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Professor Roy G. Gordon Chuanxi Yang

Development of Tin(II) Sulfide Solar Cells

by Interface Engineering and Absorber Alloying

Abstract

Tin(II) sulfide (SnS) is a promising candidate for alternative photovoltaic (PV)
materials. Composed of cheap, non-toxic and earth-abundant elemental constituents, SnS
has appropriate band gap and high absorption coefficient. The SnS films prepared by
atomic layer deposition (ALD) demonstrate excellent phase purity, stoichiometry and
crystal structure. The path toward high-efficiency SnS photovoltaic devices demands not
only desired material properties, but also an optimized device stack. This thesis assesses

the potentials of improving SnS PV device performance in both ways.

Using transmission line method (TLM), the electrical properties of metal-SnS
interfaces are investigated. It is found that the contact resistivity between annealed SnS
films and Mo substrates under light illumination is as low as 0.1 Q cm? Temperature-
dependent TLM measurements suggest a strong Fermi level pinning effect at such
interfaces. The heterojunction between absorber and buffer layer is optimized by tuning
conduction band offset and carrier concentration. Furthermore, by comparing various SnS

surface oxidation treatments, the influence of interface passivation is studied.



Alloying of two or more materials is a powerful way to design and control
materials properties. Here we seek to investigate the alloying of ALD-grown SnS and
CaS films using novel precursors. Theories predict that (Sn,Ca)S films have a tunable
direct band gap and cubic structural phase. We explore the kinetic stabilization of the
metastable structures and composition-induced transition between different crystal
structures. Structural, electrical and optical properties of (Sn,Ca)S alloys are analyzed. It
is shown that a recently-discovered cubic structure, which contains 64 atoms in each unit
cell, is obtained in the as-deposited alloy films. Upon annealing, however, the cubic

phase is separated into orthorhombic SnS and amorphous CaS.
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Chapter 1

Introduction

1.1 Motivation

The Sun is the most important source of energy for life on Earth. It continuously
delivers 1.2 x 10° terawatts of energy to our planet, which dramatically exceeds the
energy consumption rate by human activities, about 18 terawatts.! This proves that solar
energy has the potential as an alternative to fossil fuels. However, in order to scale
photovoltaic (PV) systems to multi-TW levels, both capital intensity and cost of PV

modules must be reduced significantly.?

While silicon-based PV makes up 90% of the PV market today, thin-film PV
technologies have seen significant progress over the past two decades.® Thanks to the
much higher absorption coefficient, thin-film PV can absorb light efficiently using only
1% of material as in silicon-based solar cells. This, combined with its in-line
manufacturing compatibilities, leads to a cost advantage over Si-based PV. In particular,
chalcogenide-based thin-films such as copper indium gallium diselenide (CIGS) and
cadmium telluride (CdTe) have recently achieved module costs below $0.60 per watt.*
However, they both contain rare elements (In, Te), which not only limits the cumulative

1



production capacity to multi-TW levels, but also influences the costs of these materials.
Moreover, the toxicity of Cd and Se warrants mandatory recycling of these PV modules
as they retired. Therefore, it is important to search for alternative low-cost, earth-

abundant and non-toxic PV materials.
1.2 Operation of a solar cell

A solar cell can be viewed as a two terminal device that behaves as a diode and
generates a photovoltage under illumination. Inside a solar cell, it is not only necessary to
absorb sunlight to create electron-hole pairs, but also to separate these charge carriers to
be collected at the two electrodes. When a photon with energy 4m > Eg is absorbed, an
electron is excited to the conduction band before relaxing to the conduction band edge, as
shown in Figure 1.1 (a).’ Charge carriers are then separated through the asymmetric
junction, and collected at the two terminals. It is noted that only part of this energy

(qVoc) can be extracted to the outside circuit, and the rest is lost as heat.

sC

Figure 1.1 Solar cell characteristics. (a) Energy diagram of a single-junction solar cell. The red
arrow shows the process of electron excitation to the conduction band. (b) Typical current-
voltaige (I-V) characteristics of a solar cell. Source: Ref. 5.



Figure 1.1 (b) shows the illuminated current-voltage (I-V) characteristics of a
solar cell. The dashed lines point to the maximum power point, which is the operating

point of the device with an efficiency of:

L Vi IscVocFF
P, P

'r':

where I, and Vi, are the current and voltage at maximum power point, FF is the fill
factor, P; is the incident power. Detailed analysis of a solar cell diode model will be

carried out in section 2.3.2 as in a case study of SnS photovoltaic device.

1.3 Criteria to select an absorber material

The criteria listed below provide us with guidelines on selecting an absorber
material used in single-junction solar cells. Earth-abundancy and non-toxicity of the

materials, as mentioned above, are not listed here.
L. Band gap between 1.0 and 1.5 eV

Detailed balance limit, developed by Shockley and Queisser, determines the ideal
band gap of a single-junction solar cell.® As seen in Figure 1.1 (a), photons with less
energy than the band gap cannot be collected. Therefore, an absorber with lower band
gaps can potentially offer higher current output. However, the band gap is also strongly
related to the maximum output voltage. Figure 1.2 illustrates the causes for the Shockley-
Queisser limit. The black height is energy that can be extracted as useful electrical power.

It can be seen that the region between 1.0 eV to 1.5 eV is optimal for single-junction PV
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Figure 1.2 The Shockley-Queisser limit for the maximum possible efficiency of a solar cell
(black), and the inevitable losses that limit it (other colors). Source: Wikipedia.

materials. Direct band gap materials (e.g. CIGS, CdTe) usually possess very high

absorption coefficient. Thus, the amount of material required to use in a solar cell is

small. However, this does not preclude indirect band gap semiconductors, if absorption is

high.

The reported band gap of tin monosulfide (SnS) is strongly dependent on the
deposition method people use. The indirect band gap ranges from 0.9 to 1.2 eV,”!* and
the direct band gap ranges from 1.3 to 2.0 eV.!!"!* SnS prepared by atomic layer
deposition (ALD) has an indirect band gap of 1.1 eV and a direct band gap of 1.3 eV,
which is same with silicon.!>!® With the 1.1 eV indirect gap, SnS offers a Shockley-

Quisser efficiency limit of 31%.
II.  Absorption coefficient above 10* cm™!

Generally speaking, materials with a direct band gap (e.g. CIGS, CdTe) have high

absorption coefficient. This ensures that only a few microns of material are required to



make a solar cell. Although SnS has an indirect band gap, the reported absorption
coefficient of it above the direct band gap is always higher than 10* cm™.!2!4!5 Using
Beer-Lambert’s Law, with a = 10*cm’!, we can absorb 90% of incident light above 1.3

eV with only approximately 1 pm of material.
III. High minority carrier diffusion length

Minority carrier diffusion length (L) is defined as:

L=+Dt = ukB—TT
q
where D is the diffusivity of minority carriers, t is the minority carrier lifetime, p is the
mobility of minority carrier, kg is the Boltzman constant, T is temperature in Kelvin and
q is the charge of particles in Joules. Therefore, the key to achieve a high diffusion length
is to improve the pt product. This ensures that the photon-generated carriers can be

collected efficiently at the terminals.

Unfortunately, neither p nor T can be measured easily. Majority carrier mobility,
as measured by the Hall effect measurements, might be used in place of minority carrier
mobility for a rough estimate. In SnS, minority carriers are supposed to have a higher
mobility than majority carriers, as we learned from the calculated curvature of valence
and conduction band edges.!” What makes the problem more complex is that due to the
high anisotropy of SnS, carrier mobilities are very different along different directions.
The crystal structure of SnS will be shown in Section 2.1.1. Estimation of minority
carrier lifetime is even more difficult. Jaramillo et al. have managed to obtain this value

by using optical-pump, THz-probe transient photoconductivity (TPC) measurements. '8



IV. Simple phase and composition

Last but not least, the absorber material should have a simple phase and
composition. A single element semiconductor, or a binary phase material, is desired. This
is because ternary and quaternary compounds, such as copper indium gallium selenide
(CIGS) and copper zinc tin sulfide (CZTS), usually have a number of binary and ternary
phases. These phases can be detrimental to solar cell performance, because they could

have different electrical, optical and structural properties.'*%3

All in all, SnS has proved to possess most of the desired properties as an absorber
material. As an earth-abundant, non-toxic material, it has an indirect band gap of 1.1 eV,
a strong absorption coefficient (> 10* cm™) above direct transition edge, and is a simple

binary compound.

1.4 This thesis

The path toward high-efficiency SnS photovoltaic devices demands not only
desired material properties in each layer, but also an optimized device stack. This thesis
aims to investigate the potentials of improving SnS PV device performance in both ways.
Chapter 2 introduces recent development in SnS solar cells made by ALD. The
performance of a typical SnS solar cell is also studied. The following two chapters seek
to explore the influence of two critical interfaces in a SnS solar cell — the metal/SnS and
SnS/buffer interfaces. Chapter 3 offers an estimation of series resistance losses at
Mo/SnS contact. Chapter 4 analyzes the role of conduction band offset, buffer layer
electron concentration and interface passivation on device performance. The last two

chapters provide a route to adjust the properties of SnS by alloying. Chapter 5 focuses on



the deposition and compositional study of (Sn,Ca)S alloys Chapter 6 summarizes the

structural, electrical and optical properties of (Sn,Ca)S thin films.
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Chapter 2

SnS solar cells made by atomic layer deposition

As discussed in section 1.3, SnS possesses most of the criteria of an ideal absorber
material. However, the conversion efficiency of SnS solar cells have not been improved
significantly over the past few decades. Over the past four years, we have managed to
improve the efficiency from around 2% to 4.36% through a number of strategies. In this
chapter, the structure of SnS based solar cells is introduced. The functions and desired
properties of each layer are briefly discussed. One focus of this chapter is on the atomic
layer deposition (ALD) of SnS, which offers excellent stoichiometry control. In the last
part, current voltage characteristics of a SnS solar cell is studied. By curve fitting, the

device parameters are determined.

2.1 SnS solar cells overview

2.1.1 An introduction to SnS-based solar cells development

As discussed in Section 1.3, SnS is a promising alternative to commercially
available thin-film PV materials. Both Sn and S are within the Earth-abundance range

necessary for scaling to terawatt-level PV deployment. Also, SnS is a non-toxic

10



materials, which makes it safe to manufacture and easy to recycle. In addition, recent
studies' have shown that SnS solar cells are chemically stable under air and moisture

exposure, and have shown little degradation in performance within weeks’ time scale.

SnS has an orthorhombic crystal structure corresponding to the pnma space
group.® A unit cell of SnS, as shown in Fig. 2.1, comprises of double layers stacked with
each other under a weak van der Waals force along a-axis direction. It has native p-type
conduction due to the small enthalpy of the formation of tin vacancies, which generate

shallow acceptors.*

Unit cell

a=11.20,b=3.99,c=4.33A

Figure 2.1 3D crystal model of the orthorhombic SnS unit cell and a 2D projection of the
c-axis direction. Graphs taken from Julien Vidal, Stephan Lany, Mayeul d’Avezac, Alex
Zunger, Andriy Zakutayev, Jason Francis, and Janet Tate, Applied Physics Letters 100
(3), 032104 (2012).

SnS thin films have been prepared by different approaches. These include

physical vapor deposition (PVD) techniques, such as sputtering,” thermal evaporation'®-

14,15

13 and others;!*!% and chemical vapor deposition (CVD) methods, such as chemical bath

16-19 20,21 22,23 :

deposition, atomic layer deposition, electrochemical deposition, > ionic layer

24,25

adsorption and reaction,** and spray pyrolysis method.?*?® Due to the existence of
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multiple binary compounds between Sn and S, including SnS, SnS», Sn,S3, Sn3S4 and

Sn4Ss,? controlling of stoichiometry of tin monosulfide thin films has been difficult.>*-?

Various buffer layers have been paired with SnS to make solar cell devices,
including SnS»,** CdO,** Cd2Sn04,%° CdS,****#! Cd;-ZnsS,* Zn0,*** Ti0,,* PbS,* and
a-Si.*> Among them, CdS achieved the highest efficiency of 1.3%, with SnS prepared by
spray pyrolysis.2® Prior to our work, solar cells made from other buffer layers suffer from
low short-circuit current density (Jsc < 1.5 mA/cm?). This may be attributed to an
unfavorable conduction band offset (CBO) and high interface recombination velocity at
the interface between SnS and buffer layers. Theories suggest that a small positive CBO

in the range of 0 eV to 0.4 eV is the optimum band alignment.
2.1.2 Structure of SnS solar cells made by ALD

A typical SnS solar cell made in our lab has the structure as shown in Figure 2.2.
A 500 nm-thick SnS absorber is grown on top of a Mo growth substrate. The Mo film is
deposited by DC magnetron sputtering on a SiO»/S1 substrate. There are two layers of
sputtered Mo, one for adhesion to the Si0O; substrate and one for high conductivity,
according to results published by Scofield et al.*® The deposition and annealing of SnS

will be discussed in the following sections.

Before depositing buffer layers, we oxidize the SnS surface through different
strategies so that a SnO; layer of 0.6 — 0.7 nm is formed.! SnO; formed by ALD is the
most robust option, in which cyclic amide of tin [(1,3-bis(1,1-dimethylethyl)-4,5-dimethyl-
(4R,5R)-1,3,2-diazastannolidin-2-ylidene)Sn(II)] and hydrogen peroxide (H>O.) are used as the

precursors. The formation of SnO, by UV ozone treatment is to be discussed in section 4.4.3.

12



Ag P Window layer
ITO
35 nm ZnO
Buffer layers
18 nm Zn(0,S):N

<«— Absorber

28| «— Rear contact

Si/Sio,

Figure 2.2 Schematic diagram of a SnS-based solar cell. Dimensions are not to scale.

Nitrogen doped Zn(O,S) and ZnO are prepared by ALD at 120 °C from the reaction of
diethylzinc (Zn(C>Hs),, DEZ), deionized water (H,O), 4% H.S in N> and ammonia (NH3).
Nitrogen-doped Zn(0O,S) is deposited using a cycle sequence of [DEZ-H,O-DEZ-NH3]14-[DEZ-
H,S]1, and the super-cycle is repeated 12 times. The exposure of ammonia is 11 Torr second. The
S/Zn ratio in the film is 0.14, as measured by Rutherford backscattering spectroscopy.! A detailed
study of effect of S/Zn ratio and nitrogen doping level on solar cell performance will be discussed
in Chapter 4. An undoped ZnO layer (sometimes also called high resistive window, or HRW) is
deposited with 50 ALD cycles of DEZ-H,O. The purpose of this layer is to protect the underlying
layers from being damaged subsequent RF sputtering of ITO. The thickness of Zn(O,S):N and
ZnO films are 36 nm and 18 nm respectively, as measured by X-ray reflectivity (XRR). The
indium tin oxide (ITO) window layer is deposited by reactive magnetron sputtering. The typical
thickness of ITO is 240 nm, and the sheet resistance lies in the range of 40 — 60 €/sq. Silver (Ag)
fingers, which have a thickness of 500 nm, are prepared by e-beam evaporation to collect current

from the front surface. Figure 2.3 illustrates the geometry of our SnS solar cells. On each

13



1’” x 1”7 square substrate, there are eleven devices. For clarity, only the ITO of bottom
left device is outlined. The photograph at right shows one of our real devices.? The Mo

rear contact is exposed by scratching.

2.2 SnS as the absorber layer

2.2.1 Atomic layer deposition of SnS

A home-built ALD deposition system is used to deposit SnS. It consists of a hot-
wall deposition tube, two ovens used to store precursor, gas deliver and control system,
temperature controlling system and a rotary vane mechanical vacuum pump. SnS thin
films are grown from the reaction of bis(N,N’-diisopropylacetamidinato)-tin(II)
[Sn(MeC(N-iPr),),, referred to here as Sn(A-amd):] and hydrogen sulfide (H2S) at
200 °C. Sn(A-amd); precursor is kept at a constant temperature of 95°C. Pure N gas is
used to assist the delivery of Sn(A-amd); vapor from the container in oven to the

deposition zone. During each ALD cycle, three doses of Sn(A-amd), precursor supplied a

contact pad TCO pad for reflectivity
2
1x1 mm measurements

fingers | ' | Il
25 um wide | T

TCO footprint & 2

2.75 x 8.95 mm? U EJ U
) 8]

I 1 N I I |

— 10mm

Figure 2.3 Geometries for the metallization patterns of SnS solar cells. On the right is a
sample photograph.
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total exposure of 1.1 Torr second. A gas mixture of 4% H>S in N> is used as the sulfur
source. The exposure to the hydrogen sulfide vapor is 1.5 Torr second per dose. In order
to accelerate the ALD of SnS, the duration of purging/pumping is shortened. In other
words, Sn(A-amd), and H»S precursors are not completely removed in the short pumping

time. The growth rate of SnS film is 0.33 A/cycle, or 0.04 A/s.

2.2.2 Annealing of SnS

The purpose of the annealing step is to optimize the morphology, crystallinity,
and electrical properties of the SnS films. It can reduce recombination by promoting grain
growth and thereby reducing the number of grain boundaries that can catalyze
recombination.*’ Theoretical calculation reveals that sulfur vacancies (Vs) create defect
states near the middle of band gap.*® Annealing is carried out in the same system used for
ALD growth. The SnS film is heated to a temperature of 400 °C and maintained at that
temperature for 1 hour. An H>S gas environment is used to anneal the film to prevent
desulfurization and to promote grain growth. Unlike SnS film deposition, the source of

H>S for annealing is pure gas (99.9% H>S). The flow rate of H>S gas and pressure inside

As-deposited il Prolonged high-T anneal

= e

Figure 2.4 Top-view (top) and cross-sectional (bottom) SEM of SnS thin films with no
annealing, standard annealing and prolonged (90 minutes) high-temperature (450 °C)
annealing. Scale bar is 500 nm.
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the chamber are maintained at 40 sccm and 10 Torr. HaS gas is kept flowing for the
whole process, including temperature ramping up and down. Figure 2.4 and Table 2.1
show the effect of annealing on morphology and electrical properties. The improved hole
mobility results from enlarged grains, which therefore induces less grain-boundary
scattering. It is also shown that prolonged annealing for 90 minutes, at an elevated
temperature of 450 °C does not further improve hole mobility. A detailed study of

annealing of SnS can be found elsewhere.*’

Time | Temp. | Resistivity Mobility . 3
Sample (min] | [°C] [Q-cm] [ cm?/Vs] Hole density [cm™]
As-deposit No annealing | 246.1+4.7 | 63=0.1 | (4.03+0.04)x 10"
Standard 60 | 400 | 42.0£0.7 | 13303 | (3.40=0.03)x 10
annealing
Prolonged high-T | 5 | 450 | 220102 | 83200 | (1.120.04) x 10
annealing

Table 2.1 Electrical properties of as-deposited and annealed SnS films with two annealing
conditions.

2.3 Current-voltage characteristics of SnS solar cells

2.3.1 Solar cell equivalent circuit

Current-voltage (J-V) measurement is a key characterization method of thin film
solar cells.*® This is because J-V measurement can not only reveal the efficiency of a
solar cell, but also provide much information about other parameters like series resistance
(Rs), shunt resistance (Rsh), ideality factor (n), leakage current density (Jo), short-circuit

current density (Jsc) and open-circuit voltage (Voc). The methods discussed in this
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Figure 2.5 Solar cell equivalent circuit model with two diodes. Rs and Rp represent series
and shunt resistance respectively.

section may apply to all the J-V measurements of SnS solar cells. Information
extrapolated from this method can help us understand loss mechanisms in a working solar

cell device.

The thermodynamic argumentation gives a J-V curve of the form:>°

qV

J=Jo [exp (m) - 1] —Jsc
where kT/q 1s the thermal voltage. For p-n junction solar cells, there are typically two
voltage ranges with different ideality factors n. In the low voltage range, recombination is
dominated by space-charge region, and ideality factor is close to but smaller than 2. In
the high voltage range, recombination is dominated by defect recombination in the bulk
or surfaces of absorber away from space-charge region, and ideality factor is close to 1.
For this reason, a two-diode model can better depict a solar cell device. Taking resistive

losses into account, we have:
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An equivalent circuit of a solar cell with two diodes can be depicted in Figure 2.5.

Here Ipn = Isc is the photo-generated current.

4.63 0.39

22.6

0.53

Table 2.2 Device parameters of a typical SnS solar cell as described in section 2.1.2. SnO>

layer is formed by ALD SnOs.
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Figure 2.6 Light and dark JV curves for the SnS solar cell. The solid lines are measured
under AM 1.5 illumination, and the dashed lines are measured in dark. The left figure are
plotted in linear scale. The y-axis in the right figure is in log scale.

2.3.2 Demystifying J-V measurements: a case study of SnS solar cells

In this part, the current-voltage characteristics of a SnS photovoltaic device are

analyzed. All of the parameters in a solar cell equation are estimated through a series of

extrapolating and curve-fitting methods. The fabrication of this device follows the steps
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described in section 2.1.2, with a SnO» layer deposited by ALD. Table 2.2 presents some
of the parameters that can be easily extrapolated from the light JV curve. Fill factor (FF)
is defined as the ratio of maximum power output (in W/cm?) over the product of Voc and
Jsc. Figure 2.6 shows the light (solid) and dark (dashed) J-V curves of this device, plotted
in linear and semi-log scale. The light J-V measurement is performed by two-point probe
measurements (Agilent 4156C and Keithley 2400 sourcemeter) with standard 100
mW/cm? AM 1.5 illumination. The standard 1-sun illumination was generated by a
Newport Oriel 91194 solar simulator with a 1600W ozone-free Xe-lamp with an
AM1.5G filter and a Newport Oriel 6895 flux controller calibrated by an NREL-certified

Si reference cell equipped with a BG-39 window.

We start to solve the double diode equation for this device by roughly estimating
the series and shunt resistance of the solar cell. They can be estimated from the slope of
light J-V curve near the Voc and Jsc point respectively.®! In this case, we have Rs = 4.67

Q-cm?, and R, = 186 Q-cm?.

Curve fitting of the measured light J-V curve is achieved by using the Nonlinear
Least Squares (curve fitting) function in Matlab, as presented in Figure 2.7. The fitted
curve (dashed green line in Figure 2.7) matches the measured data very well. The fitted
parameters are summarized in Table 2.3. The reasons for diode parameters n exceeding
the limiting value for Shockley-Read-Hall (SRH) recombination of 2 are discussed
elsewhere.>? Ideality factor is a powerful tool to examine the recombination in a device.
Hence, the protocol used to obtain these device parameters will be of great use in the

study of SnS solar cells.
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Table 2.3 Device parameters in the double diode equation obtained from curve fitting.
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Figure 2.7 Measured and simulated J-V characteristics of the device.
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Chapter 3

Metal-SnS interface

We measured the contact resistivity between tin(II) sulfide (SnS) thin films and
three different metals (Au, Mo, and Ti) using a transmission line method (TLM). The
contact resistance increases in the order Au < Mo < Ti. The contact resistances for Au
and Mo are low enough so that they do not significantly decrease the efficiency of solar
cells based on SnS as an absorber. On the other hand, the contact resistance of Ti to SnS
is sufficiently high that it would decrease the efficiency of a SnS solar cell using Ti as a
back contact metal. We further estimate the barrier heights of the junctions between these
metals and tin sulfide using temperature-dependent TLM measurements. The barrier
heights of these three metals lie in a narrow range of 0.23 — 0.26 eV, despite their large
differences in work function. This Fermi level pinning effect is consistent with the large
dielectric constant of SnS, and comparable to Fermi-level pinning on Si. The contact
resistivity between annealed SnS films and Mo substrates under light illumination is as

low as 0.1 Q cm?.
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3.1 Motivation

The impact of series resistance on solar cell performance can be critical.
Mathematically, the power loss due to series resistance equals to the product of total
series resistance and square of current. Figure 3.1 shows a plot of SnS solar cell
efficiency as a function of total series resistance. From the slope of light J-V curve close
to the open-circuit voltage point, the series resistance is estimated to be 1-3 Q=cm?.
Within this range, the efficiency loss caused by series resistance on a present day’s SnS
device is less obvious. However, as the overall performance of solar cell devices going up
in the future, the influence will become more and more dramatic. Therefore, it is

necessary for us to minimize this number in every possible way.

There are a number of components that could contribute to the total series
resistance of a thin film solar cell, including bulk resistance within the absorber material,
sheet resistance of transparent conducting oxide, contact resistance between metal and
absorber, resistance of metal fingers, etc. Since there is no previous study about the

25

advanced devices

n
o
T

w
T

Total series
resistance on

today’s devices  presentday
devices

Efficiency (%)

o

10° 10!
Series resistance (Sz*cmz)

Figure 3.1 Simulated SnS solar cell efficiency as a function of series resistance.
Simulation was done by Dr. Mangan at MIT, using SCAPS-1D model.

27



Mo/SnS interface, it is unclear how much of the measured total resistance are contributed
by this part. It would also be interesting to know whether there is any other candidate that
could potentially replace Mo as the back contact, with a lower contact resistance. Another
goal of this chapter is to better understand the carrier transport mechanism between SnS
and several metals by carrying out temperature-dependent contact resistivity

measurement.

Gold (Au), with its high work function, would be expected to provide low-
resistance contact to p-type semiconductors, such as SnS. In addition, Au is highly
reflective in the infrared, so as a back contact it should reflect transmitted photons back
through the absorber for a second chance to be absorbed. Thus thinner absorber layers
could be used with Au back contacts. However, Au is a rapid diffuser during annealing,

so it is not suitable as a back contact for cells grown on a Au back contact as a substrate.

Molybdenum (Mo) has a moderate, but not high, work function, between 4.36 and
4.95 eV.! Nevertheless, Mo forms fairly low-resistance interfaces with p-type absorber
materials and has a low electrical resistivity of 5.3 x 10° Q ¢cm at 300 K.? Mo is the most
common choice of back contact metal for a wide range of thin film solar cells, including
cadmium telluride (CdTe), copper indium gallium sulfide selenide (CIGS), copper zinc tin
sulfide selenide (CZTS) and tin sulfide (SnS) solar cells.> Because of its high melting point
and strong metal bonding, Mo may not diffuse into other layers of solar cells even during
annealing at elevated temperatures.* This property means that Mo as a back contact
material is compatible with either superstrate or substrate configurations. Furthermore,

sputtering Mo under a certain condition achieves strong adhesion to substrates such as glass
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or silica, followed by sputtering under other conditions to form a low resistivity contact

metal (as a layer that contacts the absorber).’

Titanium (T1) is commonly used as a contact to silicon semiconductors, to which it
provides strong adhesion. However, Ti has a low work function, so that it might be
expected to have a high contact resistance with p-type semiconductors such as SnS.
Nevertheless, such simple predictions do not take into account pinning by interfacial states

and reactions at the interface, so Ti was included in our study of contact resistance.

N}
3
3

200 pm

[ JoJoloXoJoXoJXo)

Figure 3.2 Cross-sectional schematic diagram of (a) superstrate and (b) substrate test
structures (not to scale). Yellow parts refer to 100 nm thick metal patterns; grey parts are
SnS material (500 nm thick); blue parts are thermal oxide substrates. (¢) Top-view of
substrate-based structure. A rectangular window is etched on grey SnS part to enable
probing the linear metal lines. Only linear TLM pattern is applied in this configuration
(not to scale). (d) Linear (top) and circular (bottom) TLM patterns used in the superstrate
test structure. (e) Linear TLM patterns used in substrate test structure.
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3.2 Transmission line method test structure design

Contact resistivities between SnS and the metals Mo, Au and Ti were

systematically investigated using the transmission line method (TLM). TLM patterns

0.125

were fabricated in two configurations: “superstrate” cells with metal contacts grown on

top of the SnS film (Figure. 3.2a) or “substrate” cells with SnS grown on top of the metal

back contact (Figure. 3.2b). To model the contacts in a superstrate cell, blanket SnS films

500 nm thick were grown on SiOz substrates, and 100 nm thick metal contact patterns of

both linear TLM (LTLM) and circular TLM patterns (CTLM) were deposited on top

using electron beam evaporation, as in Figure 3.2d. The fabrication process of this

structure is similar to the way in which superstrate solar cells are made.
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Using the superstrate configuration, we obtained the contact resistance (Rc) and
sheet resistance (Rsn) of SnS by plotting Riotal vs. d (LTLM), or Riotal vs. In(R/r)/ 2z (CTLM),

as shown in Figure 3.3. For LTLM%”:

Ry = Ry, (&) + 200

w w ’

where R, is the total resistance, d is the gap width between adjacent contacts (from 5 um
to 50 pum, with a step of 5 pm), p, is specific contact resistivity in Q-cm?, and W is the
width of contacts, equal to 50 um. The sheet resistance of the SnS is proportional to the
slope of the line, while contact resistivity is found from the intercept of the line with the y

axis.

For CTLMS®:

2T R r

R
&=&%%ﬂ+ﬁﬂﬂG+%’

where r and R denote the radii of the central dot (50 um) and the outer ring (from 55 pm
to 100 um, with a step of 5 um), respectively. Rsnh and pc are obtained from non-linear least-

squares fitting of this equation.

In order to understand better the contact potential barrier and carrier transport
mechanism at the metal-on-SnS junction, temperature-dependent current-voltage (I-V)
measurement of the CTLM patterns were also carried out in the range of 225-425 K. The

barrier heights (@5) between the p-type SnS and different metals were estimated by fitting
the contact resistivity values to the equation: p, = poexp(%), where p, is treated as a
¢ 14

constan
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The substrate structure, in which the SnS films were grown on top of the metal
TLM patterns, followed the same fabrication approach in which our current SnS-based
solar cells are grown on a back metal contact of molybdenum.® The linear TLM patterns
used are similar to those in the superstrate structure. The width of the contact (/) is 1 mm,
and the gaps between adjacent contacts (d) are 20 um, 40 pm, 60 pm, 80 pum, 100 um, 200
um and 300 um (Figure 3.3e). After metal patterns were electron beam evaporated onto
Si0,, a 500 nm SnS film was grown on top. It should be noted that due to inevitable air
exposure of the metals between processing steps, a thin metal oxide layer likely exists at
the Ti/SnS and Mo/SnS interfaces. To contact these metal pads electrically, the film was
patterned with photolithography and etched in a dilute HCI solution; see Figure 3.2c. After

an initial current-voltage measurement of these samples, they were annealed at 400 °C in

an HzS (10 Torr, 99.5% in N3) environment for 1 hour.”!° The same measurement was
repeated both in the dark and under 100 mW c¢cm™ AM 1.5 illumination through the SnS

layer.
3.3 Test results for superstrate configuration

1I-V measurements showed that Au, Mo and Ti formed ohmic contacts with SnS,
which is consistent with earlier findings.!! The results of sheet resistance and contact
resistivity measurements are summarized in Table 1. Both CTLM and LTLM yield similar
trends, indicating the robustness of both methods. Au has the lowest specific contact
resistivity among all the metals investigated, and Mo is only slightly higher than Au. The
specific contact resistivity of Ti with SnS is one order of magnitude higher than Au or Mo,

making it less preferable as a back contact metal in SnS-based solar cells. Contact
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resistivity values measured by the CTLM are generally lower than those measured by the
LTLM. This discrepancy could be caused by the edge current present in the LTLM methods,

which error is eliminated in the CTLM.'?

Metal @ (eV) Method Ry, (Q/sq) pc (Q-cm?) Og (eV)

Superstrate configuration

Au CTLM | (6.66+0.08)x 10° | 0.057+0.018
5.1-5.47 0.23
LTLM | (63140.13)x 10° | 0.073 +0.042

CTLM | (7.09 % 0.08) x 106 0.09 + 0.02
Mo | 4.36-4.95 0.24
LTLM | (7.13 +0.05) x 10° 0.18 +0.02

CTLM | (6.03+0.19) x 10° 0.57 +0.12
Ti 433 0.26
LTLM | (5.850.05)x 10° 0.61 +0.05

Substrate configuration

Au 5.1-5.47 LTLM (3.86 £ 0.03) x 10° 0.22 £0.05

Mo 4.36-4.95 LTLM (1.01 £0.01) x 107 0.87+0.23 N/A

Ti 4.33 LTLM (8.94 £ 0.03) x 10° 2.7+0.24

Table 3.1 Comparison of metal work function, SnS sheet resistance and specific contact
resistivities of various metals on SnS determined by CTLM and LTLM methods in both
superstrate and substrate configuration.

As expected, the low contact resistivity of Au can be explained by its high work
function in the range of 5.1-5.47 eV,! and its ability to dope SnS p-type. However, Mo also
has a low contact resistance similar to Au, but this low value cannot be explained by the
same two factors as for Au. The work function of Mo is between 4.36 and 4.95 eV,! which
is not as high as that of SnS, between 4.9-5.8 eV.!* A more likely explanation for the low

contact resistance of Mo with SnS is that Mo reacts with sulfur from the SnS to form a

MoS; interlayer, which does have a high work function that favors low resistance,'* ohmic
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contact with SnS. Ti has a low work function, around 4.33 eV,! which can explain its

relatively high contact resistance with SnS.

Figure 3.4 plots the specific contact resistivity as a function of temperature. For
temperatures measured above 225 K, pc exhibits an Arrhenius-type dependence on
temperature. This indicates that the dominating conduction mechanism is thermionic
emission (TE).!" In this regime, pc increases as temperature decreases and fewer electrons

possess sufficient thermal energy to overcome the Schottky barrier at the metal/SnS
interface. Using p. = pyexp (C%B), we can calculate the predicted barrier height (@) from

the slope of specific contact resistivities versus 1/T.1* The barrier heights between the p-
type SnS and Au, Mo and Ti were estimated to be 0.23 eV, 0.24 eV and 0.26 eV
respectively, as presented in Figure 3.4 (b). The dependence of @5 on metal work function

(®Dm) 1s very weak; the slope S = -A®Pp/ADy, is only 0.03. This small S value indicates a
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Figure 3.4 (a) Specific contact resistivity in the temperature range of 225 K — 425 K
plotted on a semi-log scale. Dashed lines represent the fits for each metal. (b) Measured
barrier height as a function of metal work function. Inset: schematic band diagram
showing the Fermi level pinning effects.
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strong Fermi level pinning effect (see Figure 4.4 (b), inset), which is even smaller than that

reported for Si in the literature.”-'®

Fermi level pinning effects have been described by a variety of models, including
the presence of intrinsic surface states, and metal-induced gap states (MIGS). In the layered
crystal structure of SnS, the layer planes are held together by van der Waals forces. A free
layer plane surface is expected to be chemically inert, with few surface states,'” therefore
suggesting that intrinsic surface states may not be responsible for this pinning. However,
recent band offset measurements on SnS suggest that Fermi level pinning may be a major

limitation to the efficiency.!'®

In the MIGS model (and related models), the pinning parameter, or slope S was
found to be correlated with the electronic part of the dielectric constant, &», of the

semiconductor: !’
(1/S — 1) =0.1(g,, — 1)2. (3)

In SnS, &» has been found to vary as a function of crystallographic orientation,
between 11.85 and 14.02.2° This large &» would imply an S value of 0.05-0.08, which is
not too far from the value, 0.03, obtained in our experiments. This suggests that the high
degree of pinning at the metal/SnS interface may be connected to its high charge

screening, due to its high dielectric constant.
3.4 Test results for substrate configuration

The results for superstrate configuration provide much information about the

specific contact resistivity and carrier transport mechanism between different metals and
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Figure 3.5 Cross-sectional SEM image of SnS on Mo/SiO; (left half) and on bare SiO»
(right half) substrate. It shows that SnS is deposited conformally on the edge of metal
pattern fabricated in the substrate-based strategy. Scale bar is 500 nm.

SnS. Nevertheless, it is not necessarily representative of the back contact resistance in
substrate configuration SnS solar cells, in which the metal contact is deposited first. To
simulate the substrate case, LTLM metal lines were deposited on SiO; substrates and then
blanket SnS films were grown by ALD. The substrate configuration can better simulate
substrate-based SnS solar cell devices in three ways. First, current SnS solar cells require
a post-deposition annealing process in an H»S environment to promote grain growth.!® In
the superstrate configuration, with metal patterns covering the surface of SnS, gas
environment of the annealing step is changed. Second, considering its highly-anisotropic
nature,?! SnS deposited on a SiO; substrate may have a different crystal orientation, and
thus different electrical properties, compared to the SnS in a substrate-based solar cells.
Third, with no metal features shadowing the SnS, it is possible to carry out /-V
measurements under illumination, therefore revealing the contribution of back contact

resistance to the total series resistance in an operating solar cell.
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By using ALD growth, SnS covered the metal contacts conformally, which can be
seen in the cross-sectional SEM image of SnS grown near the boundary of Mo and SiO»
(Figure 3.5). However, since nucleation of ALD SnS depends heavily on the substrate,
SnS films grown on different substrates have different crystal orientations, and thus
different electrical properties. Figure 3.6 shows the X-ray diffraction (XRD) spectra of
as-deposited and annealed SnS thin films on different substrates. These data show that
Mo and Ti substrates induce similar crystallite orientations of the SnS, but on Au

substrates SnS grows with quite different orientations of its crystallites.
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Figure 3.6 X-ray diffraction of SnS films grown on Mo (red), Au (blue) and Ti (green)
substrates. Solid lines are as-deposited SnS and dashed lines are annealed SnS.

Specific contact resistivity and sheet resistance of the as-deposited films are shown

in Table 1 and Figure 3.7 for comparison with those measured in superstrate configuration.
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The measured contact resistivity of Mo/SnS and Ti/SnS interfaces in the substrate
configuration are higher than those obtained from the superstrate configuration, possibly
because of the inevitable existence of a thin metal oxide layer. Another difference is that
the sheet resistance of SnS grown on linear Au patterns is only half of that on the other two
metals. This may be due to two effects. First, Au has a high diffusivity in many other
semiconductors, and may create acceptor states that increase the hole concentration of the
p-type SnS. Secondly, the film crystallite orientations on Au are different, and higher
conductivity in the SnS layer planes may result in a lower sheet resistance. This effect is

supported by XRD data of SnS on different metal substrates in Figure 3.6.

The pc of both Mo/SnS and Ti/SnS interfaces, and the sheet resistance of SnS,
dropped after annealing, as shown in Figure 3.7. This is because annealing increases both

the hole concentration and mobility of the SnS thin films, as can be seen from the Hall
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Figure 3.7. (a) Contact resistivity at the metal-SnS interfaces and (b) SnS sheet resistance
for as-deposited samples and H2S-annealed samples measured both in dark and under
AML.5 light illumination. The filled symbols are for the substrate configuration, while the
unfilled symbols for as-deposited samples represent values measured in the superstrate
configuration.
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measurement results of SnS before and after annealing (as shown in SI). Under illumination,
photogenerated carriers further bring down pc and Rsw. The specific contact resistivity of
Mo/SnS under light is as low as about 0.1 Q cm?, which contributes less than 10% of our
current solar cell series resistance’; that of Ti/SnS is 0.36 Q cm?. In the latter case, 0.36 Q
cm? can lead to a 0.1% absolute efficiency loss in current SnS solar cells with 4.4%
efficiency.'? This efficiency loss will scale up as devices become more efficient. The trend
for Au behaves differently than Mo and Ti, in which both p. and Rsy increase after annealing.

The reason for this difference requires further investigation.

3.5 Conclusions

In summary, the specific contact resistivities between Au, Mo and Ti and SnS were
investigated using TLM measurements. In a superstrate configuration, where the back
metal contact is deposited on the SnS, the specific contact resistivities of Au/SnS, Mo/SnS
and Ti/SnS interfaces are 0.06 Q-cm?, 0.1 Q-cm?, and 0.6 Q-cm?, respectively. The Au and
Mo back contacts have a satisfactorily low contact resistance for use in SnS solar cells.
However, Ti back contacts would degrade the performance because of their high contact
resistance with SnS. In the more commonly-used substrate configuration, the contact
resistivities are all somewhat higher than in the superstrate configuration. Temperature-
dependent TLM experiments demonstrated that the Fermi levels are strongly pinned, with
barrier heights only ranging from 0.23 eV to 0.26 eV for the 3 metals tested. In the substrate
structure, it was demonstrated that the contact resistance at the SnS/Mo and SnS/Ti
interfaces decreased significantly after annealing the SnS film in an H2S environment and

further decreased when measured under AM 1.5 illumination. The contact resistivity at the
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back contact of the Mo substrate-based SnS solar cell is as low as 0.1 Q-cm? under
illumination. The efficiencies of current SnS solar cells are not significantly decreased by
these contact resistances, although the effect would become more significant for cells with
higher efficiency. This work provides information that is important for designing both
substrate- and superstrate-based SnS solar cell devices. This approach also offers a
framework for evaluating the quality of metal contacts to other emerging semiconductor

materials.
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Chapter 4

Buffer Layer Optimization and Interface

Passivation

The heterojunction between absorber and buffer layer is the most critical interface
of a thin film solar cell. There are a number of parameters that play a key role in this
interface, including conduction band offset, buffer layer doping concentration and
interface recombination velocity. Conduction band offset (CBO) is defined as the
difference in the electron affinities between buffer layer and absorber. A positive CBO
refers to the case where conduction band minimum of buffer layer is higher than that of
absorber. An ideal buffer layer to pair with SnS should form a slightly positive CBO with
SnS (0.3 eV) in order to minimize interface recombination. Meanwhile, a buffer layer
with high electron concentration (10" cm?®), which hence leads to type inversion at the
heterojunction interface, would be beneficial as well. However, when fabricating a
substrate-based SnS solar cell devices, the cracks along grain boundaries in annealed SnS
films can potentially shunt the entire solar cell devices, especially when the buffer layer
is highly conductive. We experimentally tune CBO and doping concentration by

changing the O:S:N ratio in a nitrogen-doped zinc oxysulfide thin film. Apart from
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optimizing buffer layer properties through changing chemical composition of Zn(O,S):N
thin films, we also passivate this interface by SnS surface oxidation. A number of

strategies have been tried and compared in this chapter.

4.1 Introduction

To find the appropriate n-type materials for making optimized heterojunctions has
been one of the major challenges in making high-efficient thin film solar cells. A non-
ideal n-type material pairing leads to either current blocking, which limits short-circuit
current (Jsc), or high interface recombination currents, which limits open-circuit voltage
(Voc). For other materials in the chalcogenide family, such as CIGS and CdTe, the ideal

buffer layer should have the following features:**

Wide band gap: to minimize absorption;

Spike conduction band offset: to minimize interface recombination;

High carrier concentration: to minimize interface recombination;

Large valence band offset: to prevent holes going into buffer layers.

While these characteristics provide guidelines for designing buffer layer of SnS-
based solar cells, the co-optimization of band positions and carrier properties is still very
complicated. For one thing, a number of parameters at the heterojunction can interact
with each other; for another thing, the electronic properties of SnS can sometimes mask
certain improvements at absorber/buffer interface. Therefore, this chapter pairs
experimental work with simulational studies to help us better understand the

absorber/buffer interface.
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4.2 Design parameters for buffer layers — a simulational study

The work presented in this section are performed by Dr. Mangan from MIT, using
SCAPS 1-D software. SCAPS solves the drift-diffusion equations and Poisson’s equation
in a self-consistent strategy. The parameters of the SnS device stack are either measured
experimentally, or estimated to the best of our knowledge. Some of them are deviated
from those reported in previous literature.* Two scenarios are presented here: the first
scenario represents the present-day devices, with parameters being non-ideal and close to
what we have now; the second scenario shows the potential high-performance devices. In
the simulation, CBO and carrier concentration of buffer layer are varied from -0.6 to 0.3

eV and 10 to 10%° cm respectively for both scenarios.

Figure 4 (adapted from [5]) shows the simulation results for present-day (a) and
high-efficiency (b) devices. In Figure 4.1 (a), The dots and error bars indicate conduction
band offset, as measured by XPS, and buffer layer carrier concentrations, as measured by
resistivity, for Zn(O,S) buffer layers for S/Zn = 0.14, 0.26, 0.37, and 0.5. S/Zn = 0.14 is
shown with and without nitrogen doping. While S/Zn ratio changes the CBO, nitrogen
doping in Zn(0O,S) thin films can effectively bring down the electron concentration. In
this case, highest efficiency occurs at a slightly negative conduction band offset (-0.1 eV)
and low carrier concentration (<10'® cm™). At this carrier concentration level, current
blocking can significantly limit device performance at a positive CBO, while a more
negative CBO would result to higher interface recombination. As carrier concentration
going above 10'® cm™, the efficiency is moderate and does not change significantly as
CBO sweeping from -0.3 to 0.3 eV. In this region, effects of band alignment is masked

by bulk carrier lifetime. On the other hand, for the high-efficiency scenario, impact from
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conduction band offset and carrier concentration are separated from other loss
mechanisms, including bulk recombination, optical and recombination losses in the
buffer, window or contacting layers. The highest efficiency of 20% happens in regions A,
where a high buffer layer electron concentration ensures a strong type-conversion at the
heterojunction interface. The low hole concentration at the interface can minimize
interface recombination losses. In region D, numbers of electrons and holes at the
interface are comparable, i.e. Fermi level sits mid-gap, hence highest amount of
recombination takes place at the interface. Compared to E, region A has much higher
efficiency because the high buffer layer carrier concentration increases band bending,
which in turn allows unimpeded thermionic electron transport. Devices in region E

suffers from current blocking effects.
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Figure 4.1 Contact-layer performance space for Zn(O,S) buffer layers in present-day (a)
and high-efficiency (b) SnS devices: color map of simulated efficiency (color intensity)
of SnS device with varying conduction band offset between absorber and buffer layer (x-
axis) and varying buffer layer carrier concentration (y-axis). Figures are made by Dr.
Mangan.’
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4.3 Conduction band offset optimization for SnS/Zn(0O,S)

heterojunction

4.3.1 Conduction band offset measurement

The valence band offset (VBO) is estimated from X-ray photoelectron
spectroscopy (XPS, Surface Science, SSX-100) measurements of the valence band and
core-level photoemission from bulk-like samples of the two constituent materials and a

heterojunction sample forming the interface of interest.®® The overlayer is thin enough to
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Figure 4.2 Zn 2p (a) and Sn 3d (b) XPS core-level peaks for Zn(O,S):N and SnS in bulk
samples (blue/red lines), and in Zn(O,S):N on SnS stack samples (grey). (c) Valence
band edge of SnS and Zn(0O,S) samples. (d) Estimation of band gap of Zn(O,S):N. The
Zn(0O,S):N in these plots has a S/Zn ratio of 0.1.
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allow XPS core levels from the underlying material to be probed through finite escape

depth of the photoelectrons. For the SnS/Zn(0O,S) interface, VBO is calculated from:

— (Znos ZnoS snSs snS SnS/Znos snS/Znos
AE, = (EZan — Ejen ) — (ESan - VBM) + (E5n3d - EZan )

AEc = AEy + (E5™S — EZ"05)

where EZ5 is measured from the blue curve in Figure 4.2 (a); E5ps,; measured from red

EZTLOS ESTLS

curve in Figure 4.2 (b); EZ39° and ESES; measured from Figure 4.2 (c); Exro/?" and

Sn3d

E 25;135 C/lZnOS measured from grey curves in (a) and (b).

Conduction band offset is estimated by adding the difference in band gap of SnS
and Zn(O,S) to VBO. SnS (500 nm) and Zn(0O,S) (100 nm) were deposited on separate

quartz substrates for optical characterizations. Transmittance (T) and reflectance (R)
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Figure 4.3 Conduction band minimum (triangles) and valence band maximum (squares)
positions (left y-axis) of Zn(O,S) buffer layer systems. Black symbols and lines represent data
acquired from literature.! Orange symbols are experimental measurements. Error bars are
estimated from multiple measurements. They are 0.02 for S/Zn ratio and 0.2 for band energy
values. Two dashed grey lines show CBM and VBM positions for SnS. VBM of SnS is defined
as the baseline energy level. Secondary y-axis shows the electron concentration of Zn(O,S) with
(unfilled) and without (filled) nitrogen doping.
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spectra of SnS and Zn(O,S) were measured by UV-vis-NIR spectrophotometry (Hitachi
U-4100 UV-vis-NIR spectrophotometer). Film thickness was determined by cross-section
scanning electron microscopy (Carl Zeiss Ultra 55 FESEM). Absorption coefficients a
were obtained by relation a = 1/d In[(1 — R)/T], where d is the film thickness. Due to
its polycrystalline nature, SnS has a well-defined gap in the density of states distribution.
Crystalline direct and indirect band gaps can be determined from the plots of (ahv)?

)2 versus hv by linearly extrapolating to (a4v)? = 0, respectively.’ For

versus hv and (ahv
indirect band gap material, like Zn(0O,S), band gaps are identified from the plot of (ahv)'/?

versus hv based on the Tauc model (see Figure 4.2 (d)).}10-14

Figure 4.3 summarizes the results of band offset positions. In this graph, valence
band maximum position for SnS (ionization potential of 4.7 eV'%) is defined as the
reference energy level. The two grey dashed lines indicate the positions of VBM (0 eV)
and CBM (1.1 eV) of SnS. The black symbols and solid lines are the CBM (triangle-
shaped) and VBM (square-shaped) positions of Zn(O,S) films reported by Persson.!
Experimentally measured values are shown as orange symbols. An upward trend in CBM
and VBM is seen as more sulfur added into the ternary material. The band gap bowing

effect as observed by Persson is not obvious in our samples.
4.3.2 Electrical properties of Zn(O,S)

While tuning S/Zn ratio changes band structures, carrier transport properties are
also very different from ZnO, which is a conductor, to ZnS, which is an insulator. In
order to best simulate the buffer layers in SnS solar cells, Zn(O,S) and Zn(O,S):N thin

films with real thickness (35 — 40 nm) are used. Because of the high resistivities of these
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Figure 4.4 Hall effect measurement of Zn(O,S) (black) and Zn(O,S):N (red) thin films,

thin films, a Hall measurement system with rotary magnet is used.'® Experiments are

done by Dr. Oki Gunawan at IBM Thomas J. Watson Research Center. Experimental

details of buffer layer deposition are illustrated in Chapter 2. ZnO:ZnS deposition ratios

are set to be 7:1, 9:1 and 14:1, so that a CBO are close to zero. The resulting S/Zn ratio,
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with ZnO:ZnS dosing ratios being 7:1, 9:1 and 14:1. The S/Zn ratio of these samples are
0.38, 0.24 and 0.10. Experiments were carried out by Dr. Gunawan at IBM.

# of NH, doses

#of NH, doses

(a) R (b)
7 1E20
10} ) ] E ) T
£ = = < "
2 Ll & 1E19F
£ " |- . .
= L € ]
= o1 - ] g 1E18f .
2 ] 5
@ o [ ]
g 001 [ ] 3 = 1E17} 1
« g n
0,001 L L L L 1E16 L . L
0 4 8 12 18 w 0 4 8 12 18
# of NH, doses # of NH, doses
(© (d)
T + T v
108 |
340 3 _ -
= L] £ 104 .
N‘E‘m i . =100
s @ .
gzo L L] % 96 .
§ - E 92} n -
10F . i sl
0 4 8 12 16 0 2 4 6 8 10 12 14 16

Figure 4.5 (a) to (c) Electrical properties of Zn(O,S):N thin films with different number of
ammonia dose in each cycle, as calculated by Hall measurement. (d) Film thickness of

Zn(0O,S):N thin films. Each sample has 36 super cycles, and each super cycle has 14 cycles of
Zn0 and 1 cycle of ZnS. The number of ammonia dose in each super cycle vary from 0 to 14.
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as measured by XPS, of these three samples are 0.37, 0.24 and 0.10 respectively. Doping
Zn(0,S) with nitrogen does not change the S/Zn ratio of the films. The amount of
nitrogen is below the detection limit of XPS. Figure 4.4 summarizes the resistivities,
carrier concentration and carrier mobility of these samples. Resistivities drop as S/Zn
decreases from 0.38 to 0.10, which is a result of increase in carrier concentration.
Mobility of samples with S/Zn of 0.24 (ZnO:ZnS = 9:1) is almost an order of magnitude

higher than other samples.

By varying the number of ammonia doses in each super cycle of Zn(O,S):N
deposition, the resistivity can be tuned continuously. As illustrated in Figure 4.5, in the
ALD of Zn(0O,S) with ZnO/ZnS dosing ratio 14:1, by changing the number of NH3 from
0 to 14, resistivity increases from 0.01 Q-cm to 5 Q-cm. This comes mainly from a
dramatic decrease in electron concentration. Meanwhile, by fixing the number of super
cycles, we see a slight increase in growth rate, and hence film thickness. The thickness is

estimated by X-ray reflectivity measurement.
4.3.3 Improved solar cell devices by buffer layer optimization

Section 4.3.1 and 4.3.2 have demonstrated that we are capable of controlling
conduction band offset and electron carrier concentration of ALD-grown Zn(O,S):N
buffer layers in quite a wide range. Based on the current-device scenario studied in
Figure 4.1 (a), we carried out experiments to further improve solar cell performance. As

17-19

reported previously, world-record SnS solar cell devices were made with nitrogen-

doped buffer layer of S/Zn = 0.10. In the ALD of that buffer layer, the numbers of H>O,

H>S and NHj3 doses in each super-cycle were 14, 1 and 14 respectively. Each of those
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hydride dose followed one dose of diethylzinc [Zn(C>Hs):], as explained in Chapter 2.
Referring to Figure 4.1 (a), this S/Zn ratio would result to a conduction band offset of -

0.18 to -0.58 eV.

In order to minimize interface recombination, a slightly negative or flat CBO is
preferred. This brought buffer layers with S/Zn = 0.23 into our attention. This ratio
corresponded to a H>O:H»S dosing ratio of 9:1. At this ratio, undoped Zn(O,S) has a
carrier concentration of over 10'” cm™, which is too high to pair with our SnS. Therefore,
nitrogen was added to the buffer layer to bring down carrier concentration. However, we
found that too much nitrogen dopant would also degrade the solar cell performance,
mainly because of increased series resistance. This disagreed with previous simulation
study, which claimed that device performed best when buffer layer doping concentration
is in the range of 10'* to 10'¢ cm™.>2° This discrepancy may come from one of the
following reasons: 1) resistivity measurement of the buffer layer was not accurate
enough, due to the small thickness and highly amorphous nature of the films; 2) In the
simulation study, most parameters are estimated based on measurements in dark
environment, which are very different from the values under illumination. Light soaking
effect of buffer layer and absorber is not well understood so far. Therefore, we used two
levels of nitrogen doping, with the number of ammonia dose in each super-cycle being 8
and 4 respectively. Since the amount of N incorporated in the film is below the detection

limit of XPS, we simply refer them as heavily-doped and lightly-doped buffer layers.

Figure 4.6 and Table 4.1 shows the light J-V characteristics and device parameters
of three SnS solar cells. While all other parts of the solar cell are identical, the buffer

layers have different compositions. The black curve follows almost same fabrication
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procedure as described in previous reports.!” Since all three samples are fabricated out of
same batch of SnS, the standard device is used as a baseline in this study. The heavily-
doped (blue) Zn(O,S):N (S/Zn = 0.23) has a much higher Voc than standard device.
However, the poor fill factor (< 40%) leads to an efficiency of only 3%. It is obvious that
the J-V curve of this sample has a much larger slope at open-circuit point than the other
two, which indicates a higher series resistance. This is probably due to the high resistivity
of buffer layer. The lightly-doped buffer layer with S/Zn = 0.23, on the other hand, is
0.35% (absolute) more efficient than the standard device. The improvement in both Voc
and Jsc may result from better conduction band alignment and minimized interface

recombination.
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Figure 4.6 Light current-voltage characteristics of Mo/SnS/Zn(0O,S):N/ZnO/ITO devices
with different buffer layer dosing ratio. The legend shows the dosing ratio of H2O, H2S
and NH3 (each followed a dose of diethylzinc) in each super-cycle of ALD Zn(O,S):N.
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Device lafe‘;fg/’rzll I;I\I“}‘Ebggs‘;f m A{jgmz) Voc(mV) | FF (%) | Eff(%)
#1 0.10 14 21.90 320 53.99 3.79
0 0.23 8 21.69 347 38.91 3.01
3 0.23 4 2339 369 4798 4.14

Table 4.1 Device parameters of SnS solar cells with three different buffer layers.

4.4 Interface passivation of SnS/Zn(0O,S) heterojunction

4.4.1 Estimating SnO: thickness by XPS

As conduction band position and carrier concentration are tuned by modifying the
ALD of Zn(O,S):N, we are still able to further improve the heterojunction quality through
interface passivation. By creating a thin native oxide on top of SnS surface, we can
reduce the density of electronic trap states at junction between the absorber and the buffer
layers.!”!® Meanwhile, the native oxide layer serves as a diffusion barrier to prevent
unwanted mixing of the constituent elements of the absorber and buffer layers.?! Using
X-ray photoelectron spectroscopy, we can estimate the thickness of this surface native
oxide. The Sn 3d peaks can be decomposed into a major peak, which corresponds to Sn-S
bond, and a shoulder peak with slightly higher binding energy, which corresponds to
bond in SnO». The intensity of SnO- from each sample was obtained via the
deconvolution of Sn3d spectra as shown in Figure 4.7. The background signal was

extracted using XPS software.

The intensity of each sub-peak can be represented by:

)]

Isno, = ISnOZVw[l —exp(— 1coso
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d
Igns = ISnSoo exp (‘ /16059)

where A is the inelastic mean free path of electrons in SnO», which is 1.77 nm at an
kinetic energy of 800 eV.?>? This kinetic energy is comparable to that measured in XPS
experiments. 6 is the emission angle of electrons with respect to surface normal.

Assuming emission angle is 0, the thickness of SnO., d, can be calculated by:

d d
Isno,  Nsno,[1—exp(—7-oeml  [1—exp(—7-75p)]

Isns Ng,s exp (— ﬁ) exp (— ﬁ)

I I
d=/1cose-1n(ﬂ+1)=A-1n(ﬂ+1)
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Figure 4.7 The deconvolution of XPS spectra of Sn 3d peak for SnS/SnO; heterostructures. SnO>
is formed by air exposure for 1 day.
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Treatment Oxide thickness (nm)

1 day air exposure 0.45

2 days air exposure 0.66
Air annealing 0.35

7.5 Torr-s H202 exposure 0.34
5 sec UV ozone 0.32

15 sec UV ozone 0.81

Table 4.2 Thickness of SnO» as prepared by different methods.

4.4.2 Interface passivation through various oxidation strategies

Several oxidation treatments of the SnS films were carried out, including an
ambient air exposure at room temperature for 1 day and 2 days, annealing in 10 Torr of
air at 200 °C for 30 min, and an exposure to 7.5 Torr s of H>O; vapor at 120 °C, UV
ozone treatment for 5 and 15 seconds. The thicknesses of SnO> made by these oxidation
treatments are summarized in Table 4.2. Solar cell devices are also fabricated out of these
surface oxidation strategies. The buffer layer used in these devices has S/Zn = 0.10. The

device performance are summarized in Figure 4.8.

The devices with SnO> formed by 5 seconds UV ozone have the highest average
and top efficiency. They have relatively higher Voc and Jsc, indicating less interface
recombination. Nevertheless, its fill factor has a wider distribution than devices with
other SnO; formation methods. This is probably because it is difficult to create a uniform
and repeatable environment in the UV ozone chamber during a time-scale of 5 seconds.
With a UV ozone treatment of 15 seconds, the short-circuit current and FF are

significantly reduced. Considering the thick SnO> formed during this process (see Table
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Figure 4.8 Device performance of SnS solar cells with different oxidation treatments. Each
column of circles represents devices on each sample. Five columns correspond to SnS
surface oxidized by: 2-day air exposure, air annealing, H>O> exposure, 5-sec UV ozone and
15-sec UV ozone.

4.2), this is easy to understand. The thick oxide layer makes it difficult for carriers to
tunnel through, thus increasing the series resistance. The other three oxidation methods
have similar effects on device performance. The advantage of H>O> exposure is that it is
not as sensitive to indoor moisture level as the other two. However, storage of liquid
H>O: in glass bubbler needs great attention, as decomposition of H,O» creates huge

pressure and can be explosive.
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4.4.3 Interface passivation by UV ozone treatment

The process of UV ozone is not only a surface oxidation treatment, but also a
highly effective method to remove a variety of surface contaminants. Hence, more
experiments are done to study the effect of treatment time. Inside the chamber, oxygen
gas is fed in continuously. The low-pressure mercury discharge tubes generate two
wavelengths of interest, 184.9 and 253.7 nm. The 184.9 nm UV line decomposes oxygen
molecules and synthesizes ozone (O3), and the 253.7 nm UV line decomposes ozone and

produces high energy O™ (activated oxygen).>*
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Figure 4.9 Light (left) and dark (right) current-voltage characteristics of SnS solar cells
with different UV ozone treatment duration. Each curve represents the best-performed

device on that sample. The dashed line shows the solar cell device with no surface
oxidation treatment.

From Figure 4.9 and 4.10, by varying the UV ozone treatment time from 0 (no
surface oxidation) to 30 seconds, we see a slight improvement in Jsc first, which peaks at
5 to 10 seconds, before dropping off drastically. The trend for Voc is similar with Jsc,
although there is a wider distribution for samples with long UV ozone time. The slight

increase from 0 to 5 seconds is a result of reduced interface trap states.'® The leakage
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current density of samples with 5 to 15 seconds treatment are much lower than that
without surface oxidation (See Figure 4.9). However, for samples above 15 seconds
(corresponding to 0.8 nm SnO», shown in Table 4.2), it would be more difficult for

carriers to tunnel through the oxide layer. Therefore, a decreasing trend in FF is observed.
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Figure 4.10 SnS device performance, with different UV ozone treatment time. All the
other parts of the solar cell are identical. The buffer layer used in these devices has
S/Zn=0.10.

4.5 Conclusions

In this chapter, the heterojunction structure of SnS/Zn(0O,S):N has been studied

extensively. With the aid of modelling tools, the performance of present-day device is
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better understood. This enables us to further improve SnS solar cells by tuning

conduction band offset and carrier concentration. Meanwhile, different surface oxidation

strategies for SnS have been tried and compared. UV ozone treatment has proved to be

the best-performed method, probably because of its ability of surface cleaning. Longer

exposure time in UV ozone, however, would degrade device performance by current

blocking effect.
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Chapter 5

(Sn,Ca)S Thin Film Deposition

In this chapter, we seek to deposit (Sn,Ca)S alloy thin films, which has a cubic
crystal structure and a direct band gap of 1.3 eV. A new type of calcium ALD precursor,
Bis(N,N’-diisopropylformamidinato)calcium(Il), is developed and tested. (Sn,Ca)S alloy
films are deposited by alternating cycles of SnS and CaS deposition. In the alloy film, we
have much more Ca incorporated than expected. QCM experiments are performed to

provide possible reasons for this discrepancy.

5.1 Introduction

5.1.1 Motivation

Although SnS fulfills some of the ideal properties for absorber materials, there are
still several limitations. First, its orthorhombic (orth) crystal structure (as shown in
Section 2.1.1) leads to highly anisotropic electrical properties.'* The relatively high
effective masses for holes in the direction perpendicular to the planes of the layered SnS
structure reduces the mobility in this direction, thus impeding the collection of photo-

excited carriers.’> As shown by Albers,! at room temperature, the hole mobility differs by
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Ua/ te=5.5£0.5, and pa/ pp = 1.1540.1. This combined with the polycrystalline nature of
SnS films makes it difficult to obtain the SnS films with well-controlled and desired
electrical properties. Moreover, the electrical properties of SnS measured by Hall
measurement describe the carrier transport behaviors along in-plane directions, while

what matters in an operating solar cell are those in the perpendicular direction.

Second, orth-SnS (also known as a-SnS) has an indirect band gap of around 1.1
eV,* and has an absorption coefficient above 10* cm™! only at energies above 1.3-1.4 eV,
which is the direct band gap. This implies a loss of about 0.3 eV in achievable open-
circuit voltage of the SnS solar cell. With indirect transition dominating the photo
absorption process, it is very challenging to obtain any photoluminescence signal, which

is one of the most viable approach as to characterize carrier lifetime.

Sn1__,;bax3
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Figure 5.1 (a) Formation enthalpy for SnixCaxS, with transition from orth- to rs- occurred
at x=0.18. (b) Calculated absorption spectra (solid) and band gap (dashed) for Sn;xCaxS. x
indicates calcium content. Source: Vidal, Julien, et al. "Structural and electronic
modification of photovoltaic SnS by alloying." Journal of Applied Physics 115.11 (2014):
113507.
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5.1.2 Theoretical background

Vidal® et, al. provided a detailed theoretical background to convert orth-SnS into
rock salt SnS (rs-SnS) by alloying with CaS. While orth-SnS is energetically favorable,
they showed that rock salt phase (space group fm3m) has a formation enthalpy only 0.08
eV above that of the orthorhombic phase. This slight difference can be overcome by
alloying SnS with CaS, at Ca fractions in excess of 0.18. In such case, (Sn,Ca)S thin
films undergo a phase transition from orthorhombic (space group 62) to rock salt (space
group 225), which is shown in Figure 5.1 (a). Because the mixing enthalpy is in the order
of 100 meV, there should exist a miscibility gap under thermodynamic equilibrium

conditions. This suggests the possibility of phase separation under certain conditions.

Calculated band gaps and absorption spectra of rs-phase alloys with composition
of x=0.25 and x=0.50 are shown in Figure 5.1 (b). Obviously, the band gap and
absorption onset coincide at 0.6 and 1.5 eV respectively, indicating a direct type
transition. By changing the amount of Ca in the system, the band gap of the alloy material
can be tuned within this range, which covers the most desirable band gap for single-

junction photovoltaics.

Apart from the above-mentioned orthorhombic and rock salt phase, several recent
reports have claimed the discovery of another cubic phase of SnS, known as ©-SnS.>67:8
The unit cell of this simple cubic crystalline structure has a lattice constant of 11.7 A.°
This is approximately twice of that of the rock-salt structure (5.84 A).? Density

functional theory (DFT) predicts that the surface and bulk energies of n-SnS and a-SnS

are very close, with both lower than those of rs-SnS.® Moreover, n-SnS has an estimated
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indirect band gap of 1.53 eV, significantly higher than that of 0-SnS.° The crystal

structure and lattice dimensions of three types of SnS are summarized in Fig. 5.2.

Orthorhombic, Pnma Cubic, Fm3m Cubic, P2.3

a=3.98 A a=5.80A a=11.80A  a=90.6°
b=433 Z\, b =5.80 f\ b=11.78A B=92.7°
c=11.18A c=580A c=11.66 A y = 88.75°
v=192.7 A3 V=195.1A3 V=1601.6 A?

Figure 5.2 Crystallographic structure and lattice parameters of a-SnS (left), rs-SnS
(middle), and n-SnS (right). Plots created from IUCr Journals website, printCIF tool kit.
Crystallographic information files (CIF) obtained online from
http://publcif.iucr.org/services/tools/printcif.php on June 1st, 2016.

5.2 Developing Ca(II) precursors for ALD CaS

5.2.1 Development of Ca(II) amidinate ALD precursor

As of now, all of the existing commercially available Ca precursors for ALD
suffer from certain drawbacks.!® Trimeric [Ca3(tmhd)s] (tmhd = 2,2,6,6-
tetramethylheptane-3,5-dionate) has an ALD window of 325 — 400 °C for the ALD of
CaS with HaS as a coprecursor.! 1213141516 [Ca(iPr;Cp).] (iPr3sCp = 1,2,4-

triisopropylcyclopentadienyl),!” has relatively lower window in the ALD of CaO films
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with H»0 as a coprecursor (200 — 300 °C, 1 — 2 atom% carbon),'*!® but has not seen

widespread adoption.

NH,/THF
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Figure 5.3 Synthetic route of bis(N,N’-diisopropylformamidinato)calcium(II) and
bis(N,N’-diisopropylacetamidinato)calcium(II) by a redox reaction between Ca metal and
an amidine. a) Plausible redox reaction mechanisms for Ca and the amidine. b) Synthesis
of 1 and 2.

We developed a new type of Ca ALD precursor — Ca(Il) alkyl amidinates — with
excellent thermal stability and volatility. The synthetic route is depicted in Figure 5.3.
Dimeric bis(N,N’-diisopropylformamidinato)calcium(II) (1; 57% yield; distills at 110 —
115 °C, 0.2 torr) and dimeric bis(N,N’-diisopropylacetamidinato)calcium(II) (2; 59%
yield; sublimes at 120 — 125 °C, 0.1 torr) were prepared in the presence of ammonia'® by
an atom-economical redox reaction between Ca metal and the free amidines.?**"*? This

direct synthesis avoids the involvement of other metals and reduces the possibility of
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Figure 5.4 Thermogravimetric analysis curves (ramp from room temperature to 550 °C) of

1 (solid line: 9.6 mg, 10 °Cmin’!; dash-dot-dotted line: 80.2 mg, 20 °C min™') and 2 (dash-
dotted line: 9.6 mg, 10 °Cmin’!; dotted line: 80.6 mg, 20 °Cmin™').

incorporating trace metal contaminants into thin films. 1 [referred to as Ca(F-amd).] and
2 [referred to as Ca(A-amd);] are the first nitrogen-only coordinated Ca(Il) complexes

that satisfy the ALD requirements of high volatility and thermal stability.

Thermogravimetric analysis (TGA) of 1 and 2 are shown in Figure 5.4. It is
shown that both 1 and 2 are able to vaporize without decomposition in the temperature
range of 150 — 275 °C. With a large sample size and higher heating rate, the weight-loss
window was elevated, and single-step weight loss occurred in the range of 300 — 400 °C.

This demonstrates an excellent thermal stability of both complexes to at least 350 °C.
5.2.2 Atomic layer deposition of CaS by Ca(II) amidinate

Before depositing alloy films of (Sn,Ca)S, the reactivity of precursor 1 and 2 are
tested to deposit CaS thin films by ALD. H»S is used as the sulfur source. For both

compounds, the precursor was stored in an oven at 140 °C. Under this condition, 1
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(melting point: 110 — 116 °C) is a liquid with proper rate of evaporation, while 2 (melting
point: 170 — 174 °C) is a solid with lower-than-desired rate of evaporation for ALD
reactions. Further increase in the oven temperature would potentially damage the valve

system. Thus, 1 is selected as the Ca precursor for this study.

Figure 5.5 (a) shows the CaS ALD growth behavior using 1 and H»S as
coreactant. Growth rate is relatively constant (at 0.87 A/cycle) throughout the ALD
window of 135 — 280 °C. This ALD window is further confirmed by high-resolution XPS
scan of Cls peak (shown in Figure 5.5 (b)), in which no carbon contamination is detected
in films made within ALD window. At temperature below 150 °C, an increase in growth
rate is seen because of incomplete removal of the ligands or physical adsorption of the
precursor. On the other hand, at temperature above 280 °C, growth rate is increased

owning to decomposition of the precursor by-product. Carbon contamination is detected
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Figure 5.5 (a) Growth rate of CaS films deposited between 130 and 312 °C. (b) High-
resolution X-ray Photoelectron Spectroscopy scan of the C1s region of CaS films grown at
130, 150, 167, 213, 251, 279, 296, and 312 °C. Carbon contamination is not detectable
within ALD window (150-279 °C).
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for both ends. While fixing the substrate temperature at 212 °C, we varied the bubbler
(i.e. precursor) temperature from 128 °C to 140 °C. The growth rate at the inlet of
deposition zone is shown in Figure 5.6. We can see a saturation in growth rate at
temperature above 130 °C. However, at 130 °C, the delivered vapor pressure is not

enough to saturate the entire furnace. This will be further discussed in Section 5.2.3.

Figure 5.7 shows the SEM image of a typical columnar and highly crystalline CaS

film grown at 212 °C. The XRD pattern of this film (Figure 5.8 (a)) shows that only (111)
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Figure 5.6 Growth rate of CaS with different bubbler temperatures. The substrate
temperature is fixed at 212 °C.

Figure 5.7 SEM image (cross-section and top view) of a CaS film (540 nm, substrate
temperature: 212 °C; the insulating CaS film is coated with an approximately 10 nm thick
layer of sputtered gold to prevent charging) on 300 nm SiO2 on a Si substrate.
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and (222) reflections of cubic CaS are present. The electron diffraction pattern of a CaS
thin film from TEM experiments also confirmed the rock-salt structure, as illustrated in

Figure 5.8 (b).
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Figure 5.8 (a) XRD pattern of the CaS film in Fig. 5.6. (b) TEM image (inset: electron
diffraction pattern) of a CaS film on a TEM grid substrate.

5.3 Atomic layer deposition of (Sn,Ca)S alloy films

Pure, stoichiometric, single phase SnS thin films can be obtained by ALD from
the reaction of bis(N,N’-diisopropylacetamidinato)-tin(IT) [Sn(MeC(NiPr);)2, referred to
here as Sn(A-amd).] and hydrogen sulfide (H>S) with a deposition temperature of
212 °C, as shown in Chapter 2.%?32% The Sn precursor used in the reaction has the same
ligand as Ca(A-amd); (or 2), which is slightly different from that of Ca(F-amd); in that
the proton is replaced by a methyl group. In efforts to deposit (Sn,Ca)S alloy films, we

first attempted to insert cycles of ALD CaS [with Ca(F-amd);] into the deposition of SnS
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[with Sn(A-amd):]. By varying the ratio between the numbers of CaS and SnS cycles,

controlled concentration of Ca*" in SnS can be obtained.
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Figure 5.9 Schematic diagram showing the deposition uniformity across the entire
substrate holder with precursor temperature being 130 °C (a) and 135 °C (b). The calcium
content, as denoted by x in Sn;xCaxS, measured by XPS for samples from inlet to outlet.
Precursor temperature is maintained at 130 °C (c¢) and 135 °C (d) respectively. All of the
films are deposited at a temperature of 212 °C.

When Ca(F-amd): precursor is stored at 130 °C, the amount delivered to the
furnace is not sufficient to saturate the entire zone. Hence, a color gradient is observed on
the substrate holder (Figure 5.9 (a)). Growth temperature is first fixed at 212 °C. Ca
atomic composition of samples from different locations of the substrate holder is
estimated through XPS, as shown in Figure 5.9 (c). SnS to CaS cycle ratio is changed

between 5:1 and 25:1. There is an obvious decrease in Ca at. % near the outlet of the
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reaction zone. Once the precursor is further elevated to 135 °C, this composition non-

uniformity is effectively removed (see Figure 5.9 (b) and (d)).

The compositions of SnixCaxS thin films are tuned by changing the cycle ratio of
SnS and CaS from 5:1 to 35:1 (see Figure 5.9 (¢), (d)). The Ca content, as denoted by x in
SnixCaxS, varied from 0.95 to 0.33 as estimated by XPS. Given that the growth rates of
SnS and Cas$ are around 0.33 and 0.9 A/cycle respectively, we would expect x to sit in
the range of 0.4 to 0.1 in the ideal mixing scenario. In other words, we have much more
(two to three times) Ca in the alloy film than expected. In order to better understand the
reason for this deviation, a quartz crystal microbalance (QCM) experiment was done. The
mass gain of the quartz crystal is measured in-situ in the real deposition environment.
Figure 5.10 (a) shows the result of a deposition with one CaS cycle after every 15 SnS
cycles. The accumulated mass gain over the 15 SnS cycles is 4.35 ng/mm?. Considering

the density of SnS is 5.22 g/cm?, we can estimate the growth per cycle:

CR mass gain 1 4-357:7‘,912 0.56 A /cycl
= . = =0. cycle
sns Psns 15 cycles 522 C"# X 15 cycles

The significant difference between this number and growth rate measured by cross-

sectional SEM of bulk films may result from reasons below:

e Growth substrate in QCM experiment is gold, leading to a different
crystallographic orientation than bulk SnS deposited on Mo or SiO; substrate;
e The substrate holder used to support the quartz crystal has a different geometry

than that for bulk film deposition, leading to different gas transport kinetics;

73



e Errors may exist during the estimation of mass gain. Possible sources include

temperature and gas pressure variations.

What is more interesting in Figure 5.10 (a) is that we see a negative mass gain, i.e.
loss, for the CaS cycle. Zooming into the CaS deposition cycle, Figure 5.10 (b) compares
the mass change within a cycle with that during a bulk CaS deposition. A greater mass
loss during the purging period is seen for CaS deposition in the alloy film. Some amount
of SnS is etched off during the deposition of CaS, leading to lower Sn composition in the
alloy film than expected. However, this effect is not enough to explain the big difference
in alloy film deposition. Further efforts are needed to investigate the chemistry of CaS

deposition on a SnS layer.

Mass (ng/mm?)

(a) (b)
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Figure 5.10 (a) Mass gain of (Sn,Ca)S deposition as measured by QCM. One ALD cycle
of CaS follows 15 ALD cycles of SnS. (b) Comparison of mass change in one CaS ALD
cycle in a bulk CaS film (blue) and in the alloy deposition (red).
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Figure 5.11 (Sn,Ca)S film composition as estimated by XPS. Substrate temperature are set
at 158 °C, 188 °C, 213 °C and 234 °C respectively.

We also see an effect of deposition temperature on sample composition as
illustrated in Figure 5.11. The ALD program used to make these films is [(SnS)20 —
(CaS)]n, and the Sn(A-amd). and Ca(F-amd). precursors are stored at 95 °C and 140 °C
respectively. Deposition temperature is changed from 158 °C to 245 °C. The difference in
Ca atomic ratio is surprisingly high at the inlet of the reactor, ranging from just above
0.21 (for 158 °C) to almost 0.67 (for 245 °C). While Ca incorporation is much more
effective for high temperature deposition, the calcium precursor shows a strong tendency
to deplete near the furnace outlet. Oppositely, deposition at 158 °C has much more Sn in

the inlet samples, but we see a significant rise in Ca content towards the outlet end.

5.4 Conclusions

To sum up, we started the study of (Sn,Ca)S alloy films by developing a new type

of Ca(Il) ALD precursor, which is ideal for CaS deposition. It has a wide ALD window
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of 135 to 280 °C, and a constant growth rate of 0.87 A/cycle within this window. The
ALD-grown (Sn,Ca)S alloys, however, have much lower Sn composition than we
expected from a linear composition of SnS and CaS. QCM is are carried out to better
understand this discrepancy. Further experiments are needed to demystify this

phenomenon.
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Chapter 6

Structural, Electrical and Optical
Characterization of (Sn,Ca)S alloys

In this chapter, we continue our discussion on (Sn,Ca)S alloys by focusing on thin
film characterization. We first studied film morphology using SEM. It has been shown
that compact and smooth alloy films can be obtained using Sn(F-amd), precursor. XRD
analysis shows that a recently-discovered cubic structure, which contains 64 atoms in one
unit cell, is obtained for as-deposited alloy films. However, upon annealing at an elevated
temperature, the cubic phase (Sn,Ca)S is separated into orthorhombic SnS and
amorphous CaS. This proves the metastability of the (Sn,Ca)S alloy system, which is
consistent with previous studies. The electrical and optical properties of these alloy films

are also discussed in this chapter.

6.1 Thin film morphology of (Sn,Ca)S alloys

6.1.1 (Sn,Ca)S thin films made by Sn(A-amd):

It has been discussed in Chapter 5 that, by using the same ALD program [(SnS)20

— (CaS)],, alloy films deposited at different substrate temperatures (from 158 to 245 °C)
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Figure 6.1 Cross-sectional SEM of (Sn,Ca)S films deposited at different substrate temperatures.
The film composition of these four samples are: Sno79Cao21S, Sno.esCao.34S, Sno.46Cao.54S, and
Sno33Ca0.67S.

have different composition. Scanning electron microscopy is performed on these samples.
It has been found that these films exhibit very different surface morphologies (see Figure
6.1). Only at Tqep =158 °C, or Ca atomic ratio x = 0.21, could we obtain smooth and
compact films. It is hypothesized that the rough surface at high deposition temperatures is
a result of different reactivity between Ca(F-amd), and Sn(A-amd) with H>S. Also,
because the formamidinate ligand is smaller in size, it has a higher nucleation density. In

other words, ALD of CaS competes over ALD SnS and grows faster. !

6.1.2 (Sn,Ca)S thin films made by Sn(F-amd):

In order to avoid the formation of spiky Sni.xCaxS for high x values, we switched
the Sn(A-amd); to Sn(F-amd)>. Hence, both Sn and Ca metal precursors share the exactly
same ligand. The ALD window of Sn(F-amd); is 80 to 190 °C. Therefore, the overlap
ALD window for CaS and SnS depositions is 135 to 190 °C. It is found that for an ALD
program of [(SnS);5 — (CaS)]n, compact films can be obtained for temperatures across the
entire ALD window. Figure 6.2 illustrates the cross-sectional and top-view SEM of
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Sn0.76caO.24S SnO.SzcaO.SSS SnO.GocaOA S

Figure 6.2 Cross-section (top) and top-view (bottom) SEM of Sn;xCaxS alloys deposited at
135 °C, 162 °C and 188 °C respectively. The ALD program is: [(SnS)i5 — (CaS)]a. Scale-bar:
500 nm.
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Figure 6.3 High magnification cross-section SEM of Sno.4Cao.36S thin films deposited at
188 °C. In this structure, (Sn,Ca)S film is sandwiched between Mo growth substrate and
sputtered ITO. Scale bar: 500nm.

different growth temperatures (from left to right: 135 °C, 162 °C, 188 °C). However, film
morphology still differs a lot at various temperatures. While at low deposition
temperature, grains tend to have columnar shape which stays perpendicular to the growth
substrate, at high temperature, plate-shaped grains are parallel to the substrate. Figure 6.3
shows a high magnification (100k x) SEM of Sno.64Cao.36S thin films deposited on Mo

substrate at 188 °C. Layered crystal structure can be observed clearly in this graph.
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At Taep = 162 °C, oval-shaped grains look similar to those from pure SnS thin

films. Cycle ratio of SnS:CaS has been changed from 10:1 to 30:1 at this temperature to

SnO.SocaO.ZOS

500nm

Figure 6.4 Cross-section (top) and top-view (bottom) SEM of Sn;.xCaxS thin films deposited
at 162 °C. Ratio of SnS:CaS ALD cycles are varied to deposit films with different x content.

show that film morphology is not sensitive to composition within this range (see Figure
6.4). In other words, (Sn,Ca)S alloy film grain morphology varied with deposition

temperature.
6.2 Structural study of (Sn,Ca)S thin films

In the layered structure as grown at 188 °C, it is supposed that vertical transport

of carriers will be impeded, as they need to travel through multiple grain boundaries. In
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polycrystalline semiconductors, grain boundaries can catalyze recombination.?

Therefore, we put our focus on alloy films deposited at 135 °C and 162 °C in the section.

20 (%) hkl 20 (%) hk | 26(°) | hkl
23.01 300 | 22011 | 110 |26.598 | 111
26.63 222 | 26.01 | 120 |30.808| 200
2774 | 320 | 27.473 | 21 |44.128| 220
28.81 321 | 30474 | 101 |52.269 | 311
30.84 | 400 | 31.532 | 111 |54.783 | 222
31.82 | 410 | 31.972 | 40 |[64.179 | 400
3276 | 411 | 39.046 | 131 |70.747 | 331
3459 | 420 | 39.33 41 | 72875 | 420
3547 | 421 | 41.685 | 200 |81.179 | 422
39.63 510 | 42.507 | 210 rs-CaS

40.42 511 | 4474 | 141 | 20() | hk

4418 | 440 | 45.49 2 | 27142 111
44.9 441 | 48511 | 211 |31.441| 200
50.39 540 | 51.088 | 112 | 45.061| 220
51.04 | 541 | 51.313 | 151 |53.399 | 311
52.33 622 | 53.148 | 122 |55.977 | 222
52.97 | 542 | 53.443 | 160 | 65.625 | 400
54.85 | 444 | 54.073 | 231 |72.384 331
55.47 | 700 | 54.257 | 61 |74.583 | 420
56.08 | 710 | 56.676 | 42 |83.167 | 422

Table 6.1 Simulated 26 peak positions for different planes in n-SnS, orth-SnS, rs-SnS and
rs-CaS.

X-ray diffraction (XRD, PANalytical X’Pert Pro) (A = 1.542 A) using 0-20 scan
has been used to determine the crystal phase of (Sn,Ca)S thin films. Theoretical
diffraction peak positions of three types of SnS crystals using this set-up has been

simulated using printCIF online tool.® They are presented as grey vertical lines in Figure
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Ca At. %

6.5. For the rock-salt type of structure, each dark grey line (rs-SnS) is paired with a light
grey line (rs-CaS), as the size of rs-CaS unit cell is slightly smaller than rs-SnS. Table 6.1

shows the calculated 260 peak positions of three types of crystals.
6.2.1 Structural Analysis of (Sn,Ca)S films deposited at 162 °C

Figure 6.5 summarizes the XRD data of Sn;.xCaxS with five different film
compositions. All of these samples have a thickness of 120-160 nm. The bottom curve,
Ca At.% x = 0, represents the XRD signal of unalloyed SnS. The two doublet
characteristics peaks at around 27° and 32° are evidence of a-SnS, or orth-SnS. As 17%

Ca is alloyed into the film, the doublet peaks at 27° merge into a broader and weaker

As-deposit Annealed
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Figure 6.5 X-ray diffraction pattern of as-deposited and annealed Sni.xCaxS samples with
different Ca content. The y-axis represents ratio of Ca%/(Sn%+Ca%). The bottom curves
show the XRD of pure SnS.
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peak. The position of this peak is close to (111) peak from rs-SnS (27.142°) and rs-CaS
(26.598°).” However, it is necessary to point out that 7-SnS also have an expected peak at
the same position. This is because the length of lattice constant in ©-SnS is exactly twice
of that in rs-SnS. The characteristic peaks at 32°, on the other hand, become weaker only
at Ca ratio > 25% before totally merge into a broader peak at 47% Ca. The position of
this merged peak sits in between rs-CaS and rs-SnS. Meanwhile, the (131) peak of orth-
SnS at 39.046° also gradually disappeared as more calcium is added. All of these data
prove that orth-SnS is partially converted into rock-salt or @ phase (Sn,Ca)S at ~17% Ca
in the alloy, and the content of cubic (Sn,Ca)S becomes even higher at a Ca atomic ratio

of 47%.

These five samples were also annealed in the same condition as we did for the
SnS absorbers: 99.5% HzS at 10 Torr for 60 minutes. The XRD peaks of these annealed
samples are also presented in Figure 6.5. The doublet peaks at 27° do not merge as
observed in the as-deposited samples, although the peak intensities vary as more Ca
alloyed into the system. Also, (131) peak of orthorhombic phase does not totally
disappear as in the as-deposited samples. It is difficult to draw any conclusion about the
peaks around 32°, because a number of peaks from different phases crowd in that region.
Overall, at least part of the cubic (rs- or n-) phase is converted back into orthorhombic

phase after annealing at an elevated temperature.

Interestingly, although the samples are all above 120 nm thick, their XRD
intensities are relatively weak. This is believed to be related to the deposition
temperature. We observe that similar samples deposited at either lower (135 °C) or higher

(188 °C) temperatures show much stronger XRD peaks. Because of reasons explained
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earlier this section, we only focus on samples deposited at 135 °C in the rest of this

chapter.
6.2.2 Structural Analysis of Sno.c9Cao.31S films deposited at 135 °C

As mentioned before, (Sn,Ca)S alloy films deposited at 135 °C show better
crystallinity in the in-house XRD system with Cu Ka radiation. In this part, synchrotron-
based 2DXRD (A = 0.9744 A) system from Stanford Synchrotron Radiation Lightsource

(SSRL) is used to study the phase of Sngs9Cao31S thin film.

Figure 6.6 shows the 2DXRD results of as-deposited and annealed samples. The

20 values have been converted to Cu Ko radiation source. It can be seen that all of the
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Figure 6.6 Synchrotron-based 2DXRD data of as-deposited and annealed Sng.69Cao31S. The
graph on the right is a zoom-in. The simulation lines represent n-SnS, a-SnS and rs-SnS/CaS
from top to bottom.
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peaks in the as-deposited film can be assigned to n-SnS phase. The grey dashed lines
indicate the positions of major peaks. Each of them is well aligned with a simulation
position for m phase. The strongest peaks are: (400), (222), (440) and (622). This is
consistent with the powder XRD patterns of n-SnS nanoparticles as presented by Abutbul
et, al.} It is also worthwhile to point out that (200) and (111) rock-salt peaks are also
present at the same position of (400) and (222) n-phase peaks. Therefore, we cannot
exclude the possibility of existing rs-phase. Zooming into a smaller region of Figure 6.6,
we can see that the positions of three peaks between 31° to 33° have a slight positive shift
to those reference peaks, which indicates a slight lattice distortion. This may be caused by

calcium atoms occupying some of the tin sites.

After 1-hour annealing, almost all of the n-SnS peaks disappear. While some
emerging peaks can be aligned with a-SnS phase (as labeled by red dashed lines), the
assignment of the biggest peak at 32° is still confusing. In the zoom-in of Figure 6.6, we
can see that both peak 1 and 2 do not belong to any of the phases. However, peak 2 has a
shoulder peak at 31.5°, which proves the existence of orthorhombic SnS. Further

experiments are needed to investigate the phase change upon annealing.

In conclusion, at a deposition temperature of 135 °C, as-deposited (Sn,Ca)S alloy
thin films are fully converted into cubic phase with x = 0.31. However, it would be
difficult to confirm whether the cubic phase is totally in & phase, or there is coexistence
of m- and rs-phase. After annealing, the samples are at least partially turned into

orthorhombic SnS. This shows that (Sn,Ca)S is a metastable material.
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6.3 Electrical characterization of (Sn,Ca)S thin films

While structural analysis shows that cubic phase could be obtained in as-
deposited films, it is still important to study the electrical properties of such alloys.
Assuming the absorber is 500 nm thick, in order to keep bulk series resistivity negligibly
small (< 0.01 Q-cm?), resistivity of the absorber should not be higher than 200 Q-cm.

Meanwhile, a high mobility is desired for solar cell applications.

Van der Pauw method is used to calculate the resistivity of the alloy films. First

of all, sheet resistance of the film is estimated by:

where R = (@ RSN @) /4. Resistivity is the product of sheet resistance and

Iz I3 Isg Iy

film thickness, which is measured by cross-sectional SEM:
p=Rs-t

SnixCaxS thin films with different composition and thickness are grown on SiO2
substrates. Their resistivities are summarized in Figure 6.7. While the green symbols
have a deposition temperature of 135 °C, all the others are deposited at 162 °C. The filled
symbols show the resistivities of as-deposited alloys. It is obvious that resistivities of the
samples deposited at 162 °C increase exponentially as calcium is added into SnS,
regardless of film thickness. As-deposited SnS has a resistivity of 298 Q-cm, and
Sno.s55Cao.45S has a resistivity of 4532 Q-cm. The reason of this trend is that with the
introduction of Ca into SnS, the formation of tin vacancies (Vsn) will be suppressed, as

Ca can potentially occupy some of the Sn vacancies. From Chapter 2, it was shown that
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Vsa is the major source of p-type conductivity. Therefore, it is expected that hole
concentration will be much lower in (Sn,Ca)S alloy films. At a deposition temperature of
135 °C, Sng.74Cao.26S and Sno¢7Cao33S have a resistivity of 1.26 x 10* and 8.84 x 10* Q-
cm respectively, which is an order of magnitude higher than samples deposited at 162 °C.
As shown in Figure 6.2, thin films deposited at 135 °C have columnar shaped grains
which are aligned perpendicular to growth substrates. In this case, carrier transport
parallel to the substrates can be impeded. It is expected that these films have very low

carrier mobility.

Figure 6.7 also reveals that the resistivities of annealed film are dependent on film

thickness. Resistivities of very thin films (100 — 200 nm) are about 25% of the as-
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Figure 6.7 Resistivities of Sni.xCaxS samples with different x values. Orange, grey and blue
symbols represent samples with different thicknesses, and they are all deposited at 162 °C.
The green symbols are from samples deposited at 135 °C. All of the filled squares are from
as-deposited samples, while unfilled shapes are from annealed samples.
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deposited films with same composition. As thickness becomes larger, resistivity values of

annealed films are slightly higher than thinner films with similar composition.

As demonstrated in Section 6.2, cubic (Sn,Ca)S alloy films can be obtained at a
deposition temperature of 135 °C. However, as-deposited films at this temperature are
way too resistive. For example, the resistivity of 600 nm thick as-deposited Sno.s7Cao.33S
(green triangle in Figure 6.7) is as high as 8.84 x 10* Q-cm, which would lead to a bulk
series resistivity of 5.3 Q-cm?. In order to understand the cause of this high resistivity,

Hall measurements (K2500, MMR Technologies) are used to estimate the hole mobility
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Figure 6.8 Van der Pauw and Hall measurements of Sno.s7Cao.33S deposited at 135 °C. The
film is 600 nm thick.
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and hole concentration. As expected, this sample has both very low carrier density (6.3 x
10'* cm™) and low hole mobility (0.18 cm?/Vs) due to reasons stated above. Figure 6.8
also shows how electrical properties change after 1-hour and 2-hours annealing. While
carrier concentration can be further improved during prolonged annealing, carrier
mobility saturates at 8.5 cm?/Vs after one hour annealing. Even after two hours annealing,

the resistivity (628 Q-cm) is still too high for solar cell absorbers.
6.4 Optical properties of (Sn,Ca)S thin films

The absorption coefficient (o) and the optical band gap (E;) of the alloy film are
determined from the transmittance (7) and reflectance (R) measurements on a on a
Hitachi U-4100 UV-Vis-NIR Spectrophotometer. The absorption coefficient is calculated

based on the following formula:’-!°

_1l 1—R
a—dn( T

)

where d is the film thickness. Ey is determined from (a - hv)™ = A(hv —E; + Eph),
where A is a constant, n is the transition probability, and Eph is the phonon energy. For
direct transitions with E,n= 0, n =2 is used for allowed transitions, and n = 2/3 is use d for
forbidden transitions. For indirect transitions, n = 1/2 and n = 1/3 are used for allowed
and forbidden transitions respectively. The band gap E, is determined from a plot of

(a - hv)™ by extrapolating to o - hv = 0. The interference effect and defect states close to

band edge make the extrapolating process more difficult, giving us an error of = 0.3 eV.

Figure 6.9 shows the plots of (a - hv)™ (n =2 and n = 1/2) vs. photon energy for

SnixCaxS with x =0, 0.19, 0.3 and 0.35. All of these films have a thickness between 120
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Figure 6.9 Optical properties of Sni.xCaxS films deposited at 135 °C with four compositions,
based on the direct (left) and indirect (right) transition models. All films have thickness
between 120 and 160 nm.
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Figure 6.10 Optical properties of SnixCaxS films deposited at 135 °C with three thicknesses,
based on the direct (left) and indirect (right) transition models.

to 160 nm. In the direct transition scheme, SnS has a direct band gap of 1.35 eV, which is
close to previous experimental results.!! The band gap of alloy films is around 1.38 eV.
We do not see a strong dependence of x in band gaps. The band gap of Sno.g1Cao.19S is
only less than 0.1 eV higher than that of Sno.¢5Cao3sS. It is worthwhile to note that there

is stronger absorption in the sub-bandgap region in Sno.¢5Cao35S and Sno.70Cao.30S than
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Sno 31Cao.19S, indicating more defect states close to the band edge. Meanwhile, in the

indirect transition model, all of the alloy films also show similar indirect band gaps.

In the optical studies of ALD-grown SnS, our coworkers have shown that the
band gap of SnS is strongly dependent on film thickness.!! This effect is not observed in
the alloy films. In Figure 6.10, three samples with similar composition but different
thicknesses are studied. With thicknesses ranging from 140 to 500 nm, the extrapolated
direct band gaps are only 0.2 eV different. However, it is shown that thicker films have
stronger sub-gap absorption. The extrapolated indirect band gaps of these three samples

are also very close.

6.5 Conclusions

In conclusion, we report that (Sn,Ca)S alloys deposited at different temperatures
have different crystal morphology. As-deposited alloy films made at 135 °C showed a
complete conversion into m-phase, but it is unstable upon annealing. Meanwhile,
electrical properties reveal an increase in conductivity after annealing. All of these
suggest phase separation happened during high-temperature annealing step. The optical

band gaps of alloy films with different compositions are not very different.
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