 4.17b shows that samples 140A and
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Figure 4.18. Micrographs of samples for 20 minutes (173A), 10 minutes (177A) and 5 minutes
(178A). All samples made with substrate heating around 200◦ C and the SnS2 target.

142A are nanocrystalline, which is verified by the lack of peaks found in their XRD
patterns as shown in Figure 4.16b. While crystallographic orientation of these films is
very different for all films, both cycled heated and constantly heated film crystals display
a reticulated leaf-like habit. “Leaves” in sample 139B are spaced far enough apart to see
that below them there are smaller round crystallites similar to sample 136A, which does
not exhibit the leaf-like morphology.
The reticulated leaf-like morphology has been seen with other deposition methods,
including hot wall deposition [68, 75] and electrochemical deposition [65, 94]. It is
surprising that this morphology is found because the growth conditions vary considerably
with respect to thermodynamic equilibrium. The morphology indicates that the primary
growth mode is parallel to the layers. Whereas hot wall deposition occurs at thermodynamic equilibrium, electrochemical deposition and sputtering do not. In addition, the
leaf-like morphology did not occur while sputtering a SnS target. [17, 119] The presence
of excess sulfur induced a similar growth mode similar to those other deposition methods.
The growth rate is likely to be very rapid in the plane of the “leaves.” The nature of the
crystal structure also allows for growth to occur perpendicular from the plane. Deposition
rates for samples made using the SnS target were mostly 25% faster for the SnS2 target
with identical conditions. Excess sulfur could induce faster deposition rates because the
electric field of the plasma encourages acceleration of negative ions towards the substrate.
The reticulated leaf-like structure was seen for a range of deposition conditions, but
it was found that it was a function of thickness. Figure 4.18 shows three samples grown
under similar deposition conditions, but for varying time. The micrographs show that for
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depositions ended at earlier times, the surface morphology is very different. At 5 minutes,
“leaves” begin to form, while at 10 minutes “leaves” are much larger, and more of them
have begun to grow. The difference between 5 minutes and 10 minutes is also seen for the
crystallite size below the “leaves”. From these micrographs, It is unclear if the formation
of the reticulated leaf-like structure occurs continuously throughout film growth, or if it
occurs at the end of the deposition because the “leaves” are seen for all three stages of
film growth. If it occurs continuously, one possible evolution of film growth could be that
the small crystallites below the “leaf”-formation is dominant and overtakes growth of the
“leaves” such that new “leaves” are quickly absorbed into the film. Another possibility is
the growth of “leaves” for shorter depositions occurs after the plasma shut off, and Sn
and S in the vapor phase allows film growth to continue after deposition is complete. For
both of these possibilities, film growth must change at a certain stage to cause formation
of reticulated morphology to dominate the growth process. Improved understanding of
film growth processes could be achieved through in situ real time measurements.

4.2.3 Annealing of Films made with SnS2 Target
Table 4.6 summarizes deposition conditions of the samples examined in this study.
Annealed films characterized were separated into two categories: (1) films that contain
high-sulfur content phases and (2) films that are an isolated α-SnS phase. SEM patterns
and XRD micrographs for films fitting the first category are shown in Figures 4.19 and
4.20a, respectively. PDFs are shown in Figure 4.20a that match the phases present in the
films. Sample 147A is mainly amorphous, as were all films grown at room temperature
with the SnS2 target, as discussed in Section 4.2.1. At least three unique PDFs can be used
to match the phases in these tin sulfide thin films: α-SnS, (PDF #4-4-8696), berndtite
SnS2 , (PDF #23-677), and Ottemannite Sn2 S3 (PDF #97-65-6782). As-deposited films
grown with substrate heating or annealed films typically crystallized into at least one of
these phases. Figure 4.20a shows films with higher sulfide phases SnS2 or Sn2 S3 . Some
of these films also have α-SnS present. Samples 151B, 147B-1, and 151B-1 shown in
Figure 4.20a have some similar peaks matching SnS2 suggesting it was in these films. The
result suggests that annealing in sulfur environment at atmospheric pressure and 300◦ C
yields SnS2 . Samples 165B, 148B, and 150B contain Sn2 S3 primarily. Remnants of SnS2
are evident for sample 150B, which was annealed grown under the same conditions as
sample 151B. The result suggests that it is harder to convert the crystalline SnS2 film to
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Table 4.6. Summary of samples deposition conditions and annealing specifications. All samples
grown at 10 mTorr and 115 W. Sample 175B underwent an additional anneal at 200◦ C for 20
minutes to replicate the effects of an ITO deposition.
Sample
Name
147B

Deposition
Temp. (◦ C)
RT

Heater
Type
N/A

Anneal Temp. Anneal Time
(◦ C)
(min)
–
–

Thickness
(nm)
310

151B
147B-1

150
RT

N/A
Furnace

–
300

–
30

380
310

151B-1

150

Furnace

300

30

380

147B-2

RT

Furnace

200

30

310

151B-2
145B

150
RT

Furnace
Resistor

200
200

30
30

380
300

146B

RT

Resistor

400

30

220

148B

RT

Resistor

300

30

230

149B

150

Resistor

400

30

300

150B
165B

150
RT

Resistor
Halogen

300
400

30
30

370
340

169B

RT

Halogen

400

60

280

172B

RT

Halogen

500

60

250

174B

RT

Halogen

400

60

280

175B

RT

Halogen

450

60

240

Sn2 S3 , whereas samples 165B and 148B were annealed from amorphous material. These
samples more easily formed a uniform Sn2 S3 phase.
Figure 4.20b shows films matching the second category of films with isolated
α-SnS phase with morphology of these films shown in Figure 4.21. These films were
annealed at sufficiently high temperature for sufficient time to yield α-SnS. The PDF for
α-SnS is also shown in Figure 4.20b. Figure 4.21 also shows both SEM micrographs of
films grown on glass and Si substrates for deposition numbers 174 and 175. Heater ramp
time and cool time impacted film morphology significantly, and is seen in parallel for
different substrates.
Characteristics for as-deposited films were determined prior to annealing. Films
grown with no substrate heating during the deposition had no peaks or minimally identifiable peaks prior to annealing, suggesting minimal crystallization, as seen for sample
147B in Figure 4.20a. Small peaks seen for some films, such as sample 147B, could be
a result of contamination on the surface of the substrate inducing crystallization. The
93

Figure 4.19. Micrographs for samples deposited by SnS2 target and subsequently annealed under
various conditions to form SnS2 and Sn2 S3 . All parameters for films are listed in Table 4.6.

broad hump is consistent with XRD pattern seen for a clean glass substrate, which is
seen for amorphous materials. The hump seen for XRD patterns of amorphous tin sulfide
films differs from the XRD pattern of a clean glass substrate. The change is expected
due to the difference in molar mass of the amorphous material. The result is consistent
with Sousa et al. [103] All non-annealed films showed barely detectable nanocrystalline
morphology from SEM micrographs at magnifications of 10-60kX.
During annealing, several reactions can occur that affect the final crystal structure.
As mentioned in Section 2.4, several reactions can take place during heating of tin sulfide.
Reactions listed below represent the transformation of SnS2 as it is annealed. [32, 103]
Piacente et al. found that Reaction 4.2 begins before Reaction 4.1 has come to completion.
Control of these reactions is important for guaranteeing the formation of a uniform phase.
Reaction 4.4 is a dissociation reaction predicted by Sousa et al. [103]
SnS2 (s) −→ 12 Sn2 S3 (s) + 12 S2 (g)

Reaction 4.1

Sn2 S3 (s) −→ 2 SnS(s) + 21 S2 (g)

Reaction 4.2

SnS(s) → SnS(g)

Reaction 4.3

Sn2 S3 (s) + SnS2 (s) −→ 3 SnS(s) + 5 S2 (g)

Reaction 4.4
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Figure 4.20. XRD patterns of films deposited with SnS2 target and post-deposition annealed. (a)
Samples containing SnS2 and Sn2 S3 phases. (b) Samples containing single-phase, α-SnS. All
parameters for films are listed in Table 4.6.

The presence of sulfur can be harmful to the annealing process, as excess sulfur
gas may not be needed if the starting material is sulfur rich. The reverse of Reaction 4.4
could cause annealing of SnS thin films in a sulfur-rich environment to produce unwanted
phases. These reactions predict that the presence of sulfur gas will suppress the formation
of single phase SnS as SnS2 and Sn2 S3 will form.
Our experimental results match the calculated phase diagrams in that annealing
for an hour at 400◦ C produced α-SnS, while lower temperatures or less time at 400◦ C
produced Sn2 S3 . Phase diagrams calculated by Lindwall et al. are important for understanding the Sn-S system at low pressures. [43] As the system moves to lower pressure, a
phase separation region of α-SnS and tin-sulfur gas develops. At 1 mbar (0.75 Torr), this
phase separation does not exist because β-SnS is stable at high temperatures. However,
at 10−3 mbar (7.5×10−4 Torr), β-SnS is no longer stable, so only α-SnS will form. At
300◦ C, Sn2 S3 is stable at system pressures of experimental work presented here. It was
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Figure 4.21. Micrographs for samples deposited by SnS2 target and subsequently annealed to
form single phase, α-SnS. All parameters for films are listed in Table 4.6.
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possible to convert the S-rich film to α-SnS by annealing at 400◦ C but the process was
sensitive to the selected annealing time. If the annealing is allowed to proceed for longer
times, the whole film would have evaporated. If the pressure, however, would have been
higher the α-SnS phase would have been the equilibrium product together with gas and
hence, the process would have been less sensitive to the annealing time.
Presence of sulfur gas in the anneal as was done for the furnace anneals produced
high sulfur content phases. Both temperature and pressure are variables for these examples, but it suggests that sulfur and tin do not evaporate congruently from the thin
films.
The lack of crystallization for films grown with no substrate heating allowed
films to easily crystallize into varying morphology type and phases, depending on
anneal time and temperature. Figure 1 also shows films annealed, but at an insufficient
temperature or length of time to convert the films to α-SnS, such as samples 165B and
148B. These films are Sn2 S3 primarily. Samples 165B, 148B and 150B are similar in
XRD pattern, suggesting similar phases are present. The morphology of sample 150B
differs significantly from samples 165B and 148B. While sample 150B retained the
reticulated leaf-like structure of sample 151B, crystallization into a new morphology
from the amorphous structure is seen for samples 165A and 148A (Figure 4.19). Small
crystallites are seen for these films in their SEM micrographs. Sample 148B was annealed
at 300◦ C with the resistor heater for half an hour. It is quite similar to sample 165B in
both morphology and its XRD pattern, but sample 165B was annealed at 400◦ C using
the halogen lamp. While the anneal time was targeted to be 30 minutes for both films,
the actual time at elevated temperature is much different due to the difference in cooling
times. Samples 165B and 148B are likely similar because of the longer cool down time
for the resistor heater. The result gives insight into the kinetics of the anneal process.
At 400◦ C, 30 minutes is sufficient to converting the amorphous film to Sn2 S3 , but at
300◦ C, a longer time is necessary. Figure 4.19 shows that crystallites for sample 148B
are smaller than that of 165B, indicating that a longer time may be necessary at 300◦ C to
achieve the same result as can be done at 400◦ C. Alternatively, 300◦ C may be insufficient
for annealing the film to form larger crystallites in vacuum. The result is paralleled in
the XRD pattern of these two films, where XRD near 31◦ for sample 165B is greater
than that for sample D1. Both samples 165B and 148B match well to the PDF for Sn2 S3
without additional peaks from either α-SnS or SnS2 .
The impact of crystallization on annealing can be seen for samples 151B, 151B-1,
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and 150B were deposited under similar conditions and have similar morphology, as seen
in Figure 4.19. Samples 151B-1 and 150B were annealed, but we see that annealing
at 300◦ C does not impact morphology. Sample 159B was also grown at 150◦ C, but
annealed at 400◦ C in vacuum, which was sufficient to alter the morphology, as seen from
Figure 4.21.
Annealing of a crystalline phase such as those grown at ~150◦ C had varying impact
on the final phase. Films grown with substrate heating of ~150◦ C were found to be mostly
SnS2 with a small amount of Sn2 S3 indicated by a couple of minor peaks. The starting
film crystallinity affected the change in films for annealing at 300◦ C for both the furnace
and vacuum anneal. Samples 147B-1 and 151B-1 were annealed in the furnace at 300◦ C,
but 147B-1 started as an amorphous sample, while 151B-1 started as the crystalline
sample 151B. XRD patterns for these films are shown in Figure 4.20a. The anneal drove
sample 151B-1, which began as a mixture of SnS2 and Sn2 S3 to be primarily SnS2 , likely
by the reverse of Reaction 4.1. The anneal drove sample 147B to become primarily Sn2 S3 .
It is unclear at this time to what phase the peak at 14.8◦ corresponds. While it is close to
the (001) peak for SnS2, there is no corresponding peak at 30.2◦ for the (002).
Annealing in vacuum of samples 148B and 150B also resulted in different phases;
these samples were annealed under identical conditions, and all growth conditions besides
substrate temperature were constant. Sample 148B was grown without substrate heating
and its anneal converted it to Sn2 S3 , while sample 150B, deposited at 150◦ C is a mixture
of all three phases after annealing. Annealing at 400◦ C under identical conditions yielded
a full conversion to α-SnS, as seen for samples 146B and 149B. While crystallinity
appears to be the same as seen in Figure 4.20b, the morphology is different as seen in
Figure 4.21. Sample 146B began as an amorphous film, while sample 149B began as a
crystalline film similar to sample 151B. The morphology of sample 151A is similar to
that of sample 149A, shown in Figure 4.21. The structure seen in the SEM micrograph is
similarly seen for sample 149A, but with smoother edges. It appears that the anneal at
400◦ C had smoothed the morphology of 149A, while sample 146A underwent a more
drastic change in morphology during the anneal.
Formation of crystalline SnS2 was seen in films grown at temperatures of ~150◦ C,
as seen for sample 151B (Figure 4.20a). Samples 147B-1 and 151B-1 likely have SnS2
present due to annealing in a sulfur environment at atmospheric pressure. Anneals in the
sulfur environment suppressed both Reaction 4.1 and Reaction 4.2 such that very little
Sn2 S3 formed and α-SnS did not form. Sample 147B-1 shows some peaks corresponding
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to Sn2 S3 suggesting that it is easier to form this phase from the amorphous film rather
than the crystalline film in sample 151B. Sample 151B-1 has minimal Sn2 S3 peaks,
suggesting SnS2 was near equilibrium in the furnace environment. Because the furnace
anneal used elemental sulfur as the source and little control over N2 gas flow, the sulfur
partial pressure was not easy to control. Better control of the partial pressure could be
achieved using a gaseous source of sulfur would allow, and could be used to target a
specific tin sulfide phase.
Formation of Sn2 S3 as an isolated phase was seen for some films annealed in
vacuum, including samples 165B and 148B. While these films were annealed at different
temperatures, the heater had high impact on the outcome of the final phase. The fast
cooling of the halogen lamp heater from 400◦ C quenched Reaction 4.2, leaving only
Sn2 S3 , as seen for sample 165B. The resistive heater used for sample 148B likely had an
extended anneal time due to the slow cooling rate, but 300◦ C was insufficient heat for
Reaction 4.2. While Piacente found that Reaction 4.2 would begin before Reaction 4.1
goes to completion for a commercially available source, the thin films behave differently
by completing Reaction 4.1 without starting Reaction 4.2.
SnS was formed for films annealed at temperatures above 400◦ C as seen in Figure
4.20b. The maximum temperature needed to produce SnS was significantly lower than
anneals completed by Sousa et al. [103], but the anneal time was much longer. Samples
required anneals up to an hour for Reaction 4.2 and Reaction 4.4 to move to completion.
Choice of heater had a significant impact on formation of the SnS phase due to the rate
of cooling. The fast cooling associated with the halogen heater caused samples annealed
under the same parameters to yield different results. For instance, sample 165B was
annealed at 400◦ C for 30 minutes, similarly to samples 146B and 149B, but yielded a
Sn2 S3 thin film. The fast cooling of the halogen heater likely resulted in a drastically
different time at elevated temperature compared to samples 146B and 149B. The halogen
heater required a 60 minute anneal to fully convert thin films to α-SnS, as is seen for
samples 169B and 174B. Sample 172B has nearly the same phase as samples 169B and
174B. The ramp time for 174B was slightly longer than for samples 169B and 172B.
The difference is not visible in its XRD pattern, but very visible in its morphology as
shown in Figure 4.21. The morphology seen in SEM indicates a time-line of what occurs
during the annealing process for samples grown at room temperature: (1) Sample 165A
shows that small crystallites form early on in the anneal. (2) Sample 146A shows the
intermediate step of these crystallites reforming into larger grains. (3) Samples 169A
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and 174B show a final stage of annealing in which large grains have formed. Based on
the progression of the morphology, it is possible that a 40 to 50 minute anneal at 400◦ C
using the halogen lamp may yield a film more similar to sample 146B.
While sample 175B had the same anneal time as samples 169B and 172B, the
anneal temperature was 50◦ C larger. According to phase diagrams [152], this larger
anneal temperature likely resulted in anneal conditions above the solid-liquid equilibrium
phase lines. Therefore, more material loss was possible. Morphology of sample 175B
was ill-defined as seen in Figure 4.21, suggesting that the film did not directly evolve
from amorphous to crystalline. The morphology of sample 175A was more similar to
samples annealed at 400◦ . It is likely that sample 175A cooled faster than 175B because
of the higher thermal conductivity of silicon (A-suffix) over glass (B-suffix). The result
is essentially a longer anneal time for sample 175B, resulting in more material mass,
or longer opportunity for the thin film to become liquid or solid-liquid phase. At the
selected chamber pressure, the anneal temperature should be kept closer to 400◦ C to
prevent the film from forming the liquid phase.

4.3 Comparing SnS Thin Films
Comparison between the many samples grown for this dissertation, was necessary to
develop a structure-property relationship for sputtered SnS thin films. A cluster analysis
provided a launching point to identify which films are similar to each other. The approach
adopted for the cluster analysis in Section 4.1.4 was duplicated, using the XRD patterns
of all samples measured grown on glass. The analysis tool found that none of the films
grown by the SnS target were similar to samples grown by the SnS2 target, even among
those annealed into the α-SnS phase. This first step provided data to show that these
methods for producing α-SnS are significantly different. As discussed in Section 4.1,
sputtering of the SnS target yielded films of mixed phase, or strained phase, as seen
from XRD patterns. Attention to the XRD patterns for the 2θ range of 25 to 35◦ when
comparing optoelectronic properties of SnS thin films will be useful for identifying
structure-property relationships.
As shown in Figure 2.5, α-SnS has the lowest energy of formation compared to
other tin sulfide phases. Sputtering enables the formation of phases with higher energy
of formation due to the high energy of the plasma. The amorphous phase of SnS is also
much higher energy, and it is expected that amorphous SnS2 is also higher energy than
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crystalline SnS2 . Because the amorphous phase is higher energy, thermal and chemical
methods could not produce amorphous tin sulfide. Then benefit of the amorphous phase
is the ease of annealing it into the desired crystalline α-SnS phase. Sputtering from
the SnS target yielded mixed phase or strained SnS thin films, whereas annealing the
amorphous films into crystalline SnS yielded single-phase. Additionally, the amorphous
phase has much higher sulfur content, which eliminates the issue of sulfur deficiency for
annealed SnS thin films. Films can be annealed into the low-energy α-SnS phase, with
large grains and a sulfur-rich film.
Recall that Guang-Pu et al. [97] found that sputtering at low target power of 30
to 70 W impacted composition, yielding sulfur-rich films, including in the amorphous
phase. Sputtering from a SnS2 target at room temperature also yielded amorphous films,
but for a much larger target power of 115 to 155 W. The impact of sulfur content on film
growth appears to be significant. The role of sulfur during thin film deposition could
affect adatom mobility, sticking coefficient or reaction chemistry at the surface.

4.4 Summary
This chapter showed that sputtering tin sulfide can yield a variety of thin film structures
and morphology. Sputtering an SnS target yielded high-energy SnS thin films. Films are
either strained or a phase mixture. Oriented films match the card data of β-SnS better
than α-SnS. The β phase of SnS is seen in many sputtered SnS films, resulting from
the high energy of the deposition process. Formation of the α-SnS phase was possible
through annealing amorphous films made by the SnS2 target. In situ heating of the
substrates deposited with the SnS2 target only yielded films with high sulfur content.
Heating of the substrates during deposition had a significant impact, especially when
factoring in cycling of the heater. Annealing of thin films was explored extensively for
films deposited with the SnS2 target. Annealing of amorphous films yielded good results
for forming α-SnS with large grains.
The relationship between the structural and optoelectronic properties of SnSx thin
films will be investigated in the following chapters. Specifically, oriented films will
be compared to non-oriented films. The impact of secondary phases on optoelectronic
properties will also be studied.
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Chapter 5
Optical Properties of Sputtered Tin Sulfide Thin Films
Optical constants of thin film materials are very sensitive to microstructure of the material.
Spectroscopic ellipsometry modeling was used to determine the optical properties of SnSx
thin films. Films that were too thick or varying too much through the film thickness were
not modeled. Once optical constants of a film were confidently determined, absorption
coefficient and band gap were extracted for the films.
The optical constants shown in the figures of this chapter are primarily determined
from wavelength-by-wavelength fits based on general oscillator models. When the
models changed significantly to non-real behavior from the general oscillator models to
the wavelength-by-wavelength fits, these optical constants from the general oscillator
models were used. An example of this drastic difference is shown in Figure 5.1. The
sharp change in optical constants near 2.1 eV is a non-real effect. This figure shows
that the majority of the variation between the model types occurs at the absorption
edge. The oscillator model parameters are listed in tables in Appendix C. Crystalline
films usually required three oscillators, sometimes two or four, to describe the optical
constants of a film. Most films were modeled using one Cody-Lorentz oscillator, and
the remaining oscillators were Tauc-Lorentz oscillators. Some films were modeled using
only Tauc-Lorentz oscillators.
This chapter will be divided up by sample type, separated by SnS thin films,
amorphous films and crystalline SnSx thin films. Within each of these sections, optical
constants, absorption coefficients, and band gaps will be presented and analyzed. Differences in thin film structure type will also be discussed, including simple structure,
linear and non-linear grading, and artificial grading determined via the inclusion of an
additional EMA layer (see Figure 3.4 on page 61).
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Figure 5.1. Optical constants of sample 99B, as determined by general oscillator and wavelengthby-wavelength models.

5.1 Extraction Method of the Absorption Coefficient
As mentioned in Chapter 3, two approaches were attempted for determining the optical
properties of SnS thin films: (1) using UV/Vis spectrophotometry measurements and
(2) using spectroscopic ellipsometry measurements. Figure 5.2 shows spectroscopic
α for sample 27A and 27B prepared with a target power of 135 W and total pressure
of 60 mTorr. Other very thin (<100 nm) SnS films produced at different sputtering
conditions showed similar trends. The figure shows α derived four different ways, and
two substrates plus a comparison to single crystal SnS. Absorption coefficient for the
single crystal sample was determined using Equation 3.9 and an average of experimental
data from Figure 2.9 on 26.
Figure 5.2 shows four possible ways to extract α for sample 27B, using Equations 3.4, 3.5, 3.6, and 3.9, where the first three equations used spectrophotometry
measurements only. Comparison of the α derivation method is only possible for a sample
deposited on glass. As expected, when reflectance is neglected, significantly different
values of spectroscopic α are obtained, using Equation 3.4. In the absorbing region, all
other methods are in relatively good agreement, with α reaching values > 105 cm−1 . The
high values of α and the absorption onset shown here indicate that SnS matches the solar
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Figure 5.2. Absorption coefficient of single crystal sample (thin red line), sample 27A (thick
black line), and 27B (all others) by different derivation methods. Equations correspond to analysis
methods presented in Chapter 3.

irradiance spectrum well. However, alpha deviates significantly near the absorption edge.
Equation 3.6 differs the most substantially, but none show the absorption tail seen for
single crystal SnS. Only ellipsometry data shows this, and only for the glass substrate
(dark red curve). The absorption tail is found for samples using the Cody-Lorentz oscillator. As discussed in Chapter 3 and Appendix A, the Cody-Lorentz oscillator is hard
to model well without transmission data, which is not available for the silicon substrate
sample. From this comparison, it can be determined that the best way to model the optical
properties is for samples grown on glass requires both spectroscopic ellipsometry data
and unpolarized transmission data.
When comparing the single crystal data to the other curves, a noticeable shift
in spectroscopic α is seen, as it is much larger than the thin film data. An absorption
tail is seen for the single crystal sample. This absorption tail is only seen for the thin
film example when using spectroscopic ellipsometry data with unpolarized transmission
measurements to determine α. When possible, this approach was used to model the
optical properties of sputtered tin sulfide thin films discussed in this chapter.
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Figure 5.3. Absorption coefficient of single crystal sample (thin red line), sample 27A (thick
black line), and 27B (all others) by different derivation methods. Equations correspond to analysis
methods presented in Chapter 3.

5.2 Optical Properties of Sputtered SnS Thin Films
Two approaches were taken to investigate trends in the optical constants of tin sulfide thin
films. The first is to investigate the process-property relationship by studying samples
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which differ by a single process parameter. The second approach was to examine the
microstructure-property relationships. This approach differs from the first as samples
with significantly different process conditions were compared to show the relationship
between thin films of similar structure and similar properties.

5.2.1 Process-Property Relationships
Process-property relationships are important for studying thin films, as correlating processes to properties can help determine the optimal conditions for thin film development.
Additionally, the optical properties are related to the microstructure which is dictated by
process conditions. Optical properties can be used to better understand the microstructure
in terms of growth conditions. In this section, several process parameters will be studied
to investigate the impact on property, and to evaluate the best process method from film
properties.
Figures 5.3a and b are examples of this type of comparison. In Figure 5.3a, samples
26B, 27B, and 28B only differ by target power, increasing from 105 to 155 W (see
Table 4.1 on page 69). Most of the variability in optical constants is in k around 3 eV.
Sample 32B, which was deposited at a lower pressure than the other samples had a faster
deposition rate and differed more significantly from the other samples. The larger index
of refraction for sample 32B suggests that the sample is denser compared to the others
shown in the figure. A slight shift in the absorption onset is also seen for the extinction
coefficient of these samples. The larger peak values for k also suggest that the film
is more dense and will therefore absorb more light at these wavelengths. This shows
how density of the film can result in a variation of 105 to 106 cm−1 for the absorption
coefficient. Figure 5.4 shows this variability. However, the shift in absorption coefficient
is not as significant as it appears in the form of the extinction coefficient.
Samples 37B, 38B, and 39B have very similar optical constants, shown in Figure
5.3b. These samples differ only by target power. Despite the large thickness of these
samples, the mean-square-error (MSE) of these films was very reasonable, ranging from
9 to 15 for the wavelength-by-wavelength fits. The spectra show that target power had
very little impact on the optical properties of the material compared to chamber pressure
(see Table 4.1 on page 69). Sample 36B has a larger spectroscopic n, indicating that it is
denser than the samples deposited at higher pressure. The sample’s optical constants are
also more similar to 32B, shown in Figure 5.3a. This similarity is surprising considering
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Figure 5.4. Optical constants of films grown with SnS target, no substrate heating, and (a) at large
substrate to target throw distance and (b) at short substrate-to-target throw distance. Deposition
conditions are listed in Table 4.1.

the deposition rates were nearly an order of magnitude different. The morphology of
these films differed significantly as well.
The broad features of samples shown in Figure 5.3a corroborate the fact that the
samples have very small crystallites. Smaller crystallites smooth out features in the
optical constants compared to single crystal material. Excluding sample 36B, sharper
features are seen in Figure 5.3b suggest that these films have much larger crystallites.
The larger values for spectroscopic n of sample 36B indicates that the film is denser
than the other samples, meaning that the small crystallites are closely packed. This is
consistent with the morphology seen in Figure 4.1 on page 70.
Absorption coefficient of these samples are very large, and close to that of single
crystal SnS. The shape absorption onset differs for theses samples more significantly.
Samples deposited at larger substrate-to-target distance have a more gradual absorption
onset starting around 104 cm−1 . Sample 36B also shows this type of absorption onset.
Excluding sample 36B, samples deposited at shorter substrate-to-target distance have a
more distinct absorption tail and sharper absorption at 105 cm−1 .
Films annealed into SnS phase from amorphous SnS2 were somewhat similar in
XRD patterns (see Figure 5.6) but differed in morphology (see Figure 5.5). While it was
expected that optical constants would differ, the extent of their differences were much
greater than expected. Optical constants and α of samples is shown in Figure 5.7a and
b. A shift is seen in the optical constants is seen for the samples in the following order:
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Figure 5.6. Anneal progression of XRD patterns as determined from altered conditions.
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Films had similar XRD patterns (see Figure 4.20b) but differed in morphology (see Figure 4.21).
(a) Optical constants of films and (b) absorption coefficient of films. Process conditions are listed
in Table 4.6.

146B to 169B to 172B to 175B. The microstructure evolution of the samples is shown in
Figure 5.5. The anneal conditions for these samples differed, with minimal difference
between 169B and 172B. Sample 146B had a shorter anneal time, but with the resistor
heater, which had a larger thermal mass. In Section 4.2.3, it was proposed that a longer
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anneal with this heater might yield samples with morphology more similar to samples
169B and 172B. For sample 175B, the anneal was too long at 450◦ C, resulting in a larger
shift in optical constants. Absorption losses near the band gap are large for sample 175B.
The absorption onset is similar for this sample compared to samples 169B and 172B, but
there are significant losses from 1.1 to 2.8 eV.

5.2.2 Microstructure-Property Relationships
In Chapter 4, the microstructure of films was evaluated in order to determine a relationship
for SnS thin films to their optical properties. Groupings of several films were identified
as having similar structure that could be used for this investigation. Crystallographic
orientation and morphology were both considered for the investigation. By this approach,
a microstructure-property relationship can be used to predict structure from its optical
properties.
Figure 5.8a and b shows the optical constants of highly oriented and partially
oriented thin films. Highly oriented films were produced via two deposition methods.
Samples 32B and 55B were deposited at room temperature at 60 mTorr, resulting in a
slow deposition rate. While they differed in substrate-to-target difference by about 5
cm, they have very similar optical constants. Samples 105B and 106B were deposited at
30 mTorr with cycled heating. The cycling of the heater resonated with the deposition
rate allowing the film to grow into a highly oriented film. The significant similarity in
optical constants seen for these four films shows that the films are very similar despite
the significant difference in process conditions.
Samples with partial orientation shown in Figure 5.8b differ significantly from
those in Figure 5.8a. Partially oriented samples were produced via similar cycled heating
methods as 105B and 106B, but the cycling pattern differed. It is proposed the cycle
pattern did not resonate with deposition rate resulting in films more similar to a constant
heat, as applied for sample 99B. The double peak seen for k from 2 to 3 eV was not seen
for most samples. The additional peak could be related to the presence of well-define
crystallites of varying orientation. Optical constants of single crystal SnS (see Figure
2.9 on page 26) show peaks for k near the band edge at varying energy depending on
crystallographic plane. A mixture of the planes seen in a polycrystalline film results in
an average of the single crystal data.
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Figure 5.8. Optical constants of films grown with SnS target, no substrate heating, and (a) at large
substrate to target throw distance and (b) at short substrate-to-target throw distance. Deposition
conditions are listed in Table 4.1.

Absorption coefficient of highly oriented films also differs from partially-oriented
films. The absorption onset is gradual for both types of films, but the rate of increase
differs substantially. The gradual absorption onset for both types of films suggests that
films have an indirect band gap. For partially oriented samples, absorption coefficient
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Figure 5.9. Absorption coefficient of films grown at conditions which yielded (a) highly oriented
crystals and (b) samples with similar crystallographic orientation. Deposition conditions are listed
in Tables 4.1, 4.2, and 4.3.

drops more abruptly at 2.2 eV, whereas the decrease is more gradual, or exponential-like,
for oriented films.
The optical constants of films annealed SnS from amorphous SnS2 are noticeably
different from those sputtered directly from SnS target. Optical constants for samples
169B and 172B are most similar to 37B, 38B, and 39B, but differences are still evident.
First, n is larger for annealed films than others, meaning the film is much denser. Since
sputtering is a high-energy process, the resulting high-energy from surface area of
crystallites and the β-SnS phase can form. Since annealing is a thermodynamic process,
lower-energy structures form easily, resulting in a more dense, lower surface area structure.
Second, while most films show a double peak for k for energies above the band gap, not
all show the peak at lower energy to be larger than the second peak at higher energy.
This peak difference suggests a difference that could be important for determining ideal
optical properties of SnS thin films.

5.3 Optical Properties of SnSx Thin Films
Sputtering the SnS2 target required a set of models to characterize the properties of
these films. The new phases present in the films resulted in significantly different optical
constants such that models based on SnS films were insufficient for developing models for
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Figure 5.10. Optical constants of films grown at conditions which yielded amorphous SnS2 thin
films at (a) 115 W and (b) 155 W. Deposition conditions are listed in Tables 4.4 and 4.5.

SnSx films. This section will present models determined for amorphous and crystalline
SnSx thin films.

5.3.1 Amorphous Tin Sulfide
Most depositions at room temperature yielded amorphous SnS2 thin films, as discussed
in Section 4.2.1. These films have very similar optical properties. Figure 5.10 shows the
optical constants for amorphous films made at 115 and 155 W. Recall that samples 140B
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and 142B were grown with cycled heating at 120 and 150◦ C. At those temperatures, the
heating was insufficient to induce crystallization, or crystals of significant size to show
peaks in XRD patterns. The optical constants of these films are similar to those deposited
without substrate heating. Samples 125B and 135B were separated by 10 deposition
runs, but their optical constants are nearly identical. This showed good consistency in the
target for early depositions.
For samples deposited at room temperature, optical density, correlated to n, increased with increasing pressure. This is the reverse of the trend seen for the SnS target.
Figure 5.3 showed that larger pressure yielded an overall decrease in n and k. For
amorphous SnS2 , the larger pressure results in a denser film compared to lower pressure.
For both substrates, deposition rate increases for decreasing pressure, which is a result
of a longer mean free path for sputtered material at lower pressure. The change in n is
related to the fraction of void space within the amorphous film. Lower pressure yielded
higher density, therefore lesser void space. The difference in void space of the amorphous
film indicates how malleable the disordered phase can be. The amorphous films are also
much less optically dense compared to films in the SnS phase.
Amorphous films typically have broad uniform features in their optical constants,
as seen for these films. [153] Typically, only one oscillator is needed to describe the
broad peak of the optical constants. In Appendix C, details of the oscillators needed to
describe the samples are listed. While most of the crystalline films require at least two
oscillators, usually three, the amorphous films required only one or two oscillators. If a
second oscillator was needed, it was small, and at an energy near the band edge. If more
than 10% improvement in the fit quality resulted from the additional oscillator without
resulting in a coupled parameter, an extra oscillator was included in the model.
Absorption onset of these films is more gradual and offset compared to the SnS
films. Figure 5.11 shows the absorption coefficient of all amorphous films. The similarity
in optical absorption verified that the films were similar, and that subtle changes in optical
constants were not as apparent for α.

5.3.2 Crystalline SnSx
Crystalline SnSx films were produced by in situ heating of the substrate during sputtering
of SnS2 target were difficult to model optically using ellipsometry data. In order to
understand the challenges associated with modeling the complex film, a series of films
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were made under identical conditions, with varied deposition time. Models for samples
deposited at 200◦ C at varying deposition time were modeled. The change in optical
constants offers a new perspective on thin film evolution during deposition. However,
because the measurement is ex situ, information is lost, and guesses must be made about
the film evolution.
Figure 5.12 shows the optical constants of films deposited at 200◦ C for varying
times.1 The thicknesses of these films ranged from 200 to 1000 Å. A shift in extinction
coefficient is seen from higher to lower energy with increasing thickness. The index
of refraction changes significantly as well, with the greatest change in the jump from
5 to 10 minutes, despite the fact that there is only a difference of 250 Å in thickness
between those two films. It is likely that between 5 and 10 minutes, more significant
changes happened within the film, including recrystallization. Morphology of the films
showed significant changes on the surface of the film, including significant grain growth
and a change in growth mode between 5 and 10 minutes leading to reticulated leaf-like
structure. Surprisingly, samples 178B and 179B, which are thicker, had the lowest
MSE for the ellipsometry models. However, films deposited for 20 minutes were more
challenging to model, even based off the model for sample 178B. No transmission data
was used in modeling these samples, but transmission data of similar samples closely
1

Data modeled using wavelength-by-wavelength model. The artifact in n and k near 0.9 eV is due to a
glitch in the raw data and can be neglected.
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Figure 5.12. Optical constants of crystalline SnSx thin films deposited with SnS2 target at 200◦ C.
Deposition conditions are listed in Table 4.5.

match the models.
The optical constants for sample 178B, shown in Figure 5.12, show many smaller
features not seen for SnS thin films. These constants were modeled using the wavelengthby-wavelength fit. Modeling using the general oscillator model was insufficient to
describe all the features, even when additional oscillators were added to describe the film.
The small features indicate that sample 178B is highly crystalline. Broader features seen
for thinner samples in Figure 5.12 suggests that the film can become more crystalline
during the deposition.
All five samples required non-linear grading with a positive exponent for the
models. Non-linear grading of this type indicates that the film is denser near the substrate
than at the surface, but the majority of the film is uniform. Smaller crystallites at the
interface are closely packed. For thicker films, the crystallites grow larger, and more
features appear in the optical constants. The film became much more complex by the
10 minute growth, with six separate features in k. Some of these features are similar in
shape and energy to those in sputtered SnS thin films discussed previously. In Section
4.2.2, XRD patterns showed films deposited with in situ heating were of mixed phase,
with both SnS and SnS2 . The optical data suggests that SnS is present in the film, as key
features overlap between data from single phase and multiphase samples.
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Figure 5.13. Absorption coefficient of crystalline SnSx thin films deposited with SnS2 target at
200◦ C as determined from optical constants derived from (a) general oscillator model and (b)
wavelength-by-wavelength model. Deposition conditions are listed in Table 4.5.

Optical constants of sample 188B is most similar to that of amorphous films,
including its broad features and slow increase in k with increasing energy. This suggests
that early in the deposition process, the film has very small crystallites, and more material
is required for inducing crystallinity. Sample 188B is only 220 Å, which means it could
have high surface tension, due to the large surface area relative to its thickness.
Derivation of the absorption coefficient from both general oscillator and wavelengthby-wavelength models were determined for this set of samples, shown in Figure 5.13a
and b respectively. α at or below the band gap showed significant variation, suggesting
that the wavelength-by-wavelength models may have deviated too much from the original
model to consider correct. However, the general-oscillator models fail to show the
sub-gap absorption seen for samples 186B, 187B, and 188B using the wavelength-bywavelength model. The general oscillator parameters for these samples is listed in Table
D.11, where it can be seen that only Tauc-Lorentz oscillators were used to model these
samples. When fitting the data, changing the model to use a Cody-Lorentz oscillator did
little to improve the fit, especially without unpolarized transmission measurements. As
a result, the absorption coefficient derived from the general oscillator model does not
accurately represent the film properties.
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5.4 Band Gap of Sputtered SnSx Thin Films
Thorough analysis of the band gap of sputtered SnSx thin films was completed for this
dissertation. After studying numerous variables, including process parameters, deposition
rate, thickness, and grouping by XRD pattern, no real trend was seen. Changes in band
gap could be related to phase content, surface effects, or nano-effects. As discussed
in Chapter 4, films sputtered from the SnS target contained multiple phases, but XRD
patterns from grazing incidence measurements are insufficient for quantifying the phases
present. Similarly, separation of surface effects from nano-effects is equally challenging.
Band gaps are listed in Table 5.1, grouped by figures in the previous sections.
Values were determined via Tauc plot analysis, by searching for the most linear region of
the curve in the absorption range corresponding to absorption onset seen in the absorption
coefficient plots. Error values are based on the error from fitting the most linear region.
Direct band gaps of films sputtered from SnS target are mostly in the range of 1.35
to 1.48 eV. Samples deposited with cycled heating (103B, 104B, 105B, and 107B) have
slightly lower direct band gaps. Variability in the indirect gap was much larger, mostly
ranging from 0.7 to 1.0 eV. Phonon energy for the indirect gap ranged from 0.1 to 0.5 eV.
Indirect gap values are lower than what is typically seen for α-SnS. Single crystal and
thin film α-SnS usually has an indirect gap of 0.9 to 1.1 eV. However, β-SnS has a lower
indirect gap near 0.7 eV, which more closely matches the indirect gap seen here. XRD
patterns also showed a likely match to that of β-SnS further supporting the possibility
that the phase is present in these sputtered SnS thin films.
Band gaps of amorphous films ranged from 1.31 to 1.49 eV. Most of these samples
did not have an observable indirect gap. While EDS showed an amorphous film to be
SnS2 , these band gaps are much lower than crystalline SnS2 , which is typically closer to
2.2 eV. This is the reverse effect of what is seen for silicon, which has a higher band gap
when amorphous compared to its crystalline form. An indirect gap was not found for
most amorphous films. Samples 140B and 142B were grown with cycled heating, and
have indirect gaps very close to their direct gap values.
The last set of samples in Table 5.1 correspond to the time series experiment. The
change band gap of the samples corresponds to the shift in k seen in Figure 5.12, with
decreasing band gap for increasing deposition time. The indirect gap for some of the
samples was found to be near 0.9 eV. The large error in the wavelength-by-wavelength
fit for samples 186B and 187B made it impossible to extract the indirect gap for those
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Table 5.1. Band gaps of samples investigated in this chapter, grouped by analysis. Band gaps
determined from Tauc Plots.
Sample
26B
27B
28B
32B

Direct Eg (eV)
1.481 ± 0.049
1.416 ± 0.053
1.361 ± 0.059
1.470 ± 0.039

Indirect Eg (eV)
–
0.752 ± 0.021
0.842 ± 0.022
0.863 ± 0.024

Phonon Energy (eV)
–
0.539
0.380
0.324

36B
37B
38B
39B

1.350 ± 0.030
1.422 ± 0.016
1.345 ± 0.034
1.397 ± 0.039

1.320 ± 0.021
0.799 ± 0.039
0.733 ± 0.022
0.828 ± 0.024

0.132
0.145
0.242
0.252

55B
105B
106B

1.367 ± 0.021
1.219 ± 0.062
1.362 ± 0.055

0.965 ± 0.017
1.051 ± 0.024
0.984 ± 0.022

0.145
0.134
0.295

99B
103B
104B
107B

1.425 ± 0.026
1.243 ± 0.021
1.245 ± 0.025
1.168 ± 0.027

–
0.838 ± 0.016
0.680 ± 0.026
–

–
0.396
0.332
–

125B
126B
129B
135B

1.475 ± 0.126
1.494 ± 0.099
1.409 ± 0.077
1.399 ± 0.056

–
–
–
–

–
–
–
–

127B
128B
130B
140B
142B

1.462 ± 0.078
1.389 ± 0.094
1.380 ± 0.060
1.386 ± 0.066
1.308 ± 0.105

–
–
–
1.329 ± 0.021
1.284 ± 0.017

–
–
–
0.144
0.126

146B
169B
172B
175B

1.249 ± 0.018
1.266 ± 0.028
1.265 ± 0.012
1.112 ± 0.024

0.791 ± 0.01
–
–
–

0.212
–
–
–

178B
179B
186B
187B
188B

1.383 ± 0.085
1.466 ± 0.086
1.447 ± 0.046
1.493 ± 0.036
1.581 ± 0.061

0.847 ± 0.008
0.957 ± 0.019
–
–
0.973 ± 0.195

0.493
0.333
–
–
0.499

samples. However, the strong consistency for the other samples suggests that this phase
of tin sulfide has an indirect band gap near 0.9 eV with phonon energy near 0.3 to 0.5 eV.

119

5.5 Summary
The optical properties of sputtered tin sulfide thin films varied based on composition,
phase, and crystallinity. Properties of SnS thin films were evaluated from the perspective
of process-property and microstructure-property. Processes that greatly impacted optical
properties include chamber pressure and substrate-to-target distance. Both of these parameters greatly impact deposition rate, resulting in significant changes to film properties.
Target power was found to have minimal impact on optical properties for sputtered SnS
thin films.
The anneal process for amorphous SnS2 also greatly impacted film properties.
Optical constants of annealed films showed the impact of anneal time and temperature.
The spectra also differed from SnS thin films sputtered directly from the SnS source,
with more pronounced features due to increased crystallite size.
Microstructure-property comparisons showed that highly oriented SnS films differed significantly from partially-oriented films. The broad features of the highly oriented
films were more similar to the optical constants of amorphous than crystalline material.
Partially oriented films contained more features, indicating larger crystallite size.
Samples deposited at room temperature with SnS2 target were amorphous, with
very similar optical constants. The major difference between films was in their density.
Crystalline SnSx films were much harder to model, requiring a time series to determine
the changes as a function of film growth. Significant changes in SnSx optical constants
were seen as a function of thickness, with films becoming more complex with increasing
thickness.
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Chapter 6
Electronic Properties of MicrscotructurallyVarying Tin Sulfide Thin Films
As outlined in Chapter 3, several characterization methods were used to determine the
electronic properties of sputtered tin sulfide thin films. Resistivity measurements were
done first as samples with large resistivity were much harder to measure for carrier
properties. Hot probe measurements were conducted on many samples with large
resistivity since the measurement technique was not dependent on it. Hall measurements
were done on a selection of low resistivity samples. Photoluminescence was attempted
on numerous samples, but measurement of only one thin film sample was successful.
Results of these measurements and microstructural-property relationship is discussed.
Some samples were deposited alongside a substrate with metal pads printed with
the TLM pattern. This substrate was placed in the chamber with one end of the pads
covered such that the pads would be exposed post-deposition for probes to make contact
for TLM measurements. These will henceforth be referred to as “bottom contacts.” Ti
pads with the TLM pattern were printed on all samples after the deposition and annealing.
These are referred to as “top contacts.”

6.1 Film Resistivity and Contact Resistance
Several approaches to determining resistivity of films were attempted due to limitations
associated with each approach. While four point probe is a quick and easy measurement,
samples with large resistivity cannot be measured using this tool. TLM measurements
can be done on any sample with metal contacts that form an Ohmic contact with the
semiconductor. Uncertainties regarding SnS/Metal interfaces can be problematic for
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Figure 6.1. Current-Voltage curves from TLM patterns for samples (a) 136A, which was made
with constant heating, and (b) 143A, which was made with cycled heating. Samples were sputtered
with SnS2 target at about 200◦ C. Titanium contacts were DC sputtered onto sample surface.

extracting resistivity. Formation of a new metal-sulfide at the interface, edge effects and
contact size accuracy are possible uncertainties.

6.1.1 Samples Deposited with SnS2 Target and In Situ Heating
The leaf-like morphology of samples deposited with SnS2 target and in situ heating made
them prone to scratching and “smoothing” of the surface. The soft surface is likely
non-optimal for forming Ohmic contacts. Because sputtering of Ti metal contacs results
in high-energy bombardment of atoms on the surface, Ti atoms landing on soft SnSx
could change the state of the surface, affecting the nature of the contact between SnSx and
Ti. Figure 6.1 shows an example of TLM results for samples 136A and 143A. Sample
136A made very good Ohmic contact with Ti as seen from the perfect linearity of the
current-voltage (I-V) curves. SEM of this sample showed that it did not have leaf-like
morphology. I-V curves for TLM measurements of other films were slightly non-linear
for some of these films, which could be due to an oxide layer, or the soft surface due to
their morphology. The difference in film surface was expected to impact the Ti/SnSx
interface, which impacted contact behavior. Figure 6.1b shows an example of imperfect
I-V curves for sample 143A. However, other films with the reticulated morphology did
exhibit Ohmic contact with Ti, as shown in Figure 6.4c. Surface effects were likely to
contribute significantly to the nature of the contact type.
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Table 6.1. Electronic properties and Sn:S ratio of samples grown with substrate heating and SnS2
target
Sample

Sn:S Ratio

136A
137A
138A
139A
140A
142A
143A
144A

1:1.34
1:1.41
1:1.37
1:1.37
1:1.43
1:1.44
1:1.47
1:1.39

Resistivity
(Ω-cm)
4.7
21.2
–
–
–
–
11.4
26.0

Contact Resistance
(Ω)
500
6,100
–
–
> 1.3 × 1010
> 1.9 × 109
10,100
1,900

TLM measurements with Ti top contacts were done for a selection of samples made
with substrate heating and the SnS2 target. Due to high contact resistance, it was not
possible to determine resistivity via this method for samples 140A and 142A. Because
these films are amorphous, it was expected that they have poor electrical characteristics,
similar to the results seen for amorphous samples deposited at room temperature. [151]
Cycled heating resulted in temperatures too low to allow growth of crystallites. Contrarily,
sample 138A was grown with constant heat at a similar temperature range, and showed
crystallite growth. Resistivity of sample 138A and 139A was not determined due to
the poor quality of the I-V measurement. Other samples of similar microstructure had
resistivity values in the range of 10 to 50 Ω-cm.
Table 6.1 lists the resistivity found via TLM measurements for a subset of SnSx
samples. While XRD patterns indicated that the films were very different in crystallinity,
and possibly phase, resistivity information suggest that the films can have similar properties, excluding samples 140A and 142A. Samples made with cycled heating at sufficiently
high temperatures also have similar resistivity, XRD patterns and morphology. For these
films, the large temperature differential during deposition did not result in poor conductivity. The change in substrate temperature possibly affected the transition from nucleation
to growth mode to result in better properties.
The results for constant heating are different from those for pulsed heating. Samples 137A and 139A both had large temperature differentials, and resistivity differed
significantly. Better film quality was achieved for pulsed heating at the higher temperatures (above 190◦ C) or for constant heating from 180 to 200◦ C. Individual TLM
measurements for samples 137A, 138A, and 139A showed poor Ohmic contacts with
Ti. However, despite the non-linearity of the I-V curves, resistance values were derived
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from them by choosing a constant range for the current near the origin. Both a surface
oxide layer and the soft morphology could cause the variability in measurements for
these samples. The high surface area of the reticulated morphology likely caused more
variability in the metal/semiconductor interface.

6.1.2 Resistivity of SnS Thin Films
One would expect that SnS thin films need to have smooth morphology with large grains,
and minimal defects or grain boundaries for use in photovoltaic cell. These features
were not seen for films sputtered from a SnS target, so it was unsurprising that the films
had poor resistivity. Films deposited with the SnS target had small crystallites, which
indicates a high density of trap locations. As shown in Figure 6.2a, resistivity ranged
from 200 to 20,000 Ω-cm. Samples were categorized according to their microstructural
property of crystallite orientation. “Highly oriented films” refers to films with a single
dominant XRD peak similar to sample 105B (see Figure 4.8 on page 78). Sample 105B
is shown in the Figure, as the lone green marker near 240 nm thickness. The other
highly oriented films were grown at room temperature. It might be expected that highly
oriented films would have lower resistivity, but the films are likely to be β-SnS, which
has more distinctive layering than α-SnS. The bonding between the layers differs for
these two phases, and one would expect decreased conductivity perpendicular to the
layers in β-SnS.
Films with “mixed orientation” refers to films with many peaks in the XRD pattern
such as those seen in Figure 4.2 on page 71 or Figure 4.5a on page 75. Further classification of the films by the extent of their orientation or morphology. Surface states
or strain in the film could contribute to the variation in resistivity, which are related to
these microstructural properties. Resistivity of films with mixed orientation generally
decreased with increasing thickness, but no films with resistivity less than 200 Ω-cm
were made with the SnS target. It was a result likely due to small crystallites. If both αand β-SnS phases are present, it could also result in poor resistivity. Films made from the
SnS2 target and annealed into α-SnS phase have more variability in the resistivity. This
offers the potential for selecting best processing methods of films for device integration.
Resistivity of samples was also checked using a four-point probe. Of the annealed
samples, only samples exhibiting a dominant α-SnS phase could be measured. Other
samples had resistivity too large for this measurement technique. Films grown on both
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Figure 6.2. Resistivity of SnS thin films. (a) Films made by SnS target only. (b) Films made by
both SnS and SnS2 Targets.
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Table 6.2. Electronic properties of samples annealed at 300 and 400◦ C. Resistivity values for
films determined by TLM measurements with Ti top contacts and 4 point probe.
Sample
Name
146B
148B
149B
150B

Resistivity from TLM Resistivity from 4pp
(Ω-cm)
(Ω-cm)
3
1.0 × 10
16 ± 2
2.7 × 105
out of range
79
30 ± 4
1.1 × 103
out of range
7.9 × 104
165B
out of range
50.∗
169B
41
27 ± 4
172B
60.
35 ± 4
174B
not meas.
31 ± 8
∗
Resistivity determined with bottom contacts

Conductivity
type
p-type
n-type
p-type
p-type
unknown
p-type
p-type
p-type

silicon and glass substrates were measured by four-point probe. Figure 6.3 shows the
resistivity measured by four-point probe and TLM with top Ti contacts versus base
pressure of the chamber prior to deposition. Measurements from the four-point probe
show that for the glass substrates, there is a slight trend of improved resistivity for lower
base pressure. This may be due to less oxygen or nitrogen impurities in the film. However,
this trend is not seen for films on oxidized silicon substrates. All samples made on both
substrates were measured; however, some films on oxidized silicon had a resistivity that
was too high for the four-point probe measurements. There is insufficient data to suggest
a trend for the resistivity determined by TLM, although they follow a similar trend to the
four-point probe measurements, as indicated by the gray arrows.

6.1.3 Metal Contacts Studies
Three metals were tested for contact type with sputtered tin sulfide thin films. TLM
patterns of aluminum, titanium, and molybdenum were deposited on silicon substrates. A
small portion of the contacts were shielded from tin sulfide deposition for easy access to
contacts for I-V measurements. These metals were selected for their difference in work
function and sulfide enthalpy of formation. Table 6.3 shows values for these metals. SnS
has the largest enthalpy of formation, meaning that all other sulfides could form given
sufficient energy and sulfur during a deposition. The high energy from the plasma could
be sufficient to form an interfacial metal sulfide layer between the contact and the tin
sulfide thin film for samples with bottom contacts. A metal sulfide layer is unlikely to
form for samples with top contacts.
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Table 6.3. Work function of bottom contact metals and metal sulfide formation information.
Metal

Work Function
(eV)a

Sn

4.42

Al
4.30
Ti
4.33
Mo
4.4-5.0
a
Ref. [154]
b
Ref. [44]
c
Ref. [155]
d
Ref. [156]
e
Ref. [157]
f
Ref. [158]

Metal
Sulfide
SnS
Sn2 S3
Al2 S3
TiS
MoS2

∆f H◦ (kJ/mol) of
Metal Sulfide
-100 to -108b
-230 to -300b
-648.5c
-265d
-276e

Tie Line to
SnS

Tie Line to
Sn2 S3

N/A

N/A

unknown
unknown
at 800◦ Cf

unknown
unknown
at 800◦ Cf

While aluminum and titanium have very similar work function values (see Table
6.3), a majority films form Schottky contacts with aluminum, whereas titanium was more
likely to be Ohmic, or very slightly Schottky contacts. Molybdenum contacts consistently
formed Ohmic contacts with tin sulfide thin films. Figure 6.4a-c shows an example of
a deposition run with all three metals tested. Since aluminum and titanium have nearly
identical work functions, it can be inferred that an interfacial layer exists at the interface
of titanium and tin sulfide thin films. The interfacial layer could be TiO2 or a titanium
sulfide.
Extraction of the resistivity values for this sample is shown in Figure 6.4d for
titanium and aluminum contacts. The resistivity is extracted from the slope of these
lines, which shows that the resistivity determined from both of these samples is nearly
identical. The contact resistance (Rc ) from these two samples appears very different,
with molybdenum contacts having a much lower contact resistance with this tin sulfide
thin film. However, this difference is within the error of the linear fit. Figure 6.5b shows
contact resistance extracted from TLM measurements, and there is no consistent trend
showing that molybdenum forms a better contact with this phase of tin sulfide.
The difference in resistivity for bottom versus top contacts is indicative of a
difference in the Ti/SnSx interface dependent on the order of processing. As shown in
Table 6.2, sample 165B had different resistivity values for the same Ti contacts, suggesting
that the Ti/SnS interface is dependent on processing conditions. One possibility could be
that surface treatment of the SnS surface is necessary to ensure good contact. However,
the low resistivity is still seen for samples grown with in situ heating, even with top
contacts. Alternatively, a thin TiO2 layer could improve the Ti/SnS interface by providing
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Figure 6.4. Comparison of bottom metal contacts for samples from deposition run 162. TLM
patterns deposited on Si substrates prior to sputtering of SnS2 target with in situ heating at about
200◦ C. Samples are n-type. (a) Al contacts show Schottky behavior, (b) Mo and (c) Ti contacts
show Ohmic-like behavior. (d) Resistance-contact spacing plot used to extract resistivity of
sample.

a tunnel junction through which carriers more easily. The resistivity determined from top
contacts for sample 165B is closer in magnitude to samples 148B and 150B relative to
the resistivity determined from the bottom contact measurement. These samples are also
similar in phase, and thus one would expect them to have similar resistivity.
Figure 6.5 shows resistivity for samples with composition of Sn:S near 2:3 ratio
measured using the TLM method. Not all samples were measured for composition, but
they were made at conditions similar to samples measured for composition with a ratio
close to 2:3 for Sn:S. The spread shows large variability in films’ resistivity, but growth
of films with low resistivity (<10 Ω-cm) is repeatable. No consistent trend was seen
for samples with respect to growth temperature, change in growth temperature during
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Figure 6.5. (a) Resistivity and (b) contact resistance of SnSx (composition near 2:3) thin films
made by SnS2 Targets. Legend categorizes data points contact type. All resistivity values
determined by TLM measurement.

deposition, or chamber pressure. Samples annealed into ottemannite Sn2 S3 phase yielded
the highest resistivity values.
No trend could be extracted with respect to crystallinity or phase content. Glancing
incidence XRD data could not provide quantitative data of phase content in films, but
the peak near 14.7◦ 2θ seems to have an impact on resistivity. Samples annealed into
the ottemannite phase do not have this peak, and consistently have high resistivity. It is
unclear if samples with the low 2θ peak are multiphase or a new phase, but its presence
is important for understanding the electronic properties of these films.
Several films had very high contact resistance, which can impact measurement of
the film resistivity. Figure 6.6 shows how films with very high contact resistance also
have high resistivity. It is important to consider the accuracy of the measurement for
samples with contact resistance much larger than resistivity. All results in this section
were from measurements done under no illumination.
6.1.3.1

Circular TLM Study

Three sets of samples were evaluated using circular TLM contacts. The first set were
made using the SnS target at room temperature. The second and third set were made
using the SnS2 target, one n-type and one p-type. Figure 6.7 provides summary data of
the circular TLM results for the three sets of samples. Samples produced with the SnS
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Figure 6.6. Resistivity as a function of contact resistance of tin sulfide thin films.

target had very high resistivity, and minimal change for photoresistivity measurements
using the light on the microscope. However, p-SnS films made from the SnS2 target
via annealing showed a 50% increase in conductivity with light from the microscope.
Palladium contacts were found to Ohmic, but silver contacts tarnished and formed a
Schottky contact with tin sulfide thin films.

6.2 Carrier Measurements
Hot probe measurements were done on numerous samples. A majority of samples
made with the SnS target were p-type. Conductivity type of samples grown with SnS2
target largely corresponded to sulfur content and phase. Films annealed into α-SnS
phase were usually p-type. Films with higher sulfur content, including Sn2 S3 films
were largely n-type, but type could not be determined for some films. As discussed in
Section 2.4.2.2, Sn2 S3 can be either p-type or n-type, depending on the dominant vacancy.
Therefore, films of this composition may not be either conductivity type if the dominant
vacancy varies through the thickness of the film. Ellipsometry modeling of these films
was challenging, and suggests that the through film properties vary. Additionally, if
conduction is dominated by trap states, conductivity type cannot be detected.
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Figure 6.7. Summary of circular TLM results.

Hall measurements were done on several samples to determine Hall mobility,
carrier concentration and type. Figure 6.8a shows the electronic properties of some films
as a function of thin film composition. All samples are α-SnS, with the exception of
the sample with a Sn:S ratio of 0.976, which has Sn2 S3 in the film. The presence of
this phase has significantly reduced the Hall mobility of the sample, showing the impact
of secondary phases on SnS thin films. The low mobility on the samples and the high
error on the measurement has prevented the measurement technique from determining
the conductivity type of the samples. Based on their composition, it was expected that
the samples have p-type conductivity. The largest mobility of 3.2 cm2 /V·s for SnS film
was a film sputtered on a silicon substrate with the SnS2 target and annealed at 410◦ C
for 1 hour. Composition data for this sample was not obtained for this sample, but it was
for the co-deposited sample made on a glass substrate. The glass substrate sample had
a mobility of only 1.4 cm2 /V·s. The difference for these samples once again shows the
impact of substrate material on film properties.
Majority carrier concentration for SnS thin films was in the range of 1017 to 1018
cm−3 . Carrier concentration was a bit larger for SnSx thin films, shown in Figure 6.8b,
ranging from 1018 to 1020 cm−3 . This high carrier concentration makes it suitable as a
n-type partner to a p-type absorber layer in a PV device.

131

Figure 6.8. Resistivity, Hall mobility and carrier concentration of (a) SnS and (b) SnSx thin films
determined by Hall measurements.

6.3 Excitation Measurements
Several attempts were made to measure the photoluminescence (PL) spectra of tin
sulfide thin films. Samples were sent to the National Renewable Energy Lab (NREL)
and University of Toledo for measurements. Only two room temperature spectra were
successfully measured at NREL. A red laser at 632.8 nm was used for PL measurements
at 300 K. Beam power was 17 mW and spot size had a 250 µm diameter. The spectra are
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Figure 6.9. Photoluminescence of (a) sample 105B and (b) single crystal SnS (provided by
University of Freiburg). Samples measured at National Renewable Energy Lab. Gaussians are
labeled according to their resonant energy.

shown in Figure 6.9a and b for a thin film and single crystal sample, respectively. Spectra
were fit to four Gaussian peaks using the equation:

(λ − Eo )2
Ic = A ∗ exp −
Γ2

!

(6.1)

where Ic is calculated intensity, A is amplitude, λ is wavelength, Eo is resonant energy
and Γ is broadening energy. Solver in Excel was used to model the data.
The single crystal sample was provided by the University of Freiburg. Spectra for
the single crystal sample match closely to data produced by University of Freiburg. [19]
The spectra for thin film sample 105B differs significantly from the single crystal data.
It is offset to a much lower energy, and is much broader. The broadness in the spectra
could be related to crystallite size in sample 105B. The small crystallite size can impact
PL spectra as quantum confinement effects can impact the excitation energies, resulting
in peak broadening.
Both spectra have two low energy peaks compared to the maximum peak, but
the energies differ. The largest peak for both samples likely corresponds to the band
gap. Since the indirect gap is of lower energy than the direct gap, the large peak likely
corresponds to the indirect gap, which is near the expected range of 1.1 to 1.3 eV. Sample
105B has a band gap energy below this range, but the film also had an XRD spectra
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closely matching β-SnS, rather than α-SnS (see Figure 4.8 on page 78). The peak at
highest energy for the single crystal sample at 1.2 eV likely corresponds to the direct
gap. The highest peak for sample 105B is very small, and it is uncertain if the peak
corresponds to a direct gap.

6.4 Summary
Films made with the SnS target were consistently difficult to characterize electronically.
Due to the high resistivity of the films, measurement of other electronic properties were
more challenging. The potential presence of β-SnS could be the issue with producing
higher quality material. Annealing tin sulfide films into α-SnS yielded films of varying
resistivity, with the potential to tailor the material to its optimal resistivity. SnS films
were consistently p-type, with some outliers. Mobility of these films did not exceed 3.22
cm2 /V·s.
High sulfur-content films were consistently n-type. The ottemannite phase of tin
sulfide had large resistivity values, but films with similar composition and different phase
ranged in resistivity. Producing films of this composition with low resistivity from <1 to
50 Ω-cm was repeatable. However, the mobility of these films were also very low.
Understanding the metal/semiconductor interface was important for characterizing
tin sulfide thin films. Formation of an interfacial layer at the metal/semiconductor
interface is possible due to the lower formation energy of the metal sulfide than tin sulfide.
When contact resistance is high, the resistivity is also likely to be much higher.
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Chapter 7
Conclusions and Future Work
7.1 Conclusions
Three important features determining the microstructural growth of tin sulfide were
identified: (1) sputtering parameters, (2) composition of the source material, and (3)
substrate heating. The impacts of sputtering parameters on microstructure include the
following:
• Sputtering of tin sulfide thin films showed a variety of potential microstructure, a
likely result of layering in the material. It is speculated that high energy phases
arose as a result of the energy of the plasma thus influencing growth.
• Sputtering enabled growth of both oriented films and films with mixed orientation.
The shortfall of sputtering thus far is its its inability to grow large crystallites
as-deposited. This could stem from the ability for sputtering to produce amorphous
material; no other deposition method has resulted in amorphous films.
• Understanding growth of an amorphous film can provide insight for determining
the growth of the material into nanocrystals of the desired crystal structure.
The composition of the source material also offered new insight into its microstructure.
When using the SnS target, only strained or high energy SnS phases with small crystallites
formed. Microstructure varied, widely dependent on growth conditions and deposition
rate. Sputtering from a SnS target yielded films with crystallites on the nanoscale with
varying shape, orientation, and phase. The high energy of the plasma during sputtering
resulted in films, which either contained high-energy phases, such as β-SnS or strained
films, seen in XRD patterns.
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Since growth of larger crystallites was not achieved, an alternative path was pursued.
Annealing of sulfur-rich films became possible. Sputtering of the SnS2 target resulted in
two paths:
1. In situ heating of the substrate, usually n-type
2. Post-deposition annealing, with the ability to control final phase and sulfur content
within α-SnS phase, potential to make p-type material
The ability to make n- and p-type material from one source offers the possibility of
making a pseudo-homojunction for PV applications. It would not be a true homojunction
because the phases of the films would be different. Use of the SnS2 target also showed
how the method could be used to make amorphous material, which was easily annealed
into the desired α-SnS phase. With high deposition rates, this method has high potential
for scale-up, which is important for PV manufacturing. Figure 7.1 shows the two paths
for producing n- and p-type material from a single source.

Figure 7.1. Potential path for producing p-n junction from SnS2 target.

The final interesting feature identified in this dissertation was the permeability of
tin sulfide from heated depositions. The major findings are outlined as follows:
• Impact of cycled heating:
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– Heating did not improve crystallinity for films sputtered with the SnS target,
but cycled heating resulted in an anomaly. Film growth “resonated” with the
cycling pattern resulting in drastically different microstructure and optoelectronic properties than films deposited under conditions that did not resonate
with its growth.
– The anomaly was seen differently with the SnS2 target, yielding nanocrystalline films, which appeared amorphous using XRD, at temperatures ranging
from 120 to 150◦ C. Without cycling, depositions near those temperatures
resulted in films with drastically different microstructure.
• When sputtering with the SnS2 target, several new features were identified:
– The resulting microstructure was greatly impacted by substrate heating. Without heating, films were amorphous. With heating, the oriented crystallites
grew.
– During the deposition process, a change in the growth mode was identified in
the morphology. Small round crystallites dominated the growth early in the
deposition, whereas reticulated, or “leaf-like” morphology dominated later in
the deposition.
– The phase of films deposited with substrate heating was challenging to identify, but it was clear that the films resembled the SnS2 phase with significantly
less sulfur. Growth of this phase is a new development made possible by the
high energy of the plasma. The final phase was also inconsistent, ranging
from a mixture of α-SnS and SnS2 to a single phase resembling SnS2 .
These three identifiers were used to extract new insight on the optoelectronic
properties of tin sulfide thin films. Data showed the complexity of the system, and that
the growth modes had an impact on microstructure. Optical properties of films sputtered
with the SnS target were relatively easy to characterize using spectroscopic ellipsometry,
but the electronic properties of films proved more challenging. Films tended to have high
resistivity ranging from 200 to 20,000 Ω-cm, likely due to the small crystallite size. Phase
of the films also may contribute to the high resistivity. Differences in the optical constants
between highly-oriented and mixed-oriented films showed the impact of microstructure,
and the possibility of predicting microstructure from the optical constants.
Growth of amorphous material was possible with the SnS2 target at high power,
and therefore high deposition rate. The films turned nanocrystalline upon heating at

137

temperatures near 100◦ C. EDS measurements showed that the films had lost sulfur
relative to the room temperature deposition of amorphous films. Optical constants were
also similar for nanocrystalline and amorphous material. The difference in sulfur content
in the thin film induced crystalline growth. The implication is the presence of excess
sulfur could inhibit grain growth, but a 1:1 ratio of tin-to-sulfur also resulted in small
crystallites within larger “grains.” Optimization of the sulfur input, perhaps changing
with time might enable better grain growth. Alternatively, annealing of amorphous
material was found to be the best option for making high-quality α-SnS. The method
offers significant control over the final properties, depending on anneal conditions. Ramp
and cool down times were found to impact film properties, with target temperature of
about 400◦ C.
While single crystal SnS has a slow absorption gain, thin film SnS varied from a
sharp absorption onset, to a slow gain. The deviation is the reverse of what might be
expected for semiconducting material. Several films did not have a measurable indirect
gap, indicating a significant deviation from the band diagram. Strain in the thin film or
quantum confinement effects could have been sufficient to alter the lattice, thus affecting
the band alignment. Bands could re-align such that the direct gap was of lower energy
than the indirect gap. Some films had indirect gaps less than tenths of an eV from the
direct gap, supporting this theory that the lattice shifted. A direct gap in the range of 1.3
to 1.5 eV is ideal for PV, and elimination of the indirect gap is preferred.

7.2 Summary Tables
Tables 7.1, 7.2, 7.3, and 7.4 summarize the processing conditions and resulting microstructure. These tables can be used as guidelines for future work. Morphology and
expected phase are provided in these tables. Tables are categorized by general processing conditions: depositions using SnS target without substrate heating and with
substrate heating, SnS2 target without post-deposition annealing and with post-deposition
annealing.

7.3 Future Work
Several experiments are proposed to extend the research of sputtered tin sulfide thin films.
These experiments will further extend the knowledge of its material properties.
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Table 7.1. Summary table of samples deposited using SnS Target by sputtering conditions. All
samples deposited at room temperature. Table includes expected microstructure properties for
these sputtering conditions.
Deposition
Runs
30, 31, 33

Pressure
(mTorr)
5

Substrate-to-Target
Distance (cm)
17

Morphology
Round pellets made up of
small crystallites

Phases
Present
α-SnS, Rock
Salt SnS

9, 78

10

17

Rice grain made up of small
crystallites

α-SnS,
β-SnS

10, 27-29,
32, 79-81

30, 60

17

Small dense crystallites

β-SnS

36

5

7

Dense, undefined crystallites

α-SnS, trace
Sn2 S3

91

10

7

37-39

60

7

Large, square grains made
up of small crystallites

α-SnS,
β-SnS

Table 7.2. Summary table of samples deposited using SnS Target with substrate heating. Table
includes expected microstructure properties for these sputtering conditions.
Deposition
Runs
58, 59

Pressure
(mTorr)
10

Substrate
Temp. (◦ C)
200-230

Heat Method

Morphology

Phases
Present
α-SnS,
β-SnS

Constant

Small plate-like
crystallites

57

60

280

Constant

Small crystallites

α-SnS,
Sn2 S3

61

60

150

Constant

Rice grain structure

α-SnS,
Sn2 S3

99

30

100

Constant

Plate-like crystallites

α-SnS,
β-SnS

103, 104, 107,
110-113, 121

30

150

Cycled at “nonresonant”
frequency

Plate-like crystallites ranging in
size

α-SnS,
β-SnS

53, 105, 106

30

100, 150

Cycled at “resonant” frequency

Small, thin discs

β-SnS

Installation of an RF-shield will enable measurement of substrate temperature
during depositions. Replicate depositions from the cycled heating experiment with the
shield will determine the impact of cycling the heater during a deposition on substrate
temperature. The shield would also enable optimization of substrate heating, and use of a
computerized feedback loop.
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Table 7.3. Summary table of samples deposited using SnS2 Target with substrate heating. Table
includes expected microstructure properties for these sputtering conditions.
Deposition
Runs
122-130, 135,
170, 200

Substrate
Temp. (◦ C)
30

Temp.
Range (◦ C)
20

140, 142

120-150

136, 168

Heater

Morphology

Phases Present

N/A

Heat
Method
N/A

None visible

Amorphous SnS2

10-20

Resistive

Cycled

Nano-sized
crystallites

Amorphous SnSx

200

10

Resistive

Constant

50-nm sized
crystallites

New phase resembling SnS2

137-139, 151,
150

140-230

0-50

Resistive

Constant

Reticulated
leaf-like

New phase resembling SnS2 , α-SnS

143, 144

190-230

20-60

Resistive

Cycled

Reticulated
leaf-like

New phase resembling SnS2 , α-SnS

162, 163, 166,
167, 173, 176

230

50

Halogen

Constant

Reticulated
leaf-like

New phase resembling SnS2 , α-SnS

Table 7.4. Summary table of samples deposited using SnS2 Target without substrate heating. Postdeposition annealing conditions specified with resulting microstructure properties. Annealing
done in vacuum.
Deposition
Runs
145, 148

Anneal
Temp. (◦ C)
200, 300

Anneal
Time (min)
30

Anneal Cool
Down Rate
Slow

Morphology

146

400

30

Slow

Large crystallites intermediate stage,
reforming

α-SnS

174

400

60

Fast (but slow
ramp time)

Nano-sized crystallites

α-SnS

165

400

30

Fast

Nano-sized crystallites

Sn2 S3

169, 172, 175

400-475

60

Fast

Large crystallites

α-SnS

Nano-sized crystallites

Phases
Present
Sn2 S3

Growth of the microstructure was found to be extremely important to film properties, and in situ measurement could provide better insight to the growth modes and
behavior for tin sulfide thin films. Real time spectroscopic ellipsometry can be used to
model the change in optical properties during growth. This can be used to develop a
model for the microstructural evolution of tin sulfide film growth. It will be especially
important for films that evolved significantly during growth, and were challenging to
model with ex situ measurements. The measurement could also be used to study the
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evolution of film changes during annealing. In situ measurements would enable better
one to create a model of microstructure growth to process conditions, and thus enable a
more focused research path. The model could be used to better select process conditions
as a link could be made between conditions and microstructure growth. One example of
this is the impact of leaving the heater on beyond the time of the deposition. It is unclear
if this process has a significant impact on microstructure, or the total deposition time
impacts film properties in a similar way.
Annealing experiments should consider to identify the impact of anneal time and
temperature on composition, Hall mobility, and carrier concentration. Once control
of the composition is established based on anneal time and temperature, Hall mobility
and carrier concentration can be correlated to composition to determine if there is
a relationship between them. Annealing amorphous SnS2 ensures better control of
composition than has otherwise been achieved via other processing methods.
The optical modeling of ellipsometry data has potential for predicting microstructure, composition, and phase. The data presented here differ sufficiently to cover a range
of tin sulfide thin films. Comparison of the models for sputtered thin films to those made
by other deposition methods could show other deviations from single crystal data. The
models could also be used to determine the impact of growth method on microstructure.
Because the microstructure varies significantly for different methods, finding similarities
in optical properties could enhance the model for determining the impact of processing
on microstructure growth. Data could also be used to predict composition for samples of
similar microstructure.
XPS and infrared spectroscopic ellipsometry (IRSE) can be used to study the
material at an atomic level. IRSE measurements were done at the University of Toledo,
but were not yet analyzed. The measurements can be used to study bonding in the
material, and more confidently extract phase information for films of mixed phase. XPS
measurements were done at Penn State for SnS and SnSx thin films, but have not yet
been analyzed. XPS could be used to examine the oxidation state of tin in the material.
An interesting phenomenon was observed during hot probe measurement of some
tin sulfide thin films. It was expected that a voltage difference would only be observed
while the heating element was applied to one of the probes. However, upon removal
of the heating element, the voltage difference would remain present, and decay slowly.
Additionally, the voltage drop was in the range of 3 to 10 µV. This phenomenon suggests
that the films have good thermoelectric properties. While it is challenging to measure
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the thermoelectric properties of thin film material, extension of this research is currently
underway, including fabrication of a system to measure the thermoelectric properties
of thin films. A good thermoelectric has low electrical resistivity and high thermal
conductivity. Films with low resistivity should be selected for thermal conductivity measurements. Theoretical analysis of the trap states will be useful for better understanding
the phenomenon.
Several other studies have been done showing improved electronic properties with
silver and copper doping. [85, 117, 129, 138] Silver doping with sputtering is possible.
A thin ring of silver could be painted onto the target such that silver doping would occur
with the deposition. This experiment should be attempted with the SnS2 target for room
temperature depositions. Annealing at 400◦ for one hour should still produce α-SnS,
doped with silver. Too much silver could yield ternary phases, so characterization of the
film to determine phase and silver concentration will be important. Copper could also be
used for this experiment.
The circular TLM study of new metals is still underway, and should be continued.
The approach ensures high quality analysis of different metals, and could be used to
determine the optimal metal for devices. Metals of higher work function such as platinum
could be considered. Graphite contacts should also be considered since Patel et al.
[136] found that contact resistance was lower with tin SnS thin films. Composition
measurements through the contacts could help identify what phases have formed. Since
molybdenum has been identified as a poor back contact choice for SnS, it is important to
continue the study and determine a more ideal candidate.
Improved set-up of the van der Pauw Hall measurement technique will be invaluable
for determining electronic properties of SnS. First, a better metal must be chosen for these
measurements. The indium contacts are insufficient for accurate measurement. Once an
ideal metal is selected based on the circular TLM study, improved Hall measurements will
be possible. Contact geometry will also be necessary for ensuring accurate measurements.
Lifetime measurements of tin sulfide thin films will also help improve the understanding of the material. Initial measurements with Dr. John Asbury’s group at Penn
State showed that tin sulfide thin films had carrier lifetimes on the order of picoseconds,
which is much too short for use in a PV device. Study of the material as a function of
sulfur content is possible using the annealing methods presented in this dissertation for
amorphous SnS2 material.
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Several possible heterojunction structures should be attempted using α-SnS made
from annealing amorphous material. These include n-CdS, n-SnSx made from sputtering
the SnS2 target at 200◦ , n-ZnO, and n-TiO2 . While CdS has a non-ideal band alignment with p-SnS, the device could be easily compared to others producing CdS/SnS
heterostructures, as well as a comparison to well-studied materials such as CIGS and
CdTe. Building devices with more suitable contact metals than molybdenum will also
be important for improving devices. The poor contact metal choice could be greatly
impacting the device performance, especially fill factor. In addition, the impact of postdeposition processing on SnS should be studied. Work completed here found that a
20-minute deposition of ITO could be impacting properties of SnS significantly. Further
study will be necessary for ensuring optimal device processing conditions.
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Appendix A
Spectroscopic Ellipsometry – Governing
Equations and Modeling
A multichannel, dual-rotating compensator (RC2) spectroscopic ellipsometer (J.A. Woollam, Inc.) was used for all ellipsometry measurements completed for this dissertation.
The spectroscopic ellipsometer measures the change in polarization of light for the range
of over a spectral range of 0.75 to 5.15 eV (1690 to 240 nm, recording data at every 1
nm). [148, 153] Figure A.1 shows a diagram of the RC2. A non-polarized light source is
converted to linearly polarized light in a polarizer. The linearly polarized light becomes
elliptically polarized light once reflected off the surface of the sample. The RC2 also has
one compensator after the polarizer and one before the analyzer. These compensators
improve the accuracy of the measurement. The function of these compensators is to improve the accuracy of the measurement. The polarizer and analyzer have poor sensitivity
near ∆ of ~0◦ and 180◦ . The configuration without a compensator cannot identify the
handedness of the elliptically polarized light. A compensator can detect the full range of
∆ (0◦ to 360◦ ) with much higher accuracy. [148]

A.1 Governing Equations
The measured values are the amplitude (Ψ) and the phase (∆) [148]:
r̃p
= tan(Ψ)ei∆
r̃s

(A.1)

where r̃p and r̃s are the Fresnel reflection coefficients for p- and s-polarized light respectively. The spectroscopic ellipsometry measurement is very accurate because the
measurement is a ratio of these coefficients. The Fresnel reflection coefficients are related
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Figure A.1. Diagram showing translation of light for dual rotating compensator spectroscopic
ellipsometer.
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The Fresnel transmission coefficients, t̃p and t̃s , for p- and s-polarized light respectively
are similarly related to the electric field vector:
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(A.3)

Equations A.2 and A.3 can be rewritten in terms of the index of refraction and the
angle of propagation. Snell’s law relates the complex index of refraction to the angle of
propagation in a material. The result is that the four Fresnel coefficients are related to the
complex index of refraction and angle of propagation by the following equations:
r̃p =

ñ1 cos φ0 − ñ0 cos φ1
ñ1 cos φ0 + ñ0 cos φ1

(A.4)

145

r̃s =

ñ0 cos φ0 − ñ1 cos φ1
ñ0 cos φ0 + ñ1 cos φ1

(A.5)

t̃p =

2ñ0 cos φ0
ñ1 cos φ0 + ñ0 cos φ1

(A.6)

t̃s =

2ñ0 cos φ0
ñ0 cos φ0 + ñ1 cos φ1

(A.7)

where ñ0 and ñ1 are the complex indeces of refraction of the first and second materials
respectively for which the light propagates, and φ0 and φ1 are the incident and transmitted
angle for the beam of light. This series of equations are used to convert Ψ and ∆ into the
complex index of refraction which is expressed as:
ñ = n + ik

(A.8)

where n is the index of refraction and k is the extinction coefficient. It is also helpful to
evaluate data in terms of the complex dielectric function (ε̃):
ε̃ = ε1 + iε2 = ñ2

(A.9)

where ε1 and ε2 are the real and imaginary dielectric constants respectively.

A.2 General Oscillators Model
In order to model the optical constants of the material, a type of model must be chosen.
The general oscillator model was used for determining the optical constants of tin sulfide.
This model is Kramers-Kronig consistent. For absorbing polycrystalline thin films, TaucLorentz or Cody-Lorentz oscillators are the best. [146, 147]. Both oscillators are based
on the Lorentz oscillator. Lorentz oscillators are generally used for semiconductors. The
equation for the dielectric constant with a Lorentz oscillator (εLorentz ) is:
εLorentz (E) =

Eo2

AΓEo
− E 2 − ıΓE

(A.10)
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where A is the amplitude, Eo is the resonant energy of the oscillator, Γ is the broadening
of the oscillator, and E is the photon energy. Tauc- and Cody-Lorentz oscillators model
the absorbing behavior of the material. For these oscillators, two equations are needed
for the imaginary part of the dielectric function, one for energies at or above the band
gap (Eg ), and a second equation for energies below the band gap. For the Tauc- and
Cody-Lorentz oscillators, Eg is modeled as a parabolic band. The Tauc-Lorentz oscillator
is used for materials absorbing with Tauc-like behavior. The Tauc-Lorentz oscillator
(εT auc−Lorenz = ε1 + ıε2 ) is [146, 147]





AΓEo
(E − Eg )2
E
ε2 (E) = (Eo2 − E 2 )2 + Γ2 E 2



0

for E > Eg

(A.11)

for E ≤ Eg

and
ε1 (E) =

2 Z ∞ ξε2 (ξ)
P
dξ
π
Eg ξ 2 − E 2

(A.12)

where Eg is the band gap, ξ is the energy for which ε2 is integrated over. P is the last
parameter to be determined, and it represents the Cauchy principle part of the integral.
[148] The Cody-Lorentz oscillator is used for films with Cody-like absorption. ε1 (E) is
the same for Cody-Lorentz as it is for Tauc-Lorentz. The following equation is used for
determining the imaginary component of dielectric constant:
E − Eg − Et
exp
Eu
ε2 (E) = E


G(E)L(E)


 E1





for 0 < E ≤ (Eg + Et )

(A.13)

for E > (Eg + Et )

where
E1 = Et G(E)L(E)

(A.14)

and
G(E)L(E) =

(E − Eg )2
AΓEo E
(Eo2 − E 2 )2 + Γ2 E 2 (E − Eg )2 + Ep2
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(A.15)

Ep is the transition energy for the change from the absorption-onset (E < Eg + Ep ) to
Lorentz-like behavior (E > Eg +Ep ). Et is the transition energy to Urbach tail absorption.
J.A. Woollam’s CompleteEASE software does not treat it as an absolute value, but more
like the Ep transition. In the CompleteEASE software, Et represents the transition from
the absorption onset (E < Eg + Et ) to Lorentz-like behavior (E > Eg + Et ), treating Et
like an offset from Eg . E1 ensures that there will be a smooth transition at Eg + Et . Eu
defines the exponential rate for Urbach absorption. The complex dielectric function for
the thin films is the sum of all oscillators used to describe the material. [148] In the case
of a polycrystalline film, two or three oscillators are typically used.

A.3 Wavelength by Wavelength Model
While the general oscillator model does a good job of describing polycrystalline thin film
materials, it is restrictive to the model of the oscillator, so some features can be lost in the
model. The wavelength-by-wavelength model can take data from a known material file
to be used as a starting point. CompleteEASE then takes a data point each wavelength
to find the best fit. It will use a material file as a starting point for each data point, if
provided.
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Appendix B
Composition Results
B.1 RBS Density Calculation Methods
To analyze RBS data, a layer-by-layer model of the thin film structure must be specified,
and each layer must be fit to determine the correct composition and film “thickness”
(tRBS ). For RBS, tRBS is in terms of atoms/cm2 , which means that it can be used to
determine density, for a known thickness in terms of length (d). Thickness for films
was determined by profilometry or spectroscopic ellipsometry. RBS also provides the
concentration of known elements in the layer, in the case of this materials system, tin
[Sn] and sulfur [S]. Atomic mass of each element is also needed for these calculations,
mSn and mS respectively. First, atoms per area (ASn and AS ) is calculated:
ASn = [Sn]∗ tRBS

(B.1)

AS = [S]∗ tRBS

(B.2)

If oxygen is present, it is also necessary to calculate the areal density of oxygen. These
values are used to calculate the volumetric density of each element (ρSn and ρS of Sn
and S respectively):
ρSn =

ρS =

ASn mSn NA
d

(B.3)

AS mS NA
d

(B.4)
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where NA is Avagadro’s Number. Total density of the film is the density of each element
present. For the case of pure tin sulfide (no oxygen content) the equation for density
(ρSnx Sy ) is:
ρSnx Sy = ρSn + ρS

(B.5)

This calculation provides valuable information about the film density.

B.2 RBS Results
Table B.2 provides the numerical results from RBS analysis including thickness, atomic
ratios, and calculated density using the methods provided previously. Samples 36A and
61A were also measured for composition using EDS. EDS data showed that they had
Sn:S ratios of 0.98 and 1.05 respectively.
Table B.1. RBS data of samples measured at Rutgers
Sample

at%Sn

at%S

36A
37A
53A
55A
56A
57A
58A
59A
61A

48.13%
49.25%
50.26%
49.65%
46.27%
49.28%
47.02%
47.13%
50.35%

51.87%
50.75%
49.74%
50.35%
53.73%
50.72%
52.98%
52.87%
49.65%

tRBS
(atoms/cm2 )
3710
3140
1210
750
3040
820
3090
2750
600

Sn:S
Ratio
0.928
0.970
1.01
0.986
0.861
0.972
0.889
0.892
1.01

Thickness
(nm)
910
810
354
200
910
230
870
850
210

Density
(g/cm3 )
4.99
4.81
4.30
4.66
4.01
4.42
4.31
3.93
3.61

B.3 EDS Results
Table B.3 shows all samples measured by EDS. Samples measured at 20 keV are likely to
have a larger error. The error is a result of the high accelerating voltage causes much of
the measurement to be from the substrate rather than the film. Samples on both glass and
silicon from depositions 191 to 199 were measured because XRD patterns for samples
198A, and 199A did not match the composition. XRD patterns for 198B and 199B
showed these films contained α-SnS, but the composition did not match. Measurement of
the samples on glass showed large differences between their silicon counterparts. These
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films also had issues with delamination off the silicon substrate. The difference in the
thermal expansion coefficient and thermal conductivity of the substrate could cause these
differences. In addition, the anneal temperature may have been too large and resulted in
the difference in Sn:S ratio. Sample 200B required a larger accelerating voltage to be
measured. It was amorphous according to XRD measurements.
Table B.2. EDS data of all samples measured. Values are averaged for three measurements.
Sample at%Sn at%S
36A
136A
137A
138A
139A
140A
142A
143A
144A
146A
191A
191B
192A
192B
193A
193B
194A
194B
195A
195B
196A
196B
197A
197B
198A
198B
199A
199B
200B
210B
211B
212B
213A
213B

49.4%
42.7%
41.3%
42.2%
42.3%
41.3%
41.1%
40.6%
41.8%
45.8%
44.3%
44.1%
40.8%
41.2%
40.7%
41.1%
42.1%
44.5%
44.3%
43.1%
43.1%
43.8%
38.6%
42.2%
40.2%
49.5%
38.6%
49.4%
33.2%
38.8%
41.6%
49.0%
48.8%
50.3%

50.6%
57.3%
58.7%
57.8%
57.7%
58.7%
58.9%
59.4%
58.2%
54.2%
55.7%
55.9%
59.2%
58.8%
59.3%
58.9%
57.9%
55.5%
55.7%
56.9%
56.9%
56.2%
61.4%
57.8%
59.8%
50.5%
61.4%
50.6%
66.8%
61.2%
58.4%
51.0%
51.2%
49.7%

Sn:S
Ratio
0.976
0.745
0.704
0.730
0.733
0.704
0.696
0.684
0.718
0.845
0.797
0.790
0.689
0.701
0.687
0.697
0.728
0.800
0.796
0.758
0.756
0.780
0.628
0.730
0.672
0.980
0.628
0.976
0.496
0.635
0.712
0.962
0.955
1.013

Std. Dev.
of Ratio
–
0.004
0.021
–
–
–
0.002
–
–
0.002
0.009
0.012
0.005
0.001
0.009
0.006
0.006
0.013
0.004
0.014
0.010
0.008
0.048
0.007
0.012
0.030
0.010
0.030
0.004
0.023
0.003
0.011
0.008
0.007

Number
of
Measurements
1
2
2
1
2
1
2
1
1
2
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
2
3
3
3
3
3
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Magnification
(kX)
4
4
4
4
4
4
4
4
4
4
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Accelerating
Voltage (keV)
20
20
20
20
20
20
20
20
20
20
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
15
5
5
5
5
5

Appendix C
TEM Analysis of SnSx Thin Film
A sample of SnSx was grown on a Si3 N4 TEM membrane for phase analysis. The film
was grown with a target thickness of 10 nm. Film was grown by sputtering the SnS2
target at 30 mTorr, 115 W, and at 200◦ C. Figure C.1 shows a micrograph of the film at
low magnification. The film is polycrystalline, as confirmed by the diffraction pattern
in Figure C.2. A fast Fourier transform (FFT shows that the crystallites are close to the
SnS2 , although not exact, in Figures C.3 and C.4.

Low mag view

Figure C.1. TEM of SnSx Film at Low Magnification.
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Diffraction pattern from the film

1
2
3

Ring

1/nm

1

2.454

Ratio
1

2

3.144

1.28

3

3.454

1.41

4

4.923

2.01

5

5.463

2.23

6

6.780

2.76

4
5
6

Figure C.2. Diffraction Pattern of Polycrystalline SnSx from TEM.

FFT of the fringes

Figure C.3. Fast Fourier Transform of SnSx using TEM.
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FFT is very close to SnS2
Zone axis is [210]

Figure C.4. Fast Fourier Transform of SnSx using TEM with Diffraction Pattern Superimposed.
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Appendix D
Ellipsometry-Derived Parameters for SnSx
Thin Films
The data presented in the tables in this Appendix describe the models used for determining
the optical constants of SnSx tin films. Models for all films were determined using the
methods outlined in Section 3.3.2 and Appendix A. Unless otherwise specified, all
samples were modeled first using a general oscillator model and then converted to
the wavelength-by-wavelength model. This Appendix provides the oscillator model
parameters and parameters describing physical properties such as film thickness and
grading. Parameters describing physical properties were held constant for the wavelengthby-wavelength fit.
The tables presented in this Appendix correspond to specific samples. If the
spectroscopic data is also presented in Chapter 5, the corresponding table is specified.
The tables provide parameters describing physical properties of the sample, including
derived thickness for the ellipsometry measurement and % transmission measurement.
Recall that samples deposited on glass (denoted by suffix "B"), both spectroscopic
ellipsometry (SE) measurements and % transmission were measured. The tables also
provide the parameters for the general oscillator model used for the wavelength-bywavelength fit. The tables include the parameters for each oscillator, Tauc-Lorentz (TL)
and Cody-Lorentz (CL). All energy values are in units of eV and all thickness or surface
roughness values are in units of Å. Tables also include the root mean square error (MSE)
determined by the following equation:

MSE =

v
u
u
t

n h
i
X
1
(NEi − NGi )2 + (CEi − CGi )2 + (SEi − SGi )2 ×1000 (D.1)
3n − m i=1
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Figure D.1. Possible thin film structures as determined by spectroscopic ellipsometry: (a) Simple,
(b) Graded, which can be Linear or Non-Linear, (c) Bilayer Film with surface layer of differing
density from “bulk” SnS.

where n is the number of wavelengths, m is the number of fit parameters, N = cos(2Ψ),
C = sin(2Ψ) cos(∆), and S = sin(2Ψ) sin(∆). The subscripts Ei and Gi on these
parameters represent experimental and modeled data respectively. An MSE of 1 is an
ideal fit, but a multilayer sample or thick film can still be considered to have a good
fit for an MSE > 10. [153] MSE for the general oscillator (GO) fit and wavelength-bywavelength (WBW) fit are included in the tables. A larger MSE for the WBW fit is likely
a result of more parameters involved fit.
Some samples required grading of the optical constants for the best fit. “Linear”
and “Non-Linear” were used to grade the density of the layer through the thickness of the
film. “Linear” grading divides the layer into 5 slices with continuous changed based on a
slope and offset. For “Non-Linear” grading, the film was divided into 9 slices, and the
change in film density was an exponential change. This implies that the film density was
largest at the bottom or top of the film and mostly continuous throughout the remaining
film thickness. [153]
Other structure types include a bilayer or trilayer, where the change in density is
discrete instead of continuous. Examples of the structure types is shown in Figure D.1.
These structures are referred to in tables in Section D.2.

D.1 Deposition Condition Tables
This section lists are tables listing deposition conditions for runs not listed elsewhere in
the dissertation.
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Table D.1. List of samples deposited at room temperature without substrate heating using SnS
target.
Deposition
Run

Deposition
Time (min)

114
115
116
117
118
119
120

10
10
10
10
10
30
18.33

Chamber
Pressure
(mTorr)
42.2
79.5
10
30
9.96
79.9
79.7

Substrate
Distance to
Source (cm)
11.5
11.5
11.5
11.5
11.5
11.5
11.5

Substrate
Temperature
(◦ C)
31
RT
RT
RT
RT
RT
RT

Target
Power (W)
115
115
115
155
155
105
115

D.2 Summary Tables of Ellipsometry Models
This section includes Tables of General Oscillator Models used to model SnSx thin films.
Captions specify tables which detail the process parameters for the samples. Tables also
reference Figures which display spectroscopic optical constants of the samples within
the dissertation. Error values are included for any fit parameters for the general oscillator
model. If no error value is included for a parameter, then it was not allowed to fit during
optimization of the model. If a parameter has an error value of 9999, this indicates that
the parameter was coupled to another fit parameter.
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1.400 ± 0.062
80.028 ± 22.629
2.772 ± 0.062
2.89 ± 0.025
1.191 ± 0.003
26.568 ± 7.257
2.923 ± 0.103
4.233 ± 0.035
N/A
N/A
N/A
N/A
N/A
N/A

1.158 ± 0.038
36.149 ± 3.674
1.735 ± 0.081
2.296 ± 0.014
1.297 ± 0.005
N/A
N/A
N/A
100.028 ± 3.886
4.285 ± 0.059
3.934 ± 0.0343
N/A
N/A
N/A
Simple
N/A
N/A
46.65 ± 0.246
683.24 ± 0.324
648.26 ± 1.116

Einf
A1
Γ1
Eo1
Eg1
Ep1
Et1
Eu1
A2
Γ2
Eo2
A3
Γ3
Eo3

Structure Type
Slope
Offset
Surface Roughness
Thickness (SE)
Thickness (% T)

Linear Grading
−0.152 ± 0.037
0.000 ± 1.233
61.12 ± 2.433
815.33 ± 4.497
824.57 ± 4.875

27B
6.996
7.182

26B
8.277
8.56

Parameter
MSE (GO)
MSE (WBW)

Linear Grading
−0.197 ± 0.093
0.476 ± 1.705
38.25 ± 2.86
812.58 ± 5.18
807.55 ± 5.76

0.988 ± 0.126
69.102 ± 32.746
2.065 ± 0.0612
2.796 ± 0.0198
1.064 ± 0.0058
N/A
N/A
N/A
42.888 ± 23.109
35.812 ± 0.001
5.291 ± 0.676
10.415 ± 5.177
1.552 ± 0.067
4.200 ± 0.015

28B
6.958
7.175

Simple
N/A
N/A
122.27 ± 0.13
637.22 ± 0.19
640.31 ± 0.58

1.913 ± 0.016
7.615 ± 1.180
1.036 ± 0.044
2.862 ± 0.007
1.129 ± 0.005
0.638 ± 0.088
0.37
0.469
52.468 ± 4.409
2.028 ± 0.069
2.453 ± 0.044
45.234 ± 1.900
2.302 ± 0.023
3.953 ± 0.012

32B
4.33
4.56

Linear Grading
0.282 ± 0.001
0.481 ± 0.006
287.15 ± 0.43
2248.65 ± 1.41
2310.06 ± 1.76

2.552 ± 0.027
40.811 ± 1.737
3.511 ± 0.035
3.77 ± 0.039
1.223 ± 0.004
1.409 ± 0.066
0.29
0.3
16.679 ± 1.134
1.241 ± 0.056
1.742 ± 0.018
24.768 ± 1.015
0.833 ± 0.022
2.614 ± 0.004

33B
8.064
6.919

Table D.2. Model parameters for samples grown with SnS Target at large substrate-to-target distance. Deposition conditions for samples listed
in Table 4.1. Optical constants for samples are shown in Figure 5.3a.

Table D.3. Model parameters for samples grown with SnS Target at close substrate-to-target
distance. Deposition conditions for samples listed in Table 4.1. Optical constants for samples are
shown in Figure 5.3b.
Parameter
MSE (GO)
MSE (WBW)

36B
10.828
9.124

37B
13.073
13.441

38B
12.706
11.494

39B
16.010
14.723

Einf
A1
Γ1
Eo1
Eg1
Ep1
Et1
Eu1
A2
Γ2
Eo2
A3
Γ3
Eo3

1.375 ± 0.068
61.988 ± 5.765
1.325 ± 0.044
2.541 ± 0.011
1.160 ± 0.001
N/A
N/A
N/A
59.544 ± 9.369
4.127 ± 0.381
4.115 ± 0.143
11.155 ± 3.885
1.263 ± 0.173
4.017 ± 0.019

2.225 ± 0.032
113.498 ± 75.534
0.76 ± 0.055
1.143 ± 0.014
1.76 ± 0.312
2.057 ± 0.719
0.280
0.250
525.792 ± 22.151
0.622 ± 0.024
1.760 ± 0.019
10.692 ± 2.565
1.758 ± 0.166
4.082 ± 0.050

2.122
215.909 ± 10.909
0.378
1.582
1.582
1.090 ± 0.028
0.120
0.280
36.182 ± 2.109
1.388 ± 0.019
2.537
12.038
1.717
3.968

2.65 ± 0.025
35.759 ± 2.005
2.525 ± 0.136
2.409 ± 0.014
1.636 ± 0.008
0.171 ± 0.004
0.122
0.272
9.927 ± 2.851
1.365 ± 0.223
3.872 ± 0.040
2.538 ± 1.091
1.022 ± 0.189
4.687 ± 0.052

Structure Type
Slope
Offset
Surface Roughness
EMA
Layer
Thickness
Void % of EMA
Layer
Thickness (SE)
Thickness (%T)

Linear Grading
0.026 ± 0.003
0.074 ± 1.971
64.92 ± 1.42
N/A

Bilayer
N/A
N/A
502.12 ± 0.74
681.01 ± 1.65

Bilayer
N/A
N/A
542.96 ± 0.66
654.58 ± 2.15

Bilayer
N/A
N/A
513.79 ± 0.97
654.05 ± 2.20

N/A

14.7 ± 0.05

12.4 ± 0.04

13.4 ± 0.06

10477.87 ± 7.72
10314.95 ± 7.34

8409.65 ± 9.18
8285.51 ± 9.91

8679.34 ± 7.14
8604.71 ± 9.15

7393.08 ± 11.64
7521.26 ± 12.23
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Table D.4. Model parameters for samples grown with SnS Target and constant heating. Deposition
conditions for samples listed in Table 4.2. Optical constants for sample 55B shown in Figure 5.8a.
Parameter
MSE (GO)
MSE (WBW)

55B
23.689
21.262

57B
5.546
5.783

59B
32.256
24.84

61A
12.602
0.883

εinf
A1
Γ1
Eo1
Eg1
Ep1
Et1
Eu1
A2
Γ2
Eo2
A3
Γ3
Eo3

2.599 ± 0.069
24.717 ± 1.180
1.583 ± 0.048
2.848 ± 0.018
1.156 ± 0.011
0.441 ± 0.028
0.060
0.150
39.924 ± 2.676
2.102 ± 0.073
4.094 ± 0.030
11.344 ± 0.678
1.857 ± 9999
0.779 ± 0.007

1.601 ± 0.028
54.412 ± 1.648
1.523 ± 0.021
2.569 ± 0.006
1.249 ± 0.001
N/A
N/A
N/A
76.386 ± 1.935
3.431 ± 0.041
4.037 ± 0.019
6.008 ± 0.814
0.578 ± 0.072
1.79 ± 0.012

2.290 ± 0.077
27.962 ± 4.390
2.086 ± 0.063
3.972 ± 0.044
1.253 ± 0.005
2.048 ± 0.274
0.550
0.360
60.330 ± 23.996
1.696 ± 0.448
1.429 ± 0.130
28.735 ± 3.569
0.764 ± 0.057
2.725 ± 0.0124

1.740 ± 0.029
2.175 ± 0.700
0.391 ± 0.049
1.677 ± 0.035
1.489 ± 0.008
0.048 ± 0.067
0.141
0.320
183.941 ± 8.867
1.141 ± 0.018
2.193 ± 0.016
20.911 ± 1.395
1.824 ± 0.065
3.955 ± 0.018

Structure Type
Slope
Offset
Top %
Bottom %
Exponent
Surface Roughness
Thickness (SE)
Thickness (%T)

Simple
N/A
N/A
N/A
N/A
N/A
73.16 ± 0.68
1953.12 ± 2.573
1654.72 ± 3.30

Linear Grading
0.087 ± 0.001
0.000 ± 0.046
N/A
N/A
N/A
154.25 ± 0.37
1746.86 ± 0.82
1746.86 ± 0.82

Non-Linear Grading
N/A
N/A
22.20 ± 0.44
0.00 ± 0.67
1.136 ± 0.054
306.77 ± 2.01
8098.06 ± 15.70
8080.58 ± 15.78

Linear Grading
0.127 ± 0.002
1.000 ± 0.040
N/A
N/A
N/A
254.29 ± 0.70
1581.94 ± 3.29
N/A

160

161

1.798 ± 0.024
14.19 ± 0.542
3.121 ± 0.050
3.845 ± 0.029
1.224 ± 0.003
0.358 ± 0.014
0.290
0.360
9.643 ± 2.379
0.656 ± 0.076
2.679 ± 0.027
6.327 ± 3.069
2.276 ± 0.541
2.306 ± 0.379
3.352 ± 0.857
0.246 ± 0.039
2.404 ± 0.008

1.682 ± 0.032
14.424 ± 1.289
2.778 ± 0.0593
3.81 ± 0.061
1.113 ± 0.011
0.496 ± 0.045
0.230
0.400
6.123 ± 2.247
0.343 ± 0.063
2.408 ± 0.017
8.991 ± 5.254
0.653 ± 0.219
2.735 ± 0.043
0.128 ± 0.697
0.268 ± 0.834
3.115 ± 0.168
Linear Grading
0.586 ± 0.007
0.99 ± 0.006
N/A
N/A
N/A
467.74 ± 1.395
2050 ± 4.92
2029.35 ± 8.17

εinf
A1
Γ1
Eo1
Eg1
Ep1
Et1
Eu1
A2
Γ2
Eo2
A3
Γ3
Eo3
A4
Γ4
Eo4

Structure Type
Slope
Offset
Top %
Bottom %
Exponent
Surface Roughness
Thickness (SE)
Thickness (%T)

Linear Grading
0.802 ± 0.004
0.988 ± 0.003
N/A
N/A
N/A
458.93 ± 0.78
2475.02 ± 2.90
2488.42 ± 4.48

103B
16.542
10.843

99B
34.97
29.081

Parameter
MSE (GO)
MSE (WBW)

Linear Grading
0.627 ± 0.003
0.982 ± 0.003
N/A
N/A
0.112 ± 0.001
434.13 ± 0.72
2286.69 ± 2.88
2330.24 ± 4.33

2.064 ± 0.022
13.25 ± 0.563
2.576 ± 0.051
3.918 ± 0.024
1.322 ± 0.008
0.001 ± 3.136
0.290
0.360
19.629 ± 2.955
0.802 ± 0.053
2.696 ± 0.027
6.008 ± 0.814
0.578 ± 0.072
1.79 ± 0.012
9.973 ± 1.74
0.343 ± 0.036
2.366 ± 0.008

104B
17.747
13.582

Non-Linear Grading
N/A
N/A
0.00
100.00
0.189 ± 0.001
47.42 ± 0.45
1854.94 ± 1.59
1877.32 ± 2.51

0.566 ± 0.079
71.318 ± 4.773
4.688 ± 0.115
3.996 ± 0.76
1.139 ± 0.008
0.820 ± 0.066
0.270
0.110
17.227 ± 3.327
0.948 ± 0.089
2.653 ± 0.010
N/A
N/A
N/A
N/A
N/A
N/A

105B
15.414
14.732

81.76 ± 0.51
2110.92 ± 2.36
2019.18 ± 3.53

Non-Linear Grading
N/A
N/A
0.00
100.00

0.255 ± 0.099
97.934 ± 14.893
4.942 ± 0.098
3.495 ± 0.226
1.131 ± 0.010
1.225 ± 0.208
0.250
0.210
11.511 ± 2.642
0.722 ± 0.089
2.648 ± 0.011
N/A
N/A
N/A
N/A
N/A
N/A

106B
17.353
18.573

Table D.5. Model parameters for samples grown with SnS target and cycled heating. Deposition conditions for samples listed in Table 4.3.
Optical constants for samples shown in Figure 5.8.
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2.136 ± 0.061
38.627 ± 4.461
2.237 ± 0.048
3.798 ± 0.045
1.519 ± 0.054
2.436 ± 0.203
0.470
1.240
68.216 ± 6.429
0.923 ± 0.130
1.304 ± 0.002
84.325 ± 8.085
0.943 ± 0.024
2.577 ± 0.010
N/A
N/A
N/A

2.355 ± 0.029
26.46 ± 0.980
3.633 ± 0.071
3.883 ± 0.029
1.575 ± 0.009
0.061 ± 0.035
0.240
0.320
25.027 ± 3.305
0.640 ± 0.039
2.580 ± 0.017
5.965 ± 1.740
0.356 ± 0.090
1.880 ± 0.030
20.415 ± 1.820
0.279 ± 0.020
2.262 ± 0.005

Linear Grading
0.348 ± 0.004
1.000 ± 0.010
264.50 ± 0.79
995.92 ± 1.16
957.07 ± 1.70

Einf
A1
Γ1
Eo1
Eg1
Ep1
Et1
Eu1
A2
Γ2
Eo2
A3
Γ3
Eo3
A4
Γ4
Eo4

Structure Type
Slope
Offset
Surface Roughness
Thickness (SE)
Thickness (% T)

Linear Grading
0.258 ± 0.003
0.147 ± 0.014
314.28 ± 1.012
4270.22 ± 5.98
4327.76 ± 6.50

108B
20.218
17.710

107B
10.903
11.833

Parameter
MSE (GO)
MSE (WBW)

Linear Grading
0.380 ± 0.005
0.814 ± 0.016
226.45 ± 1.02
1476.43 ± 1.93
1479.61 ± 2.54

2.587 ± 0.048
23.359 ± 1.579
3.854 ± 0.148
4.372 ± 0.049
1.288 ± 0.005
1.123 ± 0.082
0.270
0.310
29.481 ± 2.678
1.208 ± 0.057
2.593 ± 0.009
27.335 ± 9.649
1.270 ± 0.244
1.410 ± 0.096
N/A
N/A
N/A

110B
13.866
12.009

Linear Grading
0.993 ± 0.006
1.118 ± 0.002
424.30 ± 0.57
2454.88 ± 2.36
2519.11 ± 3.58

1.948 ± 0.026
19.501 ± 16.113
4.775 ± 0.001
2.252 ± 0.675
0.974 ± 0.0012
1.666 ± 1.126
0.420
0.560
15.204 ± 0.564
2.383 ± 0.068
3.803 ± 0.023
6.864 ± 0.492
0.578 ± 0.029
2.694 ± 0.005
N/A
N/A
N/A

111B
12.697
13.920

Linear Grading
1.126 ± 0.006
1.075 ± 0.001
438.72 ± 0.50
2673.74 ± 2.76
2618.94 ± 3.82

1.667 ± 0.013
16.753 ± 0.220
3.106 ± 0.023
3.75 ± 0.012
1.100 ± 0.002
0.422 ± 0.009
0.190
0.300
16.570 ± 0.417
0.711 ± 0.014
2.539 ± 0.003
4.252 ± 0.045
2.942 ± 9999
0.520 ± 0.02
N/A
N/A
N/A

112B
11.094
12.226

Linear Grading
0.832 ± 0.005
1.001 ± 0.002
371.81 ± 0.57
2515.69 ± 2.57
2384.81 ± 3.23

1.823 ± 0.017
23.409 ± 0.278
3.195 ± 0.024
3.818 ± 0.012
1.126 ± 0.001
0.498 ± 0.009
0.190
0.300
14.913 ± 0.468
0.689 ± 0.016
2.641 ± 0.004
4.527 ± 0.0443
2.942 ± 9999
0.524 ± 0.002
N/A
N/A
N/A

113B
10.875
11.943

Table D.6. Model parameters for samples grown with SnS target and cycled heating. Deposition conditions for samples listed in Table 4.3.
Optical constants for sample 107B shown in Figure 5.8b.
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115B
4.939
5.197
2.972 ± 0.012
0.744 ± 0.068
0.851 ± 0.052
2.291 ± 0.012
1.492 ± 0.005
0.037 ± 0.129
0.33
0.3
92.209 ± 0.785
2.844 ± 0.011
3.577 ± 0.006
N/A
N/A
N/A
Simple
N/A
N/A
159.00 ± 0.22
N/A
N/A
405.77 ± 0.40
364.60 ± 0.70

114B
4.908
5.503

2.615 ± 0.013
13.825 ± 0.964
0.837 ± 0.030
2.803 ± 0.005
1.146 ± 0.004
N/A
N/A
N/A
33.805 ± 1.981
1.724 ± 0.062
2.107 ± 0.018
50.007 ± 1.131
2.375 ± 0.017
3.629 ± 0.015

Simple
N/A
N/A
131.25 ± 0.15
N/A

N/A

887.18 ± 0.22
895.02 ± 0.65

Parameter
MSE (GO)
MSE (WBW)

Einf
A1
Γ1
Eo1
Eg1
Ep1
Et1
Eu1
A2
Γ2
Eo2
A3
Γ3
Eo3

Structure Type
Slope
Offset
Surface Roughness
EMA
Layer
Thickness
Void % of EMA
Layer
Thickness (SE)
Thickness (% T)
1654.17 ± 1.03
1636.7 ± 1.86

N/A

Simple
N/A
N/A
179.01 ± 0.35
N/A

1.575 ± 0.027
84.916 ± 4.126
2.717 ± 0.047
2.997 ± 0.029
0.933 ± 0.005
2.301 ± 0.098
0.04
0.29
3.017 ± 0.472
0.446 ± 0.051
2.680 ± 0.009
N/A
N/A
N/A

117B
11.373
12.781

2867.96 ± 5.12
2870.96 ± 6.10

N/A

−24.8 ± 0.1
1238.79 ± 0.81
1312.24 ± 1.17

Linear Grading
0.802 ± 0.016
0.966 ± 0.014
263.27 ± 2.11
N/A

3.365 ± 0.0399
19.893 ± 13.081
1.122 ± 0.036
2.049 ± 0.019
1.14 ± 0.006
2.574 ± 0.884
0.29
0.21
15.121 ± 1.085
2.169 ± 0.085
4.431 ± 0.024
4.612 ± 0.874
0.840 ± 0.086
2.984 ± 0.014

118B
20.726
13.218

Bilayer
N/A
N/A
169.17 ± 0.14
906.14 ± 0.49

2.500 ± 0.011
9.415 ± 0.277
1.383 ± 0.018
2.904 ± 0.007
1.211 ± 0.003
0.639 ± 0.015
0.11
0.2
32.499 ± 0.691
2.351 ± 0.018
3.936 ± 0.013
N/A
N/A
N/A

116B
5.031
5.379

3302.34 ± 3.84
3210.29 ± 3.95

N/A

Linear Grading
−0.091 ± 0.006
0.777 ± 0.604
85.21 ± 1.48
N/A

0.869 ± 0.066
49.602 ± 4.338
9.141 ± 0.001
6.46 ± 0.274
1.084 ± 0.003
1.845 ± 0.418
0.13
0.21
6.087 ± 0.964
0.794 ± 0.047
2.019 ± 0.009
38.5901 ± 4.226
2.647 ± 0.091
3.166 ± 0.017

119B
7.789
5.889

1079.06 ± 0.25
1057.39 ± 0.67

N/A

Simple
N/A
N/A
125.05 ± 0.16
N/A

2.068 ± 0.016
120.643 ± 1.192
4.878 ± 0.025
3.377 ± 0.011
1.218 ± 0.002
N/A
N/A
N/A
1.566 ± 0.284
0.642 ± 0.062
2.019 ± 0.008
N/A
N/A
N/A

120B
4.934
5.141

Table D.7. Model parameters for samples grown with SnS target at room temperature. Deposition parameters for these samples are listed in
Table D.1.
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0.740 ± 0.258
22.064 ± 1.781
2.818 ± 0.141
3.732 ± 0.036
1.303 ± 0.004
1.112 ± 0.057
0.11
0.36
34.645 ± 5.185
1.878 ± 0.428
6.594 ± 0.226
N/A
N/A
N/A

0.000 ± 0.232
48.044 ± 9.246
7.649 ± 1.756
7.953 ± 0.474
1.356 ± 0.006
1.525 ± 0.136
0.13
0.49
2.024 ± 0.327
0.684 ± 0.052
2.569 ± 0.013
17.373 ± 3.517
2.423 ± 0.146
4.034 ± 0.031

Linear Grading
−0.094 ± 0.010
0.249 ± 0.867
78.31 ± 1.24
6479.36 ± 5.82
6561.98 ± 6.26

Einf
A1
Γ1
Eo1
Eg1
Ep1
Et1
Eu1
A2
Γ2
Eo2
A3
Γ3
Eo3

Structure Type
Slope
Offset
Surface Roughness
Thickness (SE)
Thickness (% T)

Linear Grading
0.052 ± 0.002
0.000 ± 0.279
194.56 ± 1.09
7828.02 ± 6.98
7363.77 ± 7.52

123B
16.447
17.009

122B
9.869
10.224

Parameter
MSE (GO)
MSE (WBW)

Linear Grading
−0.009 ± 0.001
0.124 ± 4.640
3042.60 ± 2.23
3117.06 ± 3.11
3186.03 ± 0.85

0.156 ± 0.067
75.008 ± 5.14
8.493 ± 0.001
6.006 ± 0.052
1.313 ± 0.003
1.849 ± 0.034
0.18
0.47
N/A
N/A
N/A
N/A
N/A
N/A

124B
8.079
9.128

Simple
N/A
N/A
87.28 ± 0.28
2939.00 ± 2.04
3026.28 ± 0.28

0.601 ± 0.032
0.879 ± 0.078
0.375 ± 0.033
2.439 ± 0.009
1.381 ± 0.002
N/A
N/A
N/A
105.529 ± 0.920
6.334 ± 0.065
4.993 ± 0.018
N/A
N/A
N/A

125B
8.266
8.109

Simple
N/A
N/A
76.53 ± 0.26
4141.21 ± 1.15
4197.28 ± 2.19

0.948 ± 0.025
92.171 ± 0.586
6.327 ± 0.049
5.13 ± 0.018
1.398 ± 0.001
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

126B
7.6
8.643

Simple
N/A
N/A
80.55 ± 0.31
4391.68 ± 1.43
4358.15 ± 2.40

0.955 ± 0.035
0.954 ± 0.107
0.443 ± 0.044
2.305 ± 0.011
1.388 ± 0.001
N/A
N/A
N/A
100.122 ± 1.080
6.332 ± 0.081
4.978 ± 0.020
N/A
N/A
N/A

127B
8.853
7.711

Simple
N/A
N/A
92.13 ± 0.27
3168.91 ± 1.09
3212.96 ± 1.83

1.2 ± 0.029
3.973 ± 0.640
1.034 ± 0.095
2.529 ± 0.019
1.321 ± 0.002
N/A
N/A
N/A
94.544 ± 1.504
4.345 ± 0.051
4.338 ± 0.014
N/A
N/A
N/A

129B
8.074
8.627

Table D.8. Model parameters for samples grown with SnS2 target at room temperature. All samples have simple structure. Deposition
parameters for these samples are listed in Table 4.4. Optical constants of 125B, 126B, 127B, and 129B shown in Figure 5.10.
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0.000 ± 0.119
10.998 ± 0.746
1.266 ± 0.044
2.584 ± 0.012
1.254 ± 0.002
N/A
N/A
N/A
61.574 ± 6.477
6.611 ± 0.747
6.959 ± 0.159
30.657 ± 2.791
2.273 ± 0.097
3.97 ± 0.019

0.000 ± 0.149
80.2778 ± 3.889
10.201 ± 0.888
7.676 ± 0.403
1.306 ± 0.002
N/A
N/A
N/A
3.309 ± 0.314
0.901 ± 0.053
2.593 ± 0.013
20.246 ± 2.433
2.507 ± 0.152
4.110 ± 0.032

Simple
N/A
N/A
76.25 ± 0.31
4781.15 ± 1.42
4692.86 ± 2.51

Einf
A1
Γ1
Eo1
Eg1
Ep1
Et1
Eu1
A2
Γ2
Eo2
A3
Γ3
Eo3

Structure Type
Slope
Offset
Surface Roughness
Thickness (SE)
Thickness (% T)

Simple
N/A
N/A
79.51 ± 0.25
5160.18 ± 1.48
5188.90 ± 1.96

130B
6.994
5.201

128B
8.141
6.226

Parameter
MSE (GO)
MSE (WBW)

Simple
N/A
N/A
78.04 ± 0.39
10467.07 ± 3.83
10827.09 ± 4.46

0.150 ± 0.187
46.284 ± 8.326
6.575 ± 1.222
7.086 ± 0.224
1.261 ± 0.004
1.645 ± 0.453
0.05
0.32
4.051 ± 1.148
1.041 ± 0.130
2.367 ± 0.021
26.016 ± 5.839
2.683 ± 0.206
4.023 ± 0.038

131B
9.735
10.168

Simple
N/A
N/A
80.58 ± 0.23
2837.68 ± 0.76
2776.16 ± 1.59

0.000 ± 0.093
79.111 ± 3.080
8.607 ± 0.549
6.727 ± 0.247
1.306 ± 0.003
N/A
N/A
N/A
4.805 ± 0.596
1.134 ± 0.070
2.649 ± 0.018
21.349 ± 2.896
2.440 ± 0.158
4.036 ± 0.028

135B
6.498
6.245

Linear Grading
−0.220 ± 0.012
0 ± 0.181
85.55 ± 0.28
3337.09 ± 1.99
3366.17 ± 2.38

1.307 ± 0.025
53.903 ± 3.210
3.811 ± 0.0521
4.839 ± 0.019
1.298 ± 0.002
N/A
N/A
N/A
8.957 ± 0.653
1.429 ± 0.043
2.998 ± 0.011
N/A
N/A
N/A

140B
5.486
3.662

Linear Grading
−0.269 ± 0.022
0.000 ± 0.225
70.05 ± 0.22
3650.08 ± 2.02
3574.60 ± 2.42

1.621 ± 0.047
44.818 ± 4.066
3.605 ± 0.049
4.804 ± 0.015
1.265 ± 0.002
N/A
N/A
N/A
10.931 ± 0.933
1.468 ± 0.031
2.943 ± 0.009
N/A
N/A
N/A

142B
5.515
3.193

Table D.9. Model parameters for samples grown with SnS2 Target. Deposition conditions for samples listed in Table 4.4 and 4.5. Optical
constants all samples excluding sample 131B shown in Figure 5.10.

Table D.10. Model parameters for samples grown with SnS2 target and annealed to form SnS
phase. Deposition conditions for samples listed in Table 4.6. Optical constants for samples shown
in Figure 5.7a.
Parameter
MSE (GO)
MSE (WBW)

146B
16.864
15.825

169B
9.351
9.204

172B
12.489
13.09

175B
21.244
22.389

Einf
A1
Γ1
Eo1
Eg1
Ep1
Et1
Eu1
A2
Γ2
Eo2
A3
Γ3
Eo3

1.011 ± 0.073
4.558 ± 0.426
0.458 ± 0.017
2.038 ± 0.005
0.884 ± 0.007
0.653 ± 0.063
0.5
0.5
25.444 ± 1.225
1.192 ± 0.037
2.394 ± 0.010
45.369 ± 2.313
5.100 ± 0.229
4.732 ± 0.031

0.916 ± 0.043
40.234 ± 2.337
1.114 ± 0.013
2.455 ± 0.007
0.942 ± 0.005
1.835 ± 0.080
0.28
0.38
60.028 ± 1.510
4.205 ± 0.068
4.427 ± 0.021
0.485 ± 0.0234
0.115 ± 0.006
1.643 ± 0.002

1.097 ± 0.043
27.332 ± 1.362
0.897 ± 0.015
2.505 ± 0.006
0.967 ± 0.005
1.292 ± 0.067
0.2
0.29
61.457 ± 1.713
3.763 ± 0.071
4.043 ± 0.025
0.707 ± 0.0489
0.139 ± 0.009
1.654 ± 0.002

2.282 ± 0.042
5.402 ± 0.420
0.304 ± 0.029
3.027 ± 0.008
1.043 ± 0.006
N/A
N/A
N/A
60.260 ± 0.810
2.246 ± 0.024
3.974 ± 0.013
N/A
N/A
N/A

Structure Type

Non-Linear Grading
16.36 ± 0.27
0 ± 0.30
4.248 ± 0.134
438.36 ± 1.23
N/A
N/A
2169.96 ± 3.12
2213.93 ± 4.58

Bilayer

Bilayer

Bilayer

N/A
N/A
N/A
125.12 ± 2.08
219.97 ± 4.94
12.0 ± 0.6
2576.04 ± 7.22
2413.99 ± 7.34

N/A
N/A
N/A
230.29 ± 0.68
427.31 ± 5.09
5.9 ± 0.1
2122.35 ± 6.79
2211.87 ± 7.01

N/A
N/A
N/A
141.28 ± 0.767
336.81 ± 2.57
−29.9 ± 0.3
2818.20 ± 4.23
2775.73 ± 5.157

Top %
Bottom %
Exponent
Surface Roughness
EMA Layer Thickness
Void % of EMA Layer
Thickness (SE)
Thickness (% T)

166

167

179B
3.495
1.269
0.511 ± 0.032
74.626 ± 1.514
6.615 ± 0.091
4.845 ± 0.016
1.076 ± 0.004
1.212 ± 0.027
0.28
0.25
16.7554 ± 0.361
0.984 ± 0.011
2.733 ± 0.002
10.6778 ± 0.010
100
0
741.03 ± 0.13

178B
10.567
1.776

0.182 ± 0.069
128.489 ± 20.734
6.270 ± 0.001
3.647 ± 0.158
0.626 ± 0.006
4.053 ± 0.490
0.28
0.25
12.601 ± 0.324
0.761 ± 0.013
2.660 ± 0.002

12.845 ± 0.0290
100
0
1001.03 ± 0.47

Einf
A1
Γ1
Eo1
Eg1
Ep1
Et1
Eu1
A2
Γ2
Eo2

Exponent
Top %
Bottom %
Thickness (SE)

13.321 ± 0.088
100
0
584.43 ± 0.63

0.000 ± 0.090
110.185 ± 7.098
5.997 ± 0.169
4.619 ± 0.107
1.180 ± 0.010
N/A
N/A
N/A
17.172 ± 3.675
1.491 ± 0.158
2.927 ± 0.019

186B
19.806
17.358

13.572 ± 2.791
100
0
374.78 ± 6.86

0.000 ± 0.219
102.977 ± 9.874
6.005 ± 0.291
4.342 ± 0.190
1.256 ± 0.021
N/A
N/A
N/A
17.231 ± 2.379
1.057 ± 0.150
2.767 ± 0.029

187B
31.299
26.336

6.108 ± 1.675
100
0
223.13 ± 3.59

0.000 ± 0.295
141.823 ± 15.933
5.546 ± 0.417
4.353 ± 0.106
1.402 ± 0.013
N/A
N/A
N/A
N/A
N/A
N/A

188B
26.31
24.073

Table D.11. Model parameters for samples grown with SnS2 target and in situ heating. Details of deposition conditions listed in Table 4.5.

Parameter
MSE (GO)
MSE (WBW)

Appendix E
Master Model Analysis of Dissertation
This master model was created to assist in determining the root issues with SnS thin films.
The master model is presented on the following page. Initial attempts to produce high
quality SnS thin films used the path starting with the question at the bottom of the figure,
focusing on the SnS target. As this proved futile, the questions were reframed, as seen
from the top of the figure:
• What are the structural properties of SnS?
• What are the electronic properties of SnS?
• What are the optical properties of SnS?
Connectors show how the different properties are related, and assisted in approaching
the problem from the engineering perspective, rather than the scientific perspective. The
guidelines could be translated to any materials system whose optoelectronic properties
are of interest. The two largest bubbles on the top and bottom are the overall research
questions considered for this dissertation. The question at the bottom shows the initial
approach of this work, investigating the process-property relationship for sputtered SnS
thin films. The question at the top of the figure shows the second and better approach
taken for the rest of the dissertation work. Yellow (lighter) boxes indicate the properties
investigated, whereas the blue boxes indicate the method of determining the property.
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