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Kesterite Cu,ZnSnS, (CZTS) is interesting as a sustainable photovoltaic technology due to its
earth-abundant elements and suitable semiconducting properties. To date, a record efficiency
of 12.6% has been achieved but further improvements are required to reach high efficiency
for industrial implementation. Among the limiting issues is the understanding of the annealing
process, which is crucial in promoting high material quality. In particular, the knowledge of the
effects of segregated secondary compounds on solar cell performance is lacking.

In contrast to formation of ZnS particles throughout CZTS film, it is notable that SnS forms
and usually segregates on the CZTS top and rear surfaces. The influence of SnS on CZTS
solar cells was studied by electron beam induced current measurements. It is found that SnS
presence on the CZTS surfacecan introduce “dead area”, whereas it seems beneficial for solar
cell current when accumulates on the CZTS rear. For SnS passivation and from investigation of
the passivation effect from an Al,O; thin layer at the CZTS rear, improvement in overall device
performance could not be demonstrated, due to either poor CZTS bulk or non-optimal device
structure. The limitation in CZTS bulk quality was shown from a thickness study where carrier
collection saturated already about 700-1000 nm CZTS thickness.

Formation of SnS alongside CZTS implies the anneal is limited by a deficient sulfur partial
pressure (Ps,). By looking into Sn-S phase transformations in SnS, films after annealing,
we find that Ps, drops rapidly over the annealing time, which could be well-correlated to a
series of changes in CZTS material quality including secondary phase formations and defect
modifications. It is shown that annealing CZTS under sufficiently high P, is critical for CZTS
solar cells with high open circuit voltage (upto 783mV was reached), possibly due to the defect
modification.

Besides SnS, it is observed that Na,S compounds are also readily formed on CZTS surfaces,
due to Na diffusion from the glass substrate during annealing. Na,S negatively affects the
formation of the CdS/CZTS interface during chemical bath deposition. It can be removed by an
oxidation process or wet chemical etching.
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PV Photovoltaic

E, Bandgap energy
CIGS  Cu(Ga,In)(S,Se),
CZTS  Cu,ZnSn(S,Se),

Ps, Sulfur partial pressure
Veu Copper vaccancy

Cug, Copper on Zinc antisite
Zng, Zinc on Copper antisite
7ng, Zinc on Tin antisite
Snz, Tin on Zinc antisite
SLG Soda lime glass

Ve Open circuit voltage

q Elemental charge

CBD Chemical bath deposition
CBO Conduction band offset
1-ZnO  Intrinsic Zinc oxide
AZO Al doped ZnO

ITO In doped SnO,

J-vV Current-voltage
characteristic

I Light generated current

Jec Short circuit current

FF Fill factor

mn Power conversion efficiency
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ks Boltzmann constant
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1. Introduction

1.1 Overview

Figure 1. The Wang Fu Jing neighborhood in Beijing before and after smog in Dec
2016 (The photo is kindly provided by Ms. Kerlijne Stessens)

In pace with the rapid development of modern technology as well as the
growing global population, the demand for energy worldwide becomes more
and more pressing. According to the International Energy Agency statistics
2016, the global energy consumption is approximately 125 trillion kWh (kil-
owatt hours), which is about 12.5% increase of the amount since 2010." Up
to now, the end-use energy consumption from electricity continues to grow
fastest but the main energy generation worldwide is still predominantly from
fossil fuel and coal. Utilization of these conventional energy sources has
raised concerns on global warming due to greenhouse gas emissions in the
past. In recent years in developing countries such as China and India, burn-
ing these sources for the exponentially increasing scale of industry has par-

2016 Key World Energy Statistics - International Energy Agency, page 28
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tially caused deadly air pollution. Figure I shows comparison of the air sta-
tus in Beijing in December 2016 before and after the poisonous smog that
contained high level of PM2.5.> Consequently, to prevent the increased nega-
tive effects from burning conventional energy sources, it is imperative to
greatly strive towards development of clean energy by electricity from re-
newable and sustainable sources.

Among renewable energy sources for electricity, solar energy has shown
strong advantages in its inexhaustible capacity. In particular, photovoltaic
(PV) technology allows the generation of direct current that can be used
directly by most electronics, presenting great potential for the trend in mo-
bile energy as well as building integrated architecture. It has been predicted
that the electricity generation from solar energy will grow 8.3%/year by
2040. This increased electrical power capacity by solar energy is expected to
couple with a continuous cost reduction. On the basis of the learning curve
predicted by International Renewable Energy Agency, the price of global
average crystalline Si solar modules will be reduced by 22% for each order
of magnitude cumulative production volume. By the year of 2014, the price
has dropped to about 0.6 US$/W. To further reduce this cost, new materials
for potentially high efficient solar cells need to be explored, and this thesis
will be part of such a contribution.

1.2 Solar Cells

A solar cell, also named PV device, is a semiconductor device that converts
light into electricity. Three processes are involved for this purpose: 1) Ab-
sorption of sunlight; 2) Generation of electron-hole pairs from the absorbed
energy; 3) Collection of these carriers for external current. The basic work-
ing principle of the solar cell device originates from the utility of the photo-
voltaic effect as well as the formation of a p-n junction [1]. For this, solar
cells are classically produced from solid semiconductor materials with the
most common being Si. The first Si solar cell was publicly demonstrated in
1954 at Bell Labs.

Prerequisites to choose solar materials are the suitable bandgap (E,) and
absorption coefficient. As shown in Figure 2, the theoretical high efficiency

2 PM2.5 refers to the particle pollution containing fine particle size below 2.5 pm. The chemi-
cal properties of the particles depend on the source of particles. PM2.5 is generally defined
only based on the particles size that can potentially be dust, particulate matter, inhalable parti-
cles, smoke, and mist. PM2.5 is poisonous for the lung, throat and eyes. Exposure to high
level of PM2.5 for short times can already start to initiate damage to human health. See the
report “Health effects of particulate matter” by World Health Organization EU region.
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solar cell resides in the bandgap energy spanning from 1.0 to 1.7 eV, with
the 1*' maxima at 1.38 eV and 2™ maxima at 1.15 and 1.6 eV. The bandgap
of the solar absorber sets the threshold of the limit of the absorption of sun-
light from the solar spectrum, whereas the absorption coefficient of the ma-
terial determines the efficiency of light absorption. Therefore, material for
solar absorbers with a direct bandgap (1.0 — 1.7 eV) and high absorption
coefficient is mostly preferred. For this reason, thin film solar cell technolo-
gy has been exploited in order to replace the Si solar cells, with potential
lower cost for mass production.’ State of the art thin film solar technologies
are compared to Si in Figure 2, and it is demonstrated that chalcopyrite
compound materials (Cu(In,Ga)(S,Se), (CIGS) and CdTe) can be competi-
tive to Si based PV technology [2].

35‘ T T » T T T
gé" 30+ . Ga.As -
= c
g 25} cIGs e, J

i (] ) 1
L ol Cdte © e ]
2 15} .
Tg I CzTSse ]
< 10F CzZTS
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= 5+ Ll il
I CZTS,Se,,
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Bandgap energy (eV)

Figure 2 Efficiency limit for solar cells under illumination of AM1.5 solar spectrum,
The yellow area shows the range of the bandgap of the solar material that could
potentially yield highest efficiency. Examples of state of the art solar cells are indi-
cated by the red dots [2]. Note that varying Ga/In and S/Se ratios can change the
bandgap of CIGS material, while changing S/Se ratio can vary the bandgap of CZTS
material, in the ideal bandgap regime.

Besides, another advantage of thin film solar cells is the flexibility of tuning
the material bandgap. For example, via control of alloying Ga/In in thin film
CIGS, as suggested in Figure 2, the absorber bandgap can be varied within
the suitable energy regime for potential high efficiency solar cells. Barriers
potentially limiting mass production of compound thin film technologies
became increasingly discussed over the past years, and include 1) high mate-

3 Thin film solar cells significantly reduce the thickness of the absorber material, for example,
the required thickness for thin film solar cell is 1-4 um, that is, about two orders of magnitude
lower than Si. Besides, monolithic integration eliminates the need for extra series connection
such as Ag used for Si.
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rial cost for rare elements In, Ga [3-5]; and 2) the hazard of Cd to human
health [6]. As an alternative, kesterite based material, namely
Cu,ZnSn(S,Se)s (CZTS), nowadays attracts considerable attention for re-
search, due its potential to replace chalcopyrite PV with all earth abundant
elements. Kesterite has similar crystal structure to CIGS, and shows a high
absorption coefficient, a suitable direct bandgap energy (Figure 2: tunable
bandgap energy by alloying S/Se ratio) and several appropriate semiconduct-
ing properties [7, 8], making it a promising candidate for the absorber mate-
rial in a solar cell.

1.3 Aim of the Thesis

The broad target of this thesis is to develop the physical vapor deposition
method for CZTS formation, in particular dedicating attention to the thermal
processing of sputtered CZTS precursors. The focus is divided into two as-
pects. The first aim is to understand the secondary compound formation such
as SnS and Na,S, as well as the possible changes in CZTS bulk quality dur-
ing the annealing process.* The second goal is to correlate material proper-
ties of annealed CZTS films with the final PV device performance. To do
this, the investigation starts with the bulk CZTS material, and expands to-
wards the front and rear interfaces of CZTS thin films, by using various ma-
terial characterization techniques and device characterizations.

The thesis consists of three parts with 8 chapters in total. Chapter 2 briefly
introduces fundamentals of CZTS material properties as well as the particu-
lar issues during its synthesis. Chapter 3 gives an overview of the architec-
ture of CZTS solar cell integration, followed by presenting the most com-
mon methods to characterize and understand solar cell performance in Chap-
ter 4. Chapter 5 explicitly describes the processes that were performed
throughout the thesis work for CZTS thin film preparation and final solar
cells. Afterwards Chapter 6 introduces the characterization techniques that
were often performed to study the material properties of CZTS thin films
and solar cells. Chapter 7 mainly summarizes the important results and dis-
cussions from the thesis work. At last, Chapter 8 presents conclusions of the
thesis work and the outlook for future work on the kesterite based technolo-

gy.

* It must be emphasized here that the term “annealing” used in this thesis work (and through-
out the CZTS field), differs from the classical meaning of a long dwell time in inert or ambi-
ent environment, and rather refers to the general high temperature thermal process regardless
of the gas atmosphere and process pressure.
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2. Fundamentals

2.1 Kesterite — Cu,ZnSnS, (CZTS)

Prior to diving into solar cell properties, primary material properties of kes-
terite will be discussed in this section. In this thesis work, the main focus is
on the pure sulfide compound (CZTS), and analogous properties are ex-
pected for pure selenide compound CZTSe and alloyed S-Se.

2.1.1 Material Properties

Stoichiometry Cu/Zn disorder
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Figure 3. CZTS crystal structure and possible defect complex in the lattice; Cu/Zn
cation disorder occurs on Cu-Zn planes (z=1/4 and 3/4); “A-type” and “C-type”
defects respectively refer to (Ve, + Zng,) and (2Cugz, + Snz,) defect complexes.

A tetragonal unit cell of stoichiometric CZTS contains 16 atoms packed
from two stacked zinc-blend unit cells (Figure 3). Tetragonal CZTS has
been reported to have two possible structures, kesterite-type in Figure 3 and
stannite-type. In stannite-type, Zn atoms alternate with Cu atoms at z=0 and
1/2, while all sites at z=1/4 and 3/4 are occupied by Cu atoms. The difficulty
to separate these groups is attributed to the similarity of Cu” and Zn*" cation
size, which makes common material characterization (such as x-ray diffrac-
tion) unable to resolve them. Neutron diffraction and theoretical calculations
showed that kesterite-type is the most stable structure [9, 10].
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The semiconducting properties of CZTS can be tuned by its composition. On
one hand, alteration of the anion species can change the bandgap energy of
the material from 1.6eV (pure sulfide) to 1.0 eV (pure selenide). On the oth-
er hand, shifting cation composition from stoichiometry to off-stoichiometry
can potentially change the doping of CZTS material. A distinct concentration
of the point defects can be formed because of variation in cation composition
as were reported in both theoretical calculations [11, 12] and experiments
[13], and these defects may be ionized to release free carriers. CZTS is a p-
type semiconductor due to the predicted dominating point defects of Cu va-
cancy (V¢,) and Cug, antisite [11]. Nevertheless, in CZTS charged donor
defects can be compensated by charged acceptor defects (a pair of positive
and negative charge defects is named defect complex). These defect com-
plexes are easier to form because of their lower formation energy compared
to the isolated defects. The defect complexes can widen or narrow the
bandgap [11]. Figure 3 graphically presents examples of A-type (Ve +Zncy)
and C-type (2Cuz,+Sngz,) defect pairs in respective Cu-poor and Cu-rich
CZTS.” Enhancement of A-type and V¢, defects, because of Cu-poor and Zn
rich composition, was predicted helpful for electrical properties of CZTS,
whereas C-type and Cuyg, defects, facilitated by Cu-rich and Zn-poor compo-
sition, could deteriorate CZTS solar cells. This has been used to explain why
high efficiency solar cells are usually prepared with Cu-poor and Zn rich
composition. In addition to defect complexes that are primarily altered by
cation composition, the Cu/Zn cation disorder, occurring at z=1/4 and 3/4 of
CZTS lattice in Figure 3, is less composition sensitive and is considered to
be ubiquitous in CZTS compounds due to the similar cation size of Cu and
Zn, as verified by theoretical calculations and experiments [11, 14, 15]. This
defect pair can influence and be influenced by other defect constellations in
CZTS as well ([16-18] and Paper V), thus affecting parameters of solar cells.

5 Cu poor refers to Cu/Sn < 2 or Cu/(Zn+Sn) < 1, and vice versa. Zn rich refers to Zn/Sn > 1
or Zn/(Cu+Sn)>0.33, and vice versa. Sn rich refers to Zn/Sn < 1 or Sn/(Zn+Cu) > 0.33, and
vice versa.
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2.1.2 Phase Diagram of the Cu-Zn-Sn-S System
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Figure 4. (a) Quaternary phase diagram of Cu-Zn-Sn-S system above 450 °C; (b)
Isothermal section of Cu,S-ZnS-SnS, system at about 400 °C [19]; (c) Temperature-
composition phase diagram of the Cu,S-(ZnS+SnS;) mixture [19]; (d) Pressure-
temperature phase diagram of Cu-Zn-Sn-S system [20];

A phase diagram is an important tool to study phases in grown material, in
particular for the complex quaternary CZTS compound that is usually syn-
thesized at high temperature (> 450 °C). Figure 4a displays the schematic of
quaternary phase diagram of Cu-Zn-Sn-S system under standard pressure. It
can be seen that cation composition, anion composition and process tempera-
ture are main variables for the system. When there is no change in sulfur
partial pressure (Ps;), one can only consider temperature and composition of
the material system, as shown in Figure 4b-c. From these two figures, it is
notable that the CZTS single-phase region could be small, which only slight-
ly widens when process temperature is above 700 °C. This means it is chal-
lenging to grow pure CZTS since trivial deviation of composition from the
stoichiometry in CZTS system can trigger the formation of secondary phas-
es.
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2.1.3 Chemical Stability

One aspect making synthesis of pure kesterite material challenging is its
chemical stability. A study combined with kinetic model and experiments by
Scragg et al. shows that the decomposition process is driven by deficient Pg,,
and thereby leading to the oxidation-reduction reaction of Sn in CZTS [21],
as indicated in Eq.1. This process can be further exaggerated by the evapora-
tion of the volatile SnS by-product (Figure 4d), and therefore it is expected
that the decomposition process is firstly trigged close to CZTS surface
(gas/solid interface).

Cu,ZnSnS,(s) © CuyS(s) + ZnS(s) + SnS(s) + %Sz(g); 5nS(s) © SnS(g) (Eq.1)

As shown in Figure 4d, Ps, for CZTS decomposition is about in the order of
10" mbar at 590 °C, which seems to be much lower than widely used Ps,
above 10mbar in practice. This could result from: 1) Non-equilibrium depo-
sition process condition; 2) The validity of kinetic model. The later one be-
comes problematic for process 1) with highly mixed gas environment and 2)
poor CZTS films that are not well grown or off stoichiometry in sulfur con-
tent. The former issue can come from 1) process design (graphite box, tech-
nical design of the process system); 2) Unknown gas status of sulfur poly-
morphs (S, S4, S¢ and Sg). As a result, it becomes vital to monitor the true
Ps, above CZTS surface in a thermal process. In paper I and V, it is shown
that the Ps, could be monitored by examining a SnS, “monitoring film”,
which can be later correlated to a gradual change in material properties of
CZTS films in the same annealing process.

2Cu,ZnSnS,(s) + Mo(s) & 2Cu,S(s) + 2ZnS(s) + 25nS(s) + MoS,(s) (Eq.2)

Besides CZTS surface decomposition, it has been shown that CZTS also
tends to decompose at CZTS rear that is connected to the Mo back electrode
(Eq. 2) [22]. However, this issue could be less significant when growing off-
stoichiometric CZTS films at certain annealing conditions according to
thermodynamic data (see Table Al in Appendix). The chemical instability of
CZTS surface and rear can be detrimental to CZTS solar cells, since they can
lead to secondary phase formation at interfaces [23] as well as change of
interface chemistry [24].
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2.2 Growth of CZTS Film

2.2.1 Deposition Processes

Similar to chalcopyrite material, kesterite material can also be synthesized
by either one-stage processes (i.e. directly grown on a substrate at relatively
high temperature) or two-stage processes (i.e. deposition of CZTS precursor
at low temperature followed by a high temperature annealing process), as
summarized in Table 1. Currently, thermal co-evaporation (vacuum method)
is the only way succeeding in a one-stage process. The polycrystalline
CZTSe film is grown via evaporating elemental sources simultaneously onto
a substrate with elevated temperature above 450 °C. However, the low pro-
cess pressure as well as the cold chamber wall makes it difficult to control
chalcogen partial pressure [24]. The best CZTSe solar cell processed from
this method is about 9.2% efficient so far [25]. To resolve the problem of
insufficient Ps, and to promote better crystal quality of CZTS film, high
temperature thermal processes were introduced as a second-stage [24, 26].
The adaptation of thermal processes offers great flexibility of synthesis
routes for CZTS precursor (both vacuum and non-vacuum methods as pre-
sented in Table I). Because of this, parameters of the thermal process have
to be carefully adjusted to connect to the nature of CZTS precursor films.

Table 1. Summary of reported process to synthesize CZTS film

One-stage Thermal evaporation (>450 °C)
Thermal evaporation [27],
sputtering[28], co- Rapid thermal process[28],
sputtering[29, 30], reactive tube furnace[26]
) co-sputtering[31, 32], ’
Two-stage monograin[33] hotplate[34]
Spin coating[34], electrodep- (all above 450 °C)
osition[35]

In general, it has been reported that annealing of kesterite precursors is often
conducted in the temperature range of 450-600 °C, with a typical dwell time
below 2h [29, 30, 36-43]. In addition, a chalcogen excess environment pro-
vided by either elemental vapor source or H,S/H,Se gas is almost always
supplied during the process. Understanding the annealing process for kester-
ite is a challenging task, since numerous physico-chemical processes may
occur individually, successively or at the same time, such as diffusion [26],
impurity incorporation [44, 45], chemical reaction [43], formation of sec-
ondary phases [32], CZTS decomposition [46], CZTS recrystallization,
CZTS grain growth, etc.. Each one of them or their combinations could po-
tentially change electrical properties of CZTS solar cells [23, 47-49]. To
acquire better understanding of CZTS synthesis at high temperature and to
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correlate to solar cell performance, it is important to minimize and precisely
control the variables during the annealing process. Nowadays the two-stage
process has led to significant improvement in kesterite solar cells, e.g., effi-
ciency of CZTSe solar cell fabricated from thermal co-evaporation process
has been enhanced from 8.9% to 11.6% [50, 51]. Until now the two-stage
process is believed to be the most successful route to prepare kesterite thin
film, holding record efficiency of 12.6% solar cell devices published in liter-
ature.® State of the art CZTS solar cell performance fabricated from various
deposition methods can be found in Table A2 in Appendix.

2.2.2 Formation of Secondary Compounds

Secondary phase formation is a key issue that seems inevitable for growing
CZTS films. It primarily originates from off-stoichiometric composition of
the CZTS film, as demonstrated by the phase diagrams in Figure 4. Never-
theless several other factors can enhance this process, including: 1) surface
[21] and back contact decomposition [52]; 2) Alkali driven phase separation
and formation [45, 47]; 3) Variation in precursor deposition methods such as
metal/compound stacking layers [43], intentional Zn-rich surface termination
[53], etc.; A summary of secondary phases has been reported by Altamura
and Vidal [54]. In short, according to the binary phase diagrams and theoret-
ical calculations [55, 56], cubic Cu, S [49], monoclinic Cu,SnS; [20], hex-
agonal SnS, [56], orthorhombic SnS [32, 57] and cubic ZnS are the most
common and favorable phases to form at the typical processing temperature
ranges of 450-600 °C for CZTS. Note that it is not unusual to have other
distinct crystal structures for these phases, particularly if the process condi-
tions are non-equilibrium. A summary of secondary phases and their remov-
al methods is listed in Table 2.

Table 2. Formation and removal of the secondary phases in different stoichiometric

CZTS
Composition Secondary phases Removal method Ref
Cu-rich Cu,S, Cu,SnS, KCN (Cu,S) [49]
Zn-rich ZnS HCl [58]
Sn-rich SnS,, SnS (NH,4),S or thermal evaporation  [59]

Formation of Cu,S phase is very common under Cu-rich condition. It was
considered that melting Cu,S phase at high temperature could assist the grain
growth for chalcopyrite material. However, this effect is not reflected in
CZTS when the Cu,S capping layer was used on top of Cu-poor CZTS [49].

6 A 13.7% efficient CZTSSe device was announced at the 26" PVSC in Singapore 24-28" of
October 2016 without further details.
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Besides, Cu rich conditions can vastly increase the doping of CZTS, which
has proven to be detrimental to solar cells [11, 49, 60]. As a result, growing
CZTS with a Cu-poor condition, Zn rich and Sn rich composition is current-
ly most widely pursued. For this, formation of ZnS and Sn,S, phases are
often reported during the growth of CZTS films.

ZnS is usually found to distribute spatially within CZTS films with the most
being at front and rear interfaces [32]. The influence of ZnS phases at CZTS
interfaces on solar cells has been reported by an intentional control of the Zn
flux via thermal evaporation [53]. It was observed that segregation of ZnSe
is harmless on the backside of CZTSe but detrimental on the surface of
CZTSe. This was later supported by another study where a pure ZnS buffer
was deposited on top of CZTS [61]. Unfortunately, effects on solar cells
from the ZnS phase in bulk CZTS are rarely reported because of the difficul-
ty in complete elimination of this phase.

In contrast to ZnS, the influence of Sn,S, phases on CZTS solar cells is less
studied. Formation of these phases is in close relation to CZTS formation,
since they can form not only due to the composition of the film but also be-
cause of the change in Pg,. Sn,S, can be observed on surface and rear of the
CZTS film. By now a wet removal process was developed to study its influ-
ence on CZTS solar cells but it is unclear if the electrical properties of the
CZTS film is simultaneously affected by such etching treatment [59]. As one
of the main topics for this thesis work, studies on Sn,S, phases are specifi-
cally performed (Paper I, II III and V). The impact of Sn,S, on CZTS solar
cells is investigated via electron beam induced current measurements (Paper
III). In addition, the Sn,S, phase is also found to be useful for monitoring Ps,,
which can be correlated to alterations in CZTS material qualities (Paper I
and V).

In addition to the above overviewed phases that are inherent from Cu-Zn-Sn-
S system, the actual secondary phases can also involve broader species such
as Na related compounds, elemental chalcogen species and oxides. These
extra compounds can modify surface and grain boundary properties of CZTS
film hence the ultimate solar cells in different manners, as later discussed in
paper VI and VIL
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3. CZTS solar cells

Ali-Zn0O CdS CZTS MoS, Mo

e
Space charge region « Quasi neutral region

Figure 5. SEM cross section of typical CZTS solar cell prepared at Angstrom Solar
Center, overlayed by a schematic of the band diagram of a CZTS solar cell

The most common structure of CZTS thin film solar cells is shown in Figure
5, including (from right to left) Mo back electrode, p-type CZTS absorber, n-
type CdS buffer layer and n'-type ZnO based emitting layer (window layer).
The CZTS solar cell is substantially composed of hetero p-n junction, and
the respective band diagram under thermal equilibrium is sketched as white
curves. On one hand, since the window layer is highly n-type doped, the
space charge region is considered to be extended towards absorber bulk. On
the other hand, since the bandgap of window layer is higher than the absorb-
er layer and the thickness of buffer is much thinner, the visible light is ex-
pected to be mostly absorbed into the CZTS layer. Therefore, the quality of
the absorber as well as the interfaces next to absorber layer is crucial for
device performance. In the ideal case, the CZTS/Mo interface (or
CZTS/MoS; interface of annealed CZTS films) is expected to be less defec-
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tive and to present ohmic behavior, so that the transport of majority charge
carriers towards back electrode can proceed smoothly, while minority charge
carriers can be collected without high recombination velocity. As to
CZTS/buffer interface, a small spike-like band offset is preferred since it
may increase the energetic barrier for recombination of minority carriers
thus improving the open circuit voltage of the solar cell. In this section, state
of the art development on CZTS stack layers will be briefly introduced.

3.1 The Substrate

1-3 mm thick soda lime glass (SLG) is widely exploited as the substrate in
kesterite technology. In addition to mechanically supporting the rest of the
solar cell stack, SLG can also release Na, which is demonstrated essential to
guarantee good solar cell performance, to CZTS film during the growth pro-
cess [44, 62]. Nowadays alternative mechanically flexible substrates are also
highly motivated to promote mobile solar energy and building integrated
capability. The potential roll-to-roll deposition is more compact and can be
much more time effective for lower cost. Reports have shown that ZrO, [63],
stainless steel [64] and enamel ceramics [65] can be these candidates yield-
ing reasonable device performance above 6%. It is notable that CZTS films
grown on alternative substrates will require an external addition of Na.

3.2 The Back Contact

The back contact is used as the transition layer between substrate and ab-
sorber layer, as indicated by purple and cyan colors in Figure 5. It requires
several properties:

e Compatible mechanical properties with the substrate and later deposited
absorber, such as thermal expansion coefficient

e Allowance for Na transport that is fed by SLG
e Low contact resistivity and sheet resistivity

e Possibly resistive to corrosive chalcogen environment during the high
temperature process

A Mo layer of about 300-1000 nm thickness is the most widely employed
back contact in kesterite solar cells, since it is proven to be successful in
chalcopyrite technology by fulfilling most prerequisites commented above.
In CZTS, Mo can easily react with chalcogen species during high tempera-
ture annealing process, leading to formation of MoS(Se), interlayer between
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CZTS and Mo. Nevertheless, it is still debated whether MoS(Se); is electri-
cally harmful to kesterite solar cells [51, 66, 67], since the reported carrier
transport within CZTS film varies from one research group to another, mak-
ing it difficult to conclude if back contact recombination or series resistance
induced by MoS(Se)y is crucial to solar cells. In paper II, by varying absorb-
er thickness and combining with SCAPS 1D simulation [68], we found that
the back contact recombination did become severe for the ultra-thin CZTS
solar cells, suggesting that the CZTS/MoS; rear interface could not be ideal.

To control the formation of MoS(Se), layer, several approaches have been
explored such as deposition of thin passivation layer on top of Mo or estab-
lishment of multi-Mo layers. In the first approach, passivation layer, such as
TiN [51], TiW [69], TiB, [70], carbon [71] etc., have been tested and report-
ed. However, none of them shows significant advantage over bare Mo layer.
In paper IV, we used thin nanosized-opened Al,O; as the passivation layer
above Mo, and showed that the passivation effect may be beneficial for ul-
tra-thin CZTS solar cell [62]. The disadvantage of introducing a passivation
layer lies in limiting the Na supply and adding extra non-optimal interfaces
in the solar cell structure. As an alternative, the approach of building multi-
ple Mo layers is proposed, which includes intentionally depositing a sacrifi-
cial top thin Mo layer for MoS(Se), formation to prevent further consump-
tion of the Mo film.

3.3 The CZTS Absorbers

The polycrystalline CZTS absorber film is the core of the solar cell stack in
which the incoming sunlight will be absorbed and converted into output
power. Hence, the CZTS layer is required to have good conductivity for
charge carrier transport. Specifically, the excited electrons in CZTS by in-
coming photons should have long lifetimes as well as good mobility for suf-
ficient diffusion length, and the net charge carrier concentration in CZTS
should be controlled. The ultimate goal is to minimize the probability of the
charge carrier recombination before they are collected. It has been reported
that the charge carrier lifetime for CZTS is typically below 13 ns [29, 72]
and the carrier diffusion length is less than 500 nm [60, 68]. In contrast, the
carrier lifetime and diffusion length for CZTSe are typically below 7 ns and
about 2000 nm [50, 73], respectively. Hence, the short circuit current ex-
tracted from selenide based kesterite PV devices normally is not an issue.

Nevertheless, a common bottleneck for CZTS based solar cells is the high
open circuit voltage (V) deficit (Ey/q—V,), and the higher the CZTS
bandgap energy, the larger V,. deficit appears [74]. Exact reasons for this
matter remain open, and it is still unclear what the true bandgap of CZTS is.
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It is proposed that effects from interface recombination as well as band tail-
ing caused by potential fluctuations in bulk CZTS are the main origins [74,
75]. As to the contribution from interface recombination, attention is focused
on improving band alignment, and it was shown that alternative buffers such
as (Cd,Zn)S could reduce the V. deficit by about 90 mV [76]. Reasons for
band tailing are attributed to charged defect constitutions in bulk CZTS,
among which Cu/Zn cation disorder is considered most likely due to its low
formation energy [11]. However, recent studies have shown, although the
reversible process of the Cu/Zn cation order-disorder transition can contrib-
ute to the bandgap narrowing up to 200 meV [77], the V. deficit could re-
main uninfluenced [78]. Therefore, other deep defects or defect interactions
may be responsible for the V. deficit. To passivate or alternate these poten-
tial defects, intense research focus is nowadays turned to alkali doping [79,
80] and metal alloying like Ge and Cd [81, 82] in CZTS. Furthermore, ef-
forts on compositional gradients [83] and air annealing [84] are also attempt-
ed for CZTS thin film in order to boost the overall efficiency.

3.4 The Buffer Layer

Similar to CIGS/CdTe technology, chemical bath deposited CdS (CBD-CdS)
has been widely applied as the buffer layer for CZTS solar cells. The chemi-
cal bath usually is mixed with Cd precursor (Cdl,, CdSO,, CdCl, or
Cd(Ac),), thiourea (S precursor), ammonium hydroxide as well as deionized
water. The basic reaction route of CBD-CdS on the CZTS substrate can be
generalized by

2Cd(NH;),** + SC(NH,), + 20H~ — CdS + CNyH, + 4NH; + 2H,0 (Eq.3)

As a result, increasing Cd salt concentration and thiourea concentration,
increasing the pH of the solution as well as the bath temperature can promote
the formation of CdS particles. The actual reaction process behind Eq.3 is
still under debate. It is generally accepted that the growth of CdS is cata-
lyzed by Cd(OH), adsorbed on the substrate surface, which facilitates the so
called atom-by-atom growth. The advantage of the atom-by-atom growth is
to allow a precise control of the CdS thickness. As illustrated by the solid
curve in Figure 6, the growth rate by atom-by-atom process can be con-
trolled accurately in the linear region (B). Nonetheless, once the homogene-
ous growth where the CdS particles form in solution and precipitate at the
surface becomes dominant, the atom-by-atom growth of CdS will shift into
the agglomerated CdS growth, which can result in uncontrollable and porous
overlayer, as displayed in the upper electron microscopy image in Figure 6.
The agglomeration growth of CdS can be quickly initiated at the very begin-
ning of the CBD process if the parameters of the solution are quite off from
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an optimal condition. This can be a particular issue for the CZTS surface
with the presence of Na,S compound, since this can alter local pH close to
solution/CZTS interface (Paper VI).

Figure 6. Schematic of a typical growth curve of chemical deposited CdS film with
two different growth mechanisms at ASC (right): (A) Incubation period (B) Linear
growth of a compact CdS layer (C) Rapid growth of a porous overlayer by coagula-
tion of CdS particles from solution. The dash curve shows an exemplary growth
curve of CdS film when the initial chemical bath condition deviates from an optimal
condition. SEM images of CZTS film on which CdS film is deposited under different
mechanism (left)

Until now the introduction of a CdS buffer layer on top of CZTS films still
seems crucial for functional solar cells. Ericson et al., have shown that a
complete replacement of CdS layer with ZnO layer leads to nonfunctional
solar cell [61]. Several reasons for the role of CBD-CdS have been proposed,
including protection of CZTS surface from sputtering damaging during the
ZnO deposition, cleaning of surface compounds on CZTS surface, incorpo-
rating Cd into Cu poor CZTS surface [29], reduction of optical reflection,
etc.. However, a major problem of using CdS for CZTS is the non-ideal con-
duction band offset (CBO) CZTS/CdS. As presented by the band diagram in
Figure 5, the cliff-like CBO can potentially lower the barrier for charge car-
riers to recombine at the interface.” Besides, another concern of using CdS
lies on its hazard to human health. Consequently alternative buffers are ex-
plored in order to replace CdS, which includes SnOy [85], ZnO,S,« [61],
Zn,Sn;, Oy [86] and In,S; [87]. Nonetheless, by far the highest open circuit
voltage (783 mV) of CZTS solar cell is still based on CdS buffer ([33] and
Paper V).

" The slight spike-like CBO at CZTS/buffer is the most favorable band structure for CZTS
solar cells. The spike-like CBO should not be too large so that the electrons can still be ther-
mally emitted across the buffer. The non-optimal CBO can be a reason for decreased open
circuit voltage of thin film solar cells.
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3.5 The Window Layer

The window layer is consisting of two parts: resistive intrinsic ZnO (i-ZnO)
and conductive Al-doped ZnO (AZO). The i-ZnO layer is deposited in be-
tween Al-ZnO and CdS layers, in order to prevent shunt paths across CZTS
film. The AZO is the front electrode that is highly doped. It should provide
maximum lateral electrical conductivity with highest optical transmission.
To reduce the free carrier absorption at long wavelengths, the conductive
window layer is preferred to have low free charge carrier concentration but
high mobility. For this purpose, In-doped SnOy (ITO) is also often used as
the conductive window layer instead of AZO, but the cost is higher than
AZO.
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4. Solar Cell Characterization

4.1 Solar Cell Operation
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Figure 7. Typical current density — voltage (J-V) characteristics of a solar cell op-
erated under dark and one sun illumination, the left corner shows the equivalent
circuit of solar cells during these operations.

The performance of a solar cell is usually characterized by a current—voltage
(J-V) curve. To better understand this electrical behavior, the operation of a
solar cell is often assumed equivalent to an electrical circuit drawn in Figure
7. Without intentional illumination, a solar cell is substantially a p-n diode.
Its J-V behavior can be described by the first part of Eq.4 in Table 3 and is
indicated by the dashed line in Figure 7. Under standard illumination (25°C,
AM1.5 solar spectrum and an input power of 100 W/cm?), a constant current
density should be generated by an ideal solar cell due to 100% carrier collec-
tion. Therefore, the entire J-V curve will be shifted downward by J;, as ex-
pressed in Eq. 4 in Table 3 and presented in the solid curve in Figure 7.
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Nevertheless, this shift approximation is rarely applicable for thin film solar
cell and a crossover of dark and light J-V curve is often found.®

The solar cell parameters extracted from the illuminated J-V curves are short
circuit current (Ji.) at zero voltage, V,. at zero current and fill factor (FF).
The FF is to measure how close to the product of V. and J that a solar cell
can operate at its maximal output power point, as summarized in Eq.5 in
Table 3. The FF can be affected by series and shunt resistances that are
shown in the equivalent circuit (Figure 7), leading Eq. 4 changing to Eq.6
that is known as the one diode model. In Eq. 6, the quality of the diode, i.e.
the ideality factor A (A=1 for an ideal solar cell), is also considered. Assum-
ing the shunt resistance is high enough so that the second term of Eq.6 be-
comes negligible, V.. can be mathematically expressed in Eq. 7. Ultimately,
the last parameter, i.e. the power conversion efficiency, of the solar cell can
be calculated according to Eq.8.

Table 3. Summary of numerical equations that are applied to characterize solar cell
performance

Equation Formula Remarks

Eq4 J =Jo(exp(qV/ksT) —1) —J, Jo(saturation current)
Ji(light generated
current)
_ . N q (elemental charge)
Fa:> FF = Qg *Jp)/ G *Jsc) kg(Boltzmann con-
stant)
T (temperature in
Eq.6  J=Jo(exp(q(V —JRs)/(AksT) = 1) + (V — JR)/Rer, — J1 Kelvin)
A (ideality factor)
Rg(series resistance)
Ry, (shunt resistance)

Ea.7 Voe = AlksT/q xInU/Jo +1) 1 (power conversion
efficiency)
The standard input
: 2
Eq.8 N =V, * Js * FF /Input power power is 100 W/cm

4.2 Quantum Efficiency (QE)

To further understand the photo conversion process, external quantum effi-
ciency (EQE) measurements can be performed on the complete solar cell.
EQE is defined as the ratio of the number of the collected carriers from the

8 The reasons are still under debate. It has been shown that either an electron barrier on buff-
er/absorber interface or a hole barrier at the absorber/back contact can contribute to the cross-
over behavior of the J-V curves.
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incident number of photons of a given wavelength into the solar cell. In oth-
er words, it can be regarded as the convolution of the generation profile of
electron-hole pairs in the solar cell and the collection efficiency of these
carriers that contributes to the external current. This means by incorporating
the photon flux of the AMI1.5 solar spectrum (@41 5(4)), the photocurrent
can be calculated from the EQE setup (see Eq. 9). The calculated J; from
EQE is often used to correct the g, derived from J-V characteristics.

Ju = qJy Pamrs(WDEQE(A)dA (Eq.9)

EQE is useful for analysis of thin film solar cells, as carrier loss mechanisms
sometimes may be indicated by the shape of the EQE curve. Figure 8a pre-
sents the EQE of a typical CIGS thin film solar cell that is analogous to
CZTS. Five carrier loss paths that limit reaching the theoretical current den-
sity of this CIGS solar cell (a bandgap energy of 1.13 eV) are marked, and
the resulting current loss from each path is summarized in Figure 8b. Except
for region (5), i.e. current loss in relation to imperfect CIGS film, all rest of
the current loss paths are related to non-optimal optical management of the
entire CIGS solar cell stack. In (5), the current loss due to the incomplete
absorption is an issue only for ultra-thin films (< about 1 pum). To take a
closer look at electrical losses for the solar cell, internal quantum efficiency
(IQE), that only considers the absorbed incident photons of a given wave-
length, is required. An IQE curve can be derived from EQE by extracting the
reflectance and transmission of the solar cell. It can be approximated by,

IQE =1 —exp(—a(d) *w(V))/(a(d) * L, + 1) (Eq.10)

Where a (1) is the absorption coefficient of the absorber material, w(V) is
the width of space charge region and L, is the electron diffusion length. By
applying bias voltage or performing numerical simulation, all variables in
Eq.7 can be potentially derived and be used to compare with results from
other device characterization techniques such as electron beam induced cur-
rent and capacitance-voltage measurement [88-92].

QE can also reflect the bandgap energy of the absorber material. This is done
by evaluating the QE edge in the long wavelength regime since this relates to
the optical absorption edge. Figure 8c displays three main methods, which
are widely presented in literature, to derive bandgap energy from the QE
edge. In CZTS, values from these methods often diverge, which indicates
that CZTS quality is inferior. Unlike a perfect material, defects in a material
often introduce band tails (Urbach tails) that locally narrow the band edges,
leading to the QE edge changing from an ideal abrupt to a sloped shape. As
shown in Figure 8a, region (6) could be a result of the collected carriers that
are generated from band tail states. The band tail can contribute to the J,. of a
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solar cell but can also lead to a decrease in V.. As discussed in section 3.3,
the band tail could stem from a high defect density such as Cu/Zn cation
disorder. The Cu/Zn order-disorder transition has been demonstrated to re-
late to the shift of QE edge, which could yield an improvement of V,. but
unchanged overall device performance [78, 93].
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Figure 8. (a) External quantum efficiency of a typical CIGS thin film solar cell:
(bottom solid curve), 0 V; (upper solid curve), -1 V. The graph is reproduced from
[89]. The dot dash line marks the estimated bandgap of CIGS material. (b) Percent-
age of current loss from the ideal 42.8 mA/cm’ due to different process indicated in
(a); (c) EQE of a CZTS solar cell, the inset shows various methods to determine E,
Jfrom the EQE edge at near IR regime (gray area). In the case of shown sample, E,
value are (1) 1.50 eV, First derivative of normal EQE curve (2) 1.51 eV, E vs
(E*In(1-EQE))’ (3) 1.46 eV, E vs EQE".
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5. Fabrication of CZTS Solar Cells

5.1 CZTS Precursor Deposition

To prepare CZTS absorber layers, a two-step process was conducted
throughout the thesis work. At Angstrém Solar Center (ASC), this includes
co-sputtering at low temperature in the first step and a high temperature
thermal process in the second. To ensure proper sulfur incorporation into the
CZTS precursor film, either reactive co-sputtering of compound and metallic
targets or co-sputtering of compound targets was performed.

5.1.1 Reactive Co-sputtering of Cu,S, Zn and Sn Targets

The reactive (co-)sputtering process was conducted in a Von Ardenne
CS600 sputtering system, as outlined in Figure 9. The system was config-
ured with three magnetrons facing the substrate with an angle of 45° at a
distance of 16cm. 4-inch planar circular targets of Cu,S or CuS (purity
99.95%), Zn (99.99%) and Sn (99.99%) were used. All the targets were op-
erated in pulsed direct current (DC) mode. For Zn and Sn targets, pulsed DC
with a frequency of 20 kHz was supplied by two Huttinger PFG 3000 DC
power supplies, which were equipped with Advanced Energy Sparc-le 20
pulsing units. As to Cu,S or CuS target, an Advanced Energy pinnacle®
plust+ 5 kW pulsed DC power supply was connected and the pulsing fre-
quency was set to 150 kHz. Constant power mode was applied to yield the
desired power density on the respective targets, thereby targeting a particular
cation composition of the final precursor film. The base pressure of the sys-
tem was below 10 Torr. The standard process pressure was 5 mTorr with
either mixed 1:1 H,S (99.5%) /Ar or full H,S (99.5%) constant flow at 30
sccm. The substrate holder was intentionally heated up to 180 °C in order to
adjust the stress in the precursor film, and 7 pieces of identical precursors
could be produced in one sputtering batch. Since there is a linear relationship
between film thickness and (X-ray fluorescence) XRF counts, we can simply
modify the deposition rate by examining XRF counts. A typical sputtering
time of 20-60 min can produce a 500-1500 nm thick CZTS precursor.

Precursors prepared from the reactive sputtering process were used for pa-
pers I-1II, IV and VI. The baseline precursor at ASC has cation composition
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of Cu-poor, Zn-rich, Sn-rich precursors (Cu/Sn < 2, and Zn/(Cu+Sn) > 0.33),
and a thickness of about 800-1000 nm according to the study in paper II.

Power on Cu2S-target :
100-180W
(450-520V, 0.26-0.34 A]

ERp—— Pulsed DC
Power on Zn-target Pulsed DC
RS g power
200-400 W power
(400-500V, 0.5-1.2 A) Pulsed pc
Dower
30\.~.o on S target

150-250W
(450-600V, 0.8-1.6 A)

H,5 or Flow rate
0- 30 sccm

Process pressure
5-20 mTorr

Heater

Base pressure
10%-107 Torr

Figure 9. Schematic of reactive co-sputtering process performed in this thesis work

5.1.2 Co-sputtering of CuS, ZnS and SnS Targets

The key issue using the reactive co-sputtering process at ASC is the instabil-
ity of the Zn target and resulting Zn incorporation into precursor films. The
exact reasons are still uncertain during the period of this thesis work: it could
be related to uncertain growth rate of a ZnS insulating layer on the surface of
Zn target, or Zn sticking property on the deposited film. Therefore, CZTS
precursors were also prepared from co-sputtering of compound targets.

The co-sputtering process was conducted in a Kurt J. Lesker sputtering sys-
tem configured with 3-inch planar circular CuS, ZnS and SnS compound
targets. TruPlasma DC 4002 power supplies were operated on the CuS and
SnS targets, while a Kurt. J. Lesker Company radio frequency (RF) power
unit was connected to the ZnS target. Constant power mode was applied to
all targets for tuning the deposition rate and thus the composition of the de-
posited film. The base pressure of the system was below 10 Torr. The sput-
tering pressure was 5 mTorr at a constant Ar flow of 50 sccm. The substrate
holder temperature was kept at 250 °C, and a typical sputtering time of 50
min produces around 1000 nm thick CZTS precursors. Eight pieces of iden-
tical samples can be produced in one sputtering batch. Precursors produced
from the compound co-sputtering process were used in papers V and VII.
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5.2 CZTS Absorbers

The high temperature (> 550 °C) annealing process following the sputtering
process is a crucial step to improve the quality of CZTS films. Since kester-
ite material tends to decompose due to the difficulty to control the Pg; at high
temperature, a graphite box with limited volume is usually utilized for this
process, given that the gas/vapor pressure for a fixed loading of solid chal-
cogen is inversely proportional to the volume of the closed system at a con-
stant temperature.

Figure 10 shows the setup of the home-made tube furnace for annealing
CZTS precursors in this thesis work. It consists of four zones:

1. Loadlock, Zone 4, to load and unload the samples by pump-
ing/purging N, gas;

2. Transition zone, Zone 3 that is close to the gate valve between
Loadlock and cooling zone, to rest the samples before/after an-
nealing process;

3. Cooling zone, Zone 2 that is configured with a water-cooled Cu
coil, to enable a fast cooling after completion of the annealing.;

4. Hot zone, Zone 1 that contains a graphite block to receive the
samples, and is heated by electrical resistance, to perform the
main part of the annealing process;

Zone 1 Zone 2 Zone 3 Zone 4

Pumping valve Furnace temperature N, gas line valve
[ON] for horizontal
[OFF] for vertical

Ar flow control panel

Figure 10. The home-made tube furnace at ASC for thermal process
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Figure 11. Example of annealing process curve

In order to achieve a rapid thermal process with a high ramping rate, the hot
zone is usually preheated to the set temperature, and once the temperature of
the block is stabilized, the CZTS precursors will be loaded in the furnace
ready for the annealing process. The fast ramping is realized by inserting the
sample plate to the hot zone from the transition zone. The sample tempera-
ture during the annealing process is recorded by a thermocouple embedded
into the titanium sample plate. An exemplary process curve is outlined in
Figure 11. When the block temperature is stabilized at the set temperature,
Ar gas is firstly purged into the furnace until the total pressure reaches 260-
350 mbar. The sample plate is then immediately inserted into the hot zone
after the Ar pressure valve is closed. After completing the annealing dwell,
the sample plate is quickly withdrawn to the cold zone for cooling to below
50°C. Herein, all gases inside the furnace will be pumped out after the sam-
ple plate is cooled to 200 °C. The average ramping and cooling rates are
generally about 5.5 K/s and 0.2 K/s, respectively. Maximally four precursor
films (each size of 2.5x2.5 cm”) can be loaded into a 5x5 cm® pyrolytic-
coated graphite box. To enable a saturation vapor pressure of chalcogen spe-
cies over the CZTS sample surface in the graphite box, an excess amount of
solid sulfur is always loaded. Differences in preparation of the CZTS ab-
sorbers in different papers are summarized in Table 4.
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Table 4. Summary of the treatments of precursor films performed in this thesis work

Annealing in S Annealing in Se . Post anne-
Papers  Precursor Ordering process .
atmosphere atmosphere aling
I-ITII,  Reactive 560 °C, 10 min,
IV and (co)- 265 mbar Ar
VI sputtered
Re-heat to 300 °C,
Co- 580 °C, 0-40 anq then cool down
\Y% sputtered min, 350 mbar with 0.1 K/s to 80
Ar °C under 300 mbar
Ar
10 min in
VII Co- 580 °C, 13 min, 560°C, 4min, Air, 100-
sputtered 350 mbar Ar 265mbar Ar 300 °C on
hotplate

5.3 Fabrication of CZTS Solar Cells

The baseline process for device fabrication in this thesis is described in Fig-
ure 12. Initially, about 350 nm Mo is DC-sputtered on the cleaned 1mm thick
SLG of size 10x10 cm®. The Mo coated SLG substrates are then cut into
pieces of 2.5x2.5 em® for CZTS deposition. After finishing the thermal pro-
cess to convert CZTS precursor into active CZTS absorber, the samples are
etched in 5 wt% KCN solution for 2 min, in order to remove unfavorable
surface compounds like Na,S (Paper VI) [45]. Following the etching pro-
cess, about 50 nm thick CBD-CdS buffer layer is deposited on the cleaned
CZTS absorber surface. The chemical solution is mixed with 0.005 M cad-
mium acetate, 0.07 M Thiourea and 1.14 M Ammonia. The water bath tem-
perature is pre-heated to 60 °C. The samples are immersed into the chemical
solution at room temperature before the reaction beaker is moved to the wa-
ter bath. The timer starts as soon as the beaker is placed into the hot water
bath. When the CdS layer deposition is completed, the samples are rinsed in
two batches of deionized water successively and then flushed under the wa-
ter tap. After drying with N, gun, the CdS deposited CZTS samples are im-
mediately moved to the Von Ardenne sputtering system for RF sputtering of
window layers. The window layer is composed of about 80 nm sputtered i-
ZnO layer followed by 210 nm AZO layer. Finally Ni/Al/Ni contacts are
evaporated onto the Al doped ZnO layer. Ni layers are used to prevent Al
from formation of the resistive Al,Os, since Al can react with oxygen that is
from either the window layer or the air. For JV measurement, solar cells of
0.5 cm” total area are defined by mechanical scribing.
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6. Material and Device Characterization
Techniques

The material characterizations provide means to understand fundamental
properties of materials or to monitor the process for material synthesis. In
case of CZTS, due to the complexity of the material properties, complemen-
tary material characterization techniques are often required. The majority of
the techniques performed in this thesis work will be introduced in this sec-
tion.

6.1 X-ray Techniques

photoelectron
L ]

Incident x-ray

characteristicK shell x-ray

L shell

Figure 13. A schematic of principle of x-ray techniques; the photoelectron can be
used for the XPS measurement, while the characteristic x-ray can be used for the
chemical quantification.

X-ray based technology is widely used to identify phases or compounds, to
analyze their crystal structure and to determine their chemical composition.
As shown in Figure 13, the photon energy provided by an incoming mono-
chromatic x-ray beam can excite an electron to vacuum from the K shell of
the atom, and the ejected energetic photoelectron can be used for x-ray pho-
toelectron spectroscopy by measuring its kinetic energy. Simultaneously, an
electron from L shell can relax down to the ground state to re-emit a specific
x-ray energy that is characteristic of the element concerned — this “X-ray
fluorescence” can be used to quantify the elements in a sample.
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X-ray fluorescence (XRF)

XREF is used to determine the chemical composition of CZTS thin films. At
ASC, the XRF measurement is calibrated by the Rutherford backscattering
spectroscopy, as described in detail in [94]. XRF measurement is conducted
in a PANalytical Epsilon 5 system. The measured spot size on the sample is
about 2cm in diameter. Two important remarks need to be stressed for this
measurement on CZTS: 1) the cation composition calculated from XRF is an
average value, since the typical CZTS sample has the size of 2.5x2.5cm’. 2)
Because Mo substrate is used for CZTS thin film deposition, XRF cannot be
used to derive the anion composition of CZTS thin film due to the overlap of
the energy of S-K and Mo-L. The accuracy of the XRF composition is about
0.5-2at%, depending on the element as well as the film thickness. XRF
measurement was used in all papers.

X-ray photoelectron spectroscopy (XPS)

XPS is a surface sensitive technique (usually few nanometers in depth from
the material surface) that allows identifying chemical environment of the
CZTS surface. As displayed in Figure 13, the binding energy can be calcu-
lated by subtracting the work function and the kinetic energy of the ejected
photoelectrons from the incident x-ray energy. By comparing experimental
results to reference data, the compound can be recognized. In order to cross-
compare XPS results among different samples, one should pay close atten-
tion to the carbon contamination or oxidation on the surface of the samples.
In paper VI and VII, XPS was performed to identify Na related compounds
as well as to compare surface properties of the oxidized CZTSSe thin films
before and after etching process. The measurement was conducted in a PHI
Quantum system with monochromatic Al-Ka x-ray source. The measure-
ment spot size is 200pm.

6.2 X-ray Diffraction (XRD)

XRD is a technique used to characterize the crystal structure of materials. An
incident monochromatic x-ray beam (a Cu Ka radiation (A=0.15406 nm)
source) is elastically scattered after striking atomic planes with spacing d. If
the reflected x-ray from the crystal for a given angle between the source and
detector has a light path fulfilling the Bragg law, they will constructively
interfere and a signal will be detected. In a standard Bragg-Brentano setup,
the angle of the incident beam towards the normal of the material surface is
identical to the angle of the outgoing x-ray towards the detector, namely 6-
20 configuration. To assign the diffraction pattern to the crystal structure of
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any material, one should always compare experimental data to reference data
such as PDF cards or ICDD database. Nonetheless, materials prepared for
the reference data are often in powder form, making it difficult to fully apply
to thin films. This is because thin films have much less material mass (so
smaller signal), and are susceptible to preferential orientation or strain.

Fortunately, grazing incidence XRD (GIXRD) techniques can resolve the
issue of low signal of the grown thin film. In GIXRD setup, the angle of the
incidence beam is fixed while the detector is the only movable unit. This
setup allows an increase of the scattering volume in the investigated thin
film that greatly enhances the x-ray intensity. However, one should note
when analyzing GIXRD of the thin film that may contain preferential orien-
tation of the grain ensembles. For example, it works fine for the symmetrical
scan of 8-20 XRD to detect the grain orientation that has its normal perpen-
dicular to the film surface, but this lattice plane cannot be detected by
GIXRD due to the asymmetrical setup of GIXRD. This effect has been seen
in identification of SnS phase with [004] orientated orthorhombic structure
on the backside of CZTS thin film (Paper 11, 111, V).

Cu,ZnSnS,
Cu,SnS,
Zn3S

SnS,

SnS

Intensity (a.u.)

gl . P S N
10 20 30 40 50 60 70 80
20 (dem

Figure 14. Example of XRD pattern of different phases in CZTS system; All patterns
are simulated by PowderCell software and the data are from PDF cards: CZTS
(#015-0223), CTS (#010-5719), ZnS (#005-0566), SnS, (#023-0677) and SnS (#075-
0925)

In CZTS, the utilization of XRD technique has limitations. The major prob-
lem is the difficulty to separate cubic-ZnS, cubic-CuyS, tetragonal-Cu,SnS;
and tetragonal-CZTS phases in CZTS thin film due to the similarity of their
crystal structures. Figure 14 shows some simulated XRD pattern of possible
phases in the CZTS system. It can be found that XRD is sufficient to identify
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Sn-based secondary phases in CZTS, but that it is impossible to distinguish
the cubic ZnS phase. A method like Raman scattering should be performed
in order to complement XRD techniques for a better understanding of the
material properties in CZTS. In this thesis work, XRD was performed in
Siemens D5000 system, and GIXRD was conducted at 0.5-1.5° incidence
angle in parallel beam geometry.

6.3 Electron Microscopy Characterization

Electron microscopy is among the most widely used techniques to picture
the morphology of synthesized materials as well as their chemical composi-
tion. The core character of this technique lies in the control of interaction
volume as displayed in Figure 15. The incident electrons penetrate into the
material surface via elastic and inelastic scattering. The interaction volume
has a pear-like shape into the material from the probe area, as sketched by
the black curve in Figure 15, and its dimension depends on the primary
beam energy, material density and atomic number of the material. The sec-
ondary electrons scattered close to the surface of the sample are collected to
image the morphology of the material (SEM). The backscattered electrons
are elastically scattered due to the repulsion of the atom nucleus, and have
high energy. The non-escaped electrons will continue to interact with the
material, leading to characteristic and continuum x-rays emitted from the
bulk of the interaction volume. The characteristic x-ray can be collected for
chemical composition measurement (EDS).

Scanning electron microscopy (SEM)

SEM can provide quite good spatial resolution within nanometer scale. Re-
ducing the accelerating voltage is a way to improve the resolution for a bet-
ter imaging of surface topography. However, too low accelerating voltage
can result in false image of the material due to the surface contamination
from the absorbed carbon from the environment in the chamber. In contrast,
using too high accelerating voltage can lead to losses of morphological in-
formation of the material surface, but may help to investigate alternative
information deeper into material. Since the SEM image is produced by col-
lecting secondary electrons, which means materials with low conductivity
can introduce charging effect thus influence the image quality. In the case of
CZTS film, this could be used to distinguish CZTS grains and ZnS crystals
(usually bright), since ZnS is an insulator.
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In this thesis work, a Zeiss Leo 1550 with Gemini electron column and in-
lens detector was used. The accelerating voltage of was typically set to 5 kV
for SEM images.

Energy dispersive x-ray spectroscopy (EDS)

electron beam

Back scattered
X-rays electrons Secondary electrons

Interaction

volume

177
A
cz1s sph.gomm /)
MoS2 7
MoS2 980,00 nm 2/
Mo substrate ;_r

Figure 15. Monte-Carlo simulation of the Interaction volume induced by the prima-
ry electron beam energy at 12 keV; the analyzed CZTS thickness is 900nm; the red
color reflects the back scattered electrons. The electron energy is faded as the densi-
ty of the electron trajectories (blue color) inside CZTS becomes less. The secondary
electrons ejected near the probe surface are used for SEM image, while the emitted
characteristic x-ray from the bulk material is used for EDS quantification.

As a module attached to the SEM system, EDS enables a direct quantifica-
tion of the chemical composition in the area of interest during the investiga-
tion of the material morphology. Similar to XRF, EDS is not reliable for Mo
and S measurement due to their energy overlap. Yet differing from XRF, the
spatial resolution of the EDS measurement is on the scale of a few hundred
of nm to mm. However, the resolution is strongly dependent on the interac-
tion volume shown in Figure 15. This means that morphological effects can
greatly influence the EDS result. In addition, the EDS software generally
considers that the material is uniformly mixed, which can possibly lead to
incorrect analysis of thin film materials, particularly for films with layered
structures. The accuracy of the EDS measurement is about 2-3 at%, depend-
ing on the quality of material, elements of interest, conditions of the meas-
urement and the analysis software. Therefore, one should take precautions
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when making conclusions on basis of the quantification of the chemical
composition derived from EDS data. Despite these shortcomings, EDS is
still powerful for qualitative compositional mappings with proper measure-
ment settings.

In this thesis work, an Oxford instruments EDS system was used. The accel-
erating voltage was varied from 5-20 kV depending on the characterized
material. The compositional analysis is resolved via Oxford Instruments
software Aztec.

Electron beam induced current measurement (EBIC)

EBIC is another measurement that can be carried out in a suitably equipped
SEM system, which allows measurement of electrical properties on solar cell
devices, in particular of carrier collection. Instead of using a light source, the
incoming electron beam from the filament of the SEM generates electron-
hole pairs inside the solar cell. An external EBIC current can be measured
when the generated carriers are collected. The EBIC current depends on the
electron beam energy and current, the material properties, electrical proper-
ties of the solar cell, and the position of the irradiation. In other words, the
EBIC current is the convolution of the generation and the collection func-
tions of the electrons in the solar cell. If the electron-hole pairs are generated
in the proximity of the pn junction, the probability of their collection gets
higher. EBIC can be used to extract the electron diffusion length by means
of numerical and analytical simulations [95]. EBIC measurements can be
performed in both top-view and cross-section configurations.

Despite the advantages of EBIC measurement, one should also be cautious
of its critical issues. EBIC results can be greatly affected by the morphology
and surface states of the sample. This is particularly a problem for cross-
section EBIC. The macro-scale roughness of the surface is commonly seen
after breaking samples for cross-sections. Besides, the new surface of the
cross-section can introduce surface states to enhance the surface recombina-
tion, which makes the measurement with small accelerating voltage unrelia-
ble. Nevertheless, by depositing a passivation layer on cross section surface
[96] or comparing to top-view EBIC on the same sample, one can partly
resolve this issue. Figure 16 shows an example of EBIC and its comparison
to a SEM image. It is notable that by comparing top-view as well as cross
sectional EBIC and SEM at the same time, the sample morphology and elec-
trical properties as well as their correlation can be observed. The measure-
ment can be more complete with the combination of chemical mapping by
EDS in the same SEM setup.

45



EBIC, AV=20 kV, 1,=178pA

“~

curr dwell it
1.4 nA 10ps | 3 University of Oldenburg

Figure 16. SEM and EBIC of thin CZTS solar cells (upper figures) Top-view com-
parison; (bottom figure) the overlayed cross section SEM and EBIC images (red)

In paper 111, EBIC at Oldenburg University, Helmholtz Zentrum Berlin and
Uppsala University were tested on sister CZTS solar cells. In Uppsala, EBIC
was carried out by connecting an AMETEK Model 181 low-noise current
preamplifier to existing SEM detector input channels.

6.4 Optical Characterization
Raman Spectroscopy

Raman spectroscopy is a powerful tool to characterize material crystal struc-
ture and quality of the material, and it is a useful complementary technique
to other techniques such as XRD. The Raman effect originates from the po-
larization of the dipoles in solids when an incoming laser beam interacts
with the phonons of the probed material. The resulting elastic light scattering
is regarded as Rayleigh scattering, while the inelastic scattering with reduced
energy is referred to as Stokes Raman scattering (the reverse process is
called anti-Stokes Raman scattering). Furthermore, when the performed ex-
citation laser wavelength approaches the electronic bandgap of the semicon-
ductor material, certain chemical bonds in material can be greatly disturbed,
yielding much stronger Raman signals for some vibrational modes, namely
(near) resonance enhanced Raman scattering (NR-Raman).
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One of the advantages of using Raman for CZTS is to identify phases. This
procedure is usually done by comparing experimental spectra to the data
from reference material. Examples for CZTS thin films are suggested in
Figure 17. By performing multi-wavelength Raman and comparing to refer-
ence material, various secondary phases can be identified. The main vibra-
tional modes of these secondary phases of CZTS, which are sensitive to par-
ticular laser wavelengths during Raman measurement, are summarized in
Table 5.
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Figure 17. Raman scattering with multi-laser wavelength on different phases inside
CZTS film: (a) UV laser; (b) green laser, (c) near infrared laser, (d) Raman scatter-
ing of the CZTS samples that were treated with/without ordering process.

Another advantage of using Raman is to study defects in the CZTS phase (at
least those that occur at high enough concentrations to perturb the lattice
phonons), in particular cation disorder. The Cu/Zn cation disorder
(CuzytZng, defect pair) has a high concentration, due to the similarity of the
Cu’ and Zn*" cation size and its low formation energy [10, 11]. The order-
disorder transition results in a change in the concentration of this defect pair
which is visible as peak intensity change in the NR-Raman (see Figure 17d),
and the transition temperature of about 265 °C has been determined [15]. In
Figure 17d, it is noticeable that the reduction of the Cu-Zn disorder drasti-
cally improves the overall structural quality of CZTS film, when a low tem-
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perature ordering process [15] or an optimized cooling process was adopted
after the main annealing process [16].

Table 5. Summary of phases in CZTS film that can be measured by Raman of differ-
ent laser wavelength. The wavenumber in the bracket represents the most character-
istic Raman peak.

Excitation

Most sensitive phases Reference
wavelength
325nm ZnS(346cm™), SnSy(315 cm™) P a{’;;]v’
$3onm CZTS(338 cm™), SnS,(315 cm™), Sn,S5(308 cm™),  Paper V,
SnS(190 cm™), Cu,SnS5(293 cm™ and 353 cm’™) [20, 98, 99]
785nm CZTS(338 cm™), Cu3SnS,(321 cm™) [98, 100]

The main drawback of using Raman scattering for CZTS is the limited depth
resolution. The light penetration for a given laser wavelength is inversely
proportional to the absorption coefficient of the investigated material at that
wavelength. For standard 1000 nm thick CZTS films, this means only about
200 nm (near infrared laser) from the material surface can be measured. In
this thesis work, micro-Raman measurement at room temperature and ambi-
ent air were performed in a Renishaw inVia system, and the laser wave-
lengths of 325 nm, 532 nm and 785 nm were typically used. The laser power
was generally below 0.3 mW, and the spot size of the laser on sample sur-
face is about 1-5 um depending on the laser wavelength and numerical aper-
ture of the objective. Treatment of Raman data is done by using the Wire3.4
software. Discussion on Raman results is shown in Papers I, II, III, V and
VIL

Photoluminescence (PL)

PL measures the energy emitted from the recombination of electron-hole
pairs that are initially generated by absorbing an incident laser wavelength,
and thereby is widely used to study defects in semiconductor materials.
However, only radiative recombination process are measureable by PL. At
room temperature, only band-to-band transitions are normally visible, but in
CZTS, tail-to-tail or band-to-tail transitions are dominant due (in part) to the
Cu/Zn cation disorder, which can lead to bandgap fluctuations and overall
bandgap narrowing of upto 200 meV from its ideal 1.5 eV [77]. Thus, PL
peak for CZTS is usually below the bulk bandgap. In this thesis work, PL at
room temperature was performed in a Renishaw inVia system. Since inter-
ference effects are strong in thin film materials with large band tails such as
CZTS and the prepared thin film is less rough, the PL is usually corrected
with a calculated fringe pattern [101].
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6.5 Solar Cell Characterization

Current-Voltage Characterization
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Figure 18. Comparison of the photon flux from AM1.5G solar spectrum and Xe arc
lamp used for JV measurement in our lab. All spectra are rescaled for comparison,
and the dash line shows the integrated result.

In this thesis, a Newport (class ABA) one-sun-illumination simulator was
used to test the solar cell performance. A Xe arc lamp with AM1.5 filter was
used as the light source, with the spectral distribution shown in Figure 18.
The light intensity for CZTS solar cells was calibrated by comparing to the
Js derived from the QE measurement. As indicated by the integrated curve
(dash line) in Figure 18, the adjusted power for the spectral intensity of the
solar simulator matches well with the current from AM1.5G solar spectrum
for a pure CZTS device. However, if keeping the same power, one may
overestimate the current of the device that has a lower bandgap around 1.13-
1.2 eV, such as for CZTSSe solar cells.

Quantum efficiency

A home-made QE setup was used for this thesis work. Extracting bandgap
from QE edge was shown or discussed in papers I, IV, V and VII.
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7. Results and Discussion

7.1 Formation and identification of equilibrium
secondary phases using baseline annealing process
(Paper I)

Reactively sputtered precursors could promote metastable phases because
the sputtering deposition is a kinetically limited process in which the low
adatom surface mobility is affected by the kinetic energy from the adatoms
or substrate temperature. Since a high temperature step is necessary for
CZTS formation, it is essential to understand the nature of the sputtered pre-
cursor and its conversion into an equilibrium state during annealing. This is
also true for the secondary phases that are formed alongside the CZTS phase.
To clarify the possible transitions of secondary phases from the metastable to
the equilibrium condition, and identify their respective stable structures for
our baseline annealing process, Cu—S, Zn-S, Sn—S, Zn—-Sn-S, Cu—Sn-S and
Cu—Zn-S films were prepared and compared. These films were then an-
nealed in the same annealing batch.

Table 6. Summary of identified phases in the reactively sputtered films before and
after the annealing process. ZnS* indicates there may be a metastable ZnS phase.
Reprinted from[20]. Copyright ©2017, with permission from Elsevier

Phase assignment

Sample
Before annealing After annealing

Cu-S CuS Cu,S, MoS,, (1<x<2, 0<y<2)

Zn-S ZnS ZnS, MoS,

Sn-S SnS, SnS, MoS,
Zn-Sn-S Sn,S;, S, Zn,Sn,S/ZnS* (x>0, y>0) ZnS, SnS, MoS,
Cu-Sn-S CuZSnS3 CUZSHS3, CUZSH3‘5S§;, 1\/[08y
Cu-Zn-S Cu,S, Cu,Zn,S/ZnS* (y>0, z>0) Cu,ZnSnS,, Cu,S, ZnS, MoS,

Table 1 summarizes the key results of Paper 1. The phase assignment was
obtained via combined characterizations of XRD, SEM-EDS and Raman
scattering with two laser wavelengths (532 nm and 325 nm). It can be ob-
served that unlike the Cu-Sn-S film, the Zn-Sn-S and Cu-Zn-S films do not
form a uniformly alloyed phase during the reactive sputtering process. Since
we cannot assign the Raman peak at 322 cm™ (UV laser) or cannot separate
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it from ZnS phase with confidence, it is speculated that this peak, which
appears for the two ternary films, is also possibly belonging to a metastable
feature of the reactively sputtered films. Upon annealing, the stable phases
that are expected to exist under equilibrium were indeed formed. Neverthe-
less, interesting results were noted for Sn-S and Cu-Zn-S films. The SnS,
phase in Sn-S precursor film decomposes to SnS by losing S(g), which
strongly suggests that the annealing process is under deficient Pg,. SnS, due
to its high vapor pressure, can enter into the annealing environment to react
with other films, resulting in a formation of CZTS phase in the initially Sn-
free Cu-Zn-S film. This clearly demonstrates that Cu,ZnSnS, is the most
favorable and stable phase in the Cu-Zn-Sn-S system. Throughout this work,
we also confirmed that Raman with green laser wavelength is particularly
sensitive to Sn-S secondary phases and Cu,SnS, phases, and the ZnS phase
gives a strong response to the UV Raman. As to identification of the Cu,S
phase, XRD is more suitable than Raman measurement. The acquired Ra-
man spectra were used as references to distinguish secondary phases in
CZTS films in other projects (see Raman spectra in section 6.3).

7.2 Influence of CZTS absorber thickness on thin film
solar cells (Paper II)

Absorber thickness is an important parameter for thin film solar cell design.
Since CZTS has a direct bandgap and high-absorption coefficient [57], it is
in principle possible to synthesize a thin absorber layer to reduce the materi-
al cost. The minimal CZTS absorber thickness is determined by the minimal
light path according to absorption coefficient at a bandgap energy (Lj;gp;) Or
the smallest effective collection depth in CZTS (Lcpjiect)- Herein the effec-
tive collection depth is the depth from which the generated charge carriers
can be collected, which combines the depletion width and the length of
charge carrier collection in the quasi-neutral region which is determined by
the electron diffusion length and the back contact recombination velocity
(see e.g. Figure 5). The aim of Paper Il is to estimate the influence of CZTS
thickness on solar cell performance, under the condition that the composition
of all CZTS films is consistent.

In Paper II, it has been shown that the composition of the annealed CZTS
films with different thickness remained unchanged compared to their precur-
sors. Moreover, the material quality of all the films is similar according to
the material characterizations such as XRD, SEM and Raman. This is a good
indication that we can consider the CZTS absorber thickness is the only var-
iable in this study. Figure 19a presents the solar cell performance as a func-
tion of CZTS thickness, and it is notable that all parameters followed the
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same trend, i.e. all parameters are increased and saturated when the absorber
thickness is above 750 nm.
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Figure 19. (a) Device performance as a function of CZTS absorber thickness, (b)
EQE at OV bias of the champion solar cell devices with the respective CZTS absorb-
er thickness in (a).

The question raised here is which factor, i.e. Ljjgnt OF Legpiece, decides the
minimal absorber thickness. Until now, there is scatter in literature reports
about the exact absorption coefficient of CZTS [7, 57], and it is noticed from
Beer Lambert’s law in Paper II that the variation of absorption coefficient
can influence the required absolute thickness of CZTS absorber. Since an
expected enhanced EQE edge could be in relation to the improved absorp-
tion effect, we used EQE as a tool for this analysis. It is observed in Figure
19b that there was indeed a slight increase at the EQE edge with the in-
creased CZTS thickness. Nevertheless, this effect, except for the 500nm
thick film, smeared out when the reverse voltage biased EQE was performed
(see Paper II). This reveals that the absorption is not a limiting factor for our
CZTS film beyond 700nm thick, rather electrical loss is the issue. It needs to
be stressed that the optical loss can still be a problem for solar cells with a
CZTS film thickness smaller than 500 nm. Comparison of the (un-)biased
EQE also implies that the effective collection depth of minority carrier in the
CZTS absorber series is about 700-1000 nm. Poor device performance for
thinner absorbers (500 nm and 700 nm) could arise from larger influence of
lateral inhomogeneity, such as secondary phase segregation, or more gener-
ally to a reduced absorber quality at a level that is not apparent in material
characterization, and enhancement of back contact recombination. Figure 20
shows an EBIC measurement on the solar cell prepared from 2 pm thick
CZTS. It is demonstrated that the effective collection depth starting from the
surface of the CZTS film is indeed less than 1000 nm, which strongly sup-
ports the above discussion on basis of EQE.

52



Figure 20. SEM cross-section and the corresponding EBIC of the solar cell pre-
pared with 2um thick CZTS film

In summary, it can be concluded that with the present CZTS material, no
further gain would be expected for CZTS absorber thickness above 1000 nm.
Thicker CZTS film becomes necessary only if the absorber quality can be
continuously improved with an increased effective collection length of
charge carriers.

7.3 Effects of secondary phases at the CZTS rear
surface and an alternative rear passivation on thin film
solar cells (Papers III and IV)

An import remark from the thickness study in section 7.2 is the identification
of the ZnS and SnS secondary phases on both surface and backsides of
CZTS film. The ZnS phase can also be identified in the CZTS bulk, as the
bright particles indicated in Figure 20 and by EDS mapping in Figure 2le.
In contrast, the SnS phase cannot be observed in the CZTS bulk with the
EDS mapping. The influence of ZnS on CZTS solar cells is briefly intro-
duced in section 2.3.2. However, there is still a lack of understanding on the
effect from SnS phases on CZTS thin film solar cells, which is the aim here.

In Figure 21a-d, it is notable that the SnS phase is apparently formed on
both the surface and backside of the CZTS film in our standard annealing
process. This phase seems to be highly orientated according to XRD in Fig-
ure 21d, and the intensive XRD peak at 31.8° suggests the SnS phase has
orientation along the [001] direction with an orthorhombic structure. In fact,
we can also observe that morphological orientation of the SnS phase in
CZTS mostly occurs either perpendicular or parallel to the film surface, with
a very flat plate shape, for example in Figure 21e. This is an evidence to
support the preferential orientation of the SnS phase in our annealed CZTS
film.
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7.3.1 Investigation of effects of the SnS phase on CZTS solar
cells via EBIC measurements

—— SnS on the CZTS surface, . ® SnS
SnS on the substrate (d)
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Figure 21. (a) Optical image of the film surface before and (b) after the annealed
CZTS layer is mechanically lifted off (c) Raman scattering measured on the bright
area present in (a) and (b); (d) 6-20 and grazing incidence XRD of the annealed
sample; (e) EDS mapping at SkeV on the cross section of CZTS thin film solar cell

Attempts to investigate the influence of SnS secondary phases on CZTS
solar cells have previously used destructive methods such as etching CZTS
film [59]. Here, we used EBIC measurements directly on CZTS solar cells to
acquire an estimation of the impact of the SnS phases. The key results are
presented in Figure 22. It is found that comparing to the average matrix of
the CZTS film, the area covered by SnS on CZTS surface showed no EBIC
signal, whereas the spots connected to the SnS phases on the CZTS rear dis-
played stronger EBIC signals. EBIC from both top-view and cross-section
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configurations confirmed that the SnS phase on the CZTS rear improves the
EBIC current by about 30% with respect to the areas without presence of any
SnS phases. The reason for the positive effect of rear-contact SnS phase on
the EBIC current may result from the passivation effect occurring at the
CZTS/SnS rear interface. However, the formation of SnS phases may still
result in local variations in CZTS material quality in terms of chemical com-
position which could counteract the beneficial effect from SnS phase at the
CZTS rear. Therefore, to allow controlled CZTS/SnS interface, better CZTS
bulk quality should be guaranteed.
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Figure 22. Extracted EBIC current from (a) top-view and (b) cross-section EBIC
images in section 6.2

7.3.2 Passivation of CZTS rear contact with Al,O; for ultra-thin
solar cells

The passivation effect at the CZTS rear contact is expected to improve both
V.. and J. of the solar cell because the reduction in back contact recombina-
tion [102]. This effect can become apparent if the passivation area is large
enough. For this purpose, deposition of a thin Al,O; layer with nanosized-
point-openings in between CZTS and Mo is attempted. An ultra-thin CZTS
absorber of 400 nm was utilized for the comparison because the effective
collection depth of the charge carriers in CZTS should be comparable to the
absorber thickness to magnify the influence from the back contact, as was
suggested by the thickness study (Paper II). In this work, NaF was supplied
as a Na precursor source, since this treatment was demonstrated to be im-
portant for chalcogenide based solar cells [102].

In Paper 1V, it was shown that the passivation layer of Al,O; improves the
V,.of the final solar cells in general comparing to the reference CZTS solar
cell without passivation layer. Taking a closer look at the EQE curves in
Paper VII, it is noticeable that by comparing two device groups: i) reference
and 1 pm pitch+5 nm NaF; ii) 2 pm pitch+5 nm NaF and 2 pm pitch+10 nm
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NaF, the EQE starts to differentiate from wavelength larger than 550 nm and
nearly converges into a similar ending. This indicates that the Al,O; may
enhance the CZTS device performance by either improving the back contact
reflection or decreasing the back contact recombination velocity. The reason
for the improvement of internal reflection may be due to the rougher Al,O3
layer seen in the TEM cross section. Nevertheless, the passivation effect is
still not apparent for the Jsc enhancement. This could result from the still
poor CZTS absorber bulk qualities, such as lateral structural inhomogeneity,
that are paramount to improve. Additionally, it can be noted that after KCN
etching of the annealed CZTS/ Al,O5/Mo film, the Al,O; becomes rougher
than the original neat layer. This may stem from the etching of Al,O; layer
in the KCN solution with strong basic environment, since Al,O; is an am-
photeric compound that is sensitive to basic solutions. Therefore, a process
that employs Al,O; to strive toward advancement of CZTS solar cells will
require careful optimization.

In summary, the influence of the SnS secondary phase on CZTS thin film
solar cells was characterized by EBIC measurements. It was found that this
phase on CZTS rear can contribute to the current of the solar cell by means
of a possible passivation effect. To further demonstrate the passivation ef-
fect, a thin Al,O; layer with nanosized-opening was deposited on Mo/SLG
substrates before the deposition of ultra-thin CZTS films. Although the V,,
of the solar cell can be slightly improved by this approach, the device still
remains poor. The reasons are still open, but again it indicates that the bulk
quality of the CZTS films must be improved.

7.4 Monitoring of sulfur partial pressure (Ps,) during the
annealing process (Paper V)

Among the key issues for synthesizing CZTS material is to precisely control
Ps,, in particular the chemical instability of CZTS is a severe problem, as is
introduced in section 2.1.3. Although tremendous efforts have been made in
literature to supply chalcogen sources to suppress the occurrence of the de-
composition, a fundamental problem remains in how to attain in-situ mastery
of the true Pg, over the CZTS surface during the high temperature non-
equilibrium annealing process, which is still limiting the effective develop-
ment of kesterite technology. This is the aim of this work, to be able to
monitor Pg, and to correlate it to CZTS synthesis during the non-equilibrium
annealing process. Lastly, it has been demonstrated in this work that high
Vo beyond 700 mV can be achieved using high Pg,, including a record V.
of 783 mV published for CZTS solar cells so far. The preliminary best solar
cell based on the non-optimized CdS buffer during this thesis work is 7.9%,
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which is prepared under high Ps,. The device parameters in specific are V.
of 691 mV, J,. of 17.0 mA/cm?, FF of 66.9% and PCE of 7.9%.
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Figure 23. (a) S/Sn ratio, determined by EDS, of the annealed Sn-S films. The col-
ored lines show the S/Sn ratios of possible Sn-S phases accordingly (upper). The
black dot represents the precursor. Pressure-temperature phase diagram of Sn-S
system (bottom). The boundary of the upper and bottom graphs represents the per-
formed annealing temperature at 580 °C in this work. (b) Tri-plot of the cation com-
position of the annealed CZTS films prepared with different dwell times under the
same annealing process;

The physico-chemical process behind the CZTS decomposition is the reduc-
tion from Sn(IV) to Sn(Il). In another word, this is analogous to the phase
transformation from SnS; to SnS. In principle, CZTS can be regarded as the
formation from SnS,, ZnS and Cu,S. As a result, we can use the SnS, film as
the monitoring material to know if the P, is large enough to support CZTS
formation or keep it stable (at least, an upper limit for Ps, will be found). The
results in Figure 23a show that besides the dwell time, the dynamic Pg; is
another important factor in the non-equilibrium annealing. As annealing time
continues, Pg, apparently drops within a surprisingly short time, driving the
SnS, to decompose to Sn,S; and SnS within 5 min and 13 min, respectively.
This clearly suggests that our annealing atmosphere is very dynamic. The
reason for this can be, e.g. the design of our graphite box to preserve the
chalcogen vapor. On one hand, the cap of the graphite box is designed with a
hole with 2mm in diameter in order to pump out the ambient air prior to the
annealing process. On the other hand, this design will allow the equilibration
of the pressure between the graphite box and the entire annealing furnace.
Since there will be higher sulfur vapor pressure in the graphite box (as calcu-
lated) during annealing at 580 °C, than the total pressure in the furnace when
the annealing starts, the Pg, in the graphite box will decrease due to the leak-
age tendency.

Furthermore, we looked into the time resolved Pg, dependence of CZTS
samples that were annealed in the same annealing process as SnS, films. In

57



paper V, we thoroughly investigated the annealed CZTS films from the per-
spectives of secondary phase formation and defect formation that could pos-
sibly be stimulated by either diffusion process (annealing time dependence)
or Pg, evolution (Pg, dependence). With complementary characterizations of
Raman and XRD, we can confirm that only Sn-S and ZnS are the formed
secondary phases alongside CZTS. Since the initial composition of Zn/Sn is
close to 1, and the SnS; phase is formed earlier than the ZnS phase when the
annealing starts at Omin, this means that CZTS initially prefers Zn rich com-
position. The compositional plot derived from EDS measurement is dis-
played in Figure 23b. The measurement was attempted on an area presenting
no visible secondary phases. It is notable that with increasing annealing time,
the CZTS tends to lose Zn content much more than Sn due to the gradual
ZnS segregation. Apart from the CZTS film annealed for Omin, the Sn con-
tent is also prone to decrease over annealing time partly due to the formation
of the SnS, phase as well as the later CZTS decomposition. These combined
effects cause the composition of CZTS film to end up close to stoichiometry
as annealing time was increased, which results in the defect chemistry in
CZTS changing at the same time (see Figure 23b).

The major question in this work is which variable, i.e. annealing time or Pg,,
dominates the quality of CZTS during the non-equilibrium annealing pro-
cess. Assuming the dwell time (maximum is only 40 min in this study) is the
paramount for the annealing process (we also neglect the cooling process
because the cooling rate remains constant), it is expected that the SnS, sec-
ondary phase should remain unchanged, and the ZnS secondary phase can
precipitate from CZTS film but not grow drastically. Simultaneously, the
defect formation is not anticipated to vary significantly, which can be re-
flected by the ordering parameters. This is owing to that the amount and the
state of secondary phases as well as the CZTS composition should only de-
pend on initial composition of CZTS film. Nevertheless, this anticipation is
all contrary to our observations. Therefore, based on the discussion in Paper
V, we conclude that Pg; is a critical factor beyond the annealing time in our
annealing process. According to the monitoring material in the annealing
process, sufficiently high Ps, can only be preserved for annealing time short-
er than 3 min, and the CZTS decomposition already occurs in our baseline
annealing process of 13 min.

To demonstrate the influence of Pg, on the device, solar cells prepared after
annealing CZTS with different dwell times were compared, including 1min—
high Ps;, 40 min-low Ps, and reference-13 min. It is shown that high V.
(above 700 mV) of the solar cell can be achieved for 1min-high Pg, process,
with an overall efficiency of 6-7%. This increase of V. agrees well with the
increase of the CZTS bandgap energy (of above 1.56 eV according to QE
edge) which could be facilitated by the changed defect chemistry (see Paper
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V). With an additional optimized cooling process to promote the Cu/Zn or-
dering, we can further boost V.. up to 783 mV, with an overall efficiency
above 7%. This strongly supports the importance of controlling P, to better
optimize the CZTS quality with controlled opto-electronic properties.

7.5 Surface compounds on CZTS thin films and their
effects on solar cells (Paper VI and VII)

CZTS surface quality is crucial for CZTS thin film solar cells since it is the
foundation to create the CdS/CZTS interface. Although the chemical deposi-
tion method of CdS is widely used to develop this interface, it is interesting
to note that a step of “wet chemical cleaning”, with KCN etching being most
common, prior to CBD-CdS is still often performed. The role of KCN etch-
ing is still under debate. Several reasons were proposed such as modification
of surface composition [103, 104] and removal of secondary phases [105].
The aim of this section is to understand the surface chemistry of the CZTS
thin film after the annealing process, as well as its influence on the final
solar cells.

7.5.1 Influence and evolution of Na related surface compounds

Because of the high annealing temperature for CZTS synthesis, it is highly
anticipated that the CZTS surface accumulates Na-related compounds. This
is due to the fact that Na is released from SLG substrate to be incorporated
into CZTS film during the absorber synthesis. Nevertheless, studies regard-
ing Na-related surface compounds on CZTS are still very rare, and this will
be the concern for Paper VI.

Figure 24 shows XPS results of the time resolved air exposure (AE) treat-
ment on annealed CZTS films. As to cations, it can be observed that the only
XPS signal of Na 1s gradually increases over time while all the rest tend to
decrease as the AE time advances. Turning to the anions, it can be seen that
the S 2p peak has a significant evolution over AE time, which includes a
decrease of the peak of S* ion accompanied by a steady increased peak of
SO4* ion over AE time. Herein, the peak of SOs> ion only showed up quick-
ly and vanished after a short AE time of 1.5 h. The XPS results, in combina-
tion with the thermodynamic data in Paper VI, lead us to conclude that Na-
related compounds are indeed formed on CZTS surface. Apart from Na,COs,
this involves a gradual phase transformation from Na,S to Na,SO; and ulti-
mately to Na,SO,.
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Figure 24. XPS of the surface of CZTS film that is air exposed with different dura-
tions. Reprinted from permission of [45]. Copyright ©2016, American Chemical
Society

Furthermore, it is observed that the Na-S(-O) compounds can substantially
affect the growth of the CdS film, when the CZTS films were directly im-
mersed into chemical bath after different AE time. With additional experi-
ments by depositing individual Na,S, Na,SO; and Na,SO, layers on identical
CZTS samples that were KCN cleaned, we demonstrate that Na,S com-
pounds are harmful for a controlled growth of CdS film, while Na,SO; and
Na,SO, compounds are harmless. The negative influence of the Na,S com-
pound could be due to the fact that it alters the local pH close to the solu-
tion/CZTS interface in the chemical bath, or that it accelerates CdS precipi-
tates, which shifts the atom-by-atom growth of CdS film to agglomeration
growth of CdS (see elucidation in Paper VI or section 3.4). The discovery of
the influence of the Na-S(-O) compounds inspires us to investigate the role
of KCN etching. We find that the actual role of KCN etching for our Cu-
poor and Zn-rich CZTS film is to clean the Na,S compounds and to remove
some ZnS secondary phases from the surface of CZTS film, as partly indi-
cated in Figure 24.
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Figure 25. (a) J-V characteristics and (b) EQE of the solar cells prepared from
different surface treatments. Reprinted from permission of [45]. Copyright ©2016,
American Chemical Society

Lastly, to demonstrate the importance of removal of the Na,S compound on
CZTS surface, solar cells were prepared with different surface treatments on
identical annealed CZTS films, as seen in Figure 25. It is obvious that either
AE treatment (dry method) or wet clean (wet method) on the annealed CZTS
surface can improve the solar cell performance.

7.5.2 Air annealing treatment on CZTS surface
An alternative way to increase the rate of the oxidation process (i.e. to con-
vert Na,S to Na,SO,) for the CZTS surface modification is to perform an air

annealing treatment. This will be discussed in correlation to Paper VII.
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Figure 26. XPS of the CZTS surface that is air annealed at different temperature

Figure 26 shows the XPS spectra of the annealed CZTS films that were air
annealed for 10min at temperatures of 100 to 300 °C. At 100 °C, it can be
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observed that the XPS peak intensity of S 2p, Zn 2p, Sn 3d was decreased
while the XPS peak intensities of O 1s and Na 1s were increased. Besides,
the carbonate peak at 289.6 eV for C 1s also showed up at this temperature.
This is an implication that a layer of Na carbonate is likely to form on CZTS
surface since all Cu, Zn, Sn and S elements seems to decrease with a similar
extent. When the air annealing temperature was increased to 200 °C, it is
interesting to find that XPS peak intensity of Zn 2p and Sn 3d was increased
accompanied by a slight peak broadening, simultaneously, the XPS peak
intensity of Na 1s was decreased. In addition, the sulfite peak at 166.9 eV
next to the main sulfide peak for S 2p appeared, while the carbonate peak for
C 1s was gone. The development of the XPS spectra suggests that Zn and Sn
based oxides alongside the metal sulfites, e.g. Na,SOs, are likely to form
when air annealing the CZTS film at 200 °C. At 300 °C, the sulfite com-
pounds (XPS peak at 169.1 eV) were transformed to sulfate phase according
to XPS peaks for S 2p. The sulfate phases, likely Na,SO,, together with Zn
and Sn based oxides nearly covered the entire CZTS surface, because the
peak of Cu 2p had almost completely vanished.
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Figure 27. XPS of different CZTS surface that is (un-)treated with ammonia etching

From Figure 26, it can be concluded that oxides and sulfate compounds are
the most stable phases on CZTS surface when the air annealing was per-
formed at 300°C. It is now interesting to compare the effect of ammonia
cleaning on CZTS, inasmuch as ammonia is used as a pH modulator during
CBD-CdS process. Figure 27 shows the XPS comparison of the CZTS films
before and after ammonia etching. For air annealed samples before and after
etching, it is notable that Na compounds and Zn as well as Sn based oxides
were all removed from CZTS surface by looking into peak of S 2p (sulfate),
Na 1s, Zn 2p and Sn 3d, at the same time, the XPS peak of Cu 2p becomes
apparent. Interestingly, comparing the etched CZTS samples that were pre-
pared with/without air annealing, we found there is an obvious Zn enrich-
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ment on CZTS surface, with a less extent to Cu, due to the air annealing
treatment. In contrast, the XPS peak intensity of Sn 3d is reduced. The exact
reason for this phenomenon is worth further investigation. It may be a result
of the initial composition of the CZTS precursor. Since the composition of
the studied CZTS film has Cu/(Zn+Sn) and Zn/Sn nearly 1, and we know the
Ps, loss happening during our baseline annealing could promote CZTS sur-
face decomposition, in which case it is expected that the Sn content could
become less close to CZTS surface (Zn/Sn > 1) after annealing. Therefore,
the air annealing may exaggerate the Zn rich effect.

A similar result of surface Zn enrichment by air annealing was also reported
by Height et al. [106], and it is claimed to be beneficial for the surface
bandgap widening of CZTSe, that is terminated with Zn-rich surface, to re-
duce interface recombination by enlarging the hole barrier [75]. It needs to
be noted that the same Zn rich surface also occurs to our CZTSSe samples.
However, in CZTSSe, both XPS peaks of Cu 2p and Sn 3d were decreased,
which is different from the case for CZTS.

7.5.3 Solar cell performance from air annealing treatment

To further investigate the effect from the surface treatments on the annealed
CZTS film, solar cells were fabricated and the device performances are
summarized in Figure 28. The sulfide devices presented in Figure 28a were
all fabricated based on KCN etching. However, with the ammonia etching,
the device performance in fact showed a similar trend to Figure 28a but with
overall lower values. As a comparison to sulfide devices, the ammonia etch-
ing was done for CZTSSe samples, and the device performances are present-
ed in Figure 28b.
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Figure 28. Device performance of the air annealed (a) CZTS and (b) CZTSSe; Be-
fore CBD-CdS, the sulfide samples were KCN etched while the sulfo-selenide sam-
ples were ammonia etched. Reprinted from [107]. Copyright ©2017, with permis-
sion from Elsevier
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In Figure 28a, the reference device performance is poorer than our normal
baseline process, as e.g. seen in Papers II, V and VI. The reason can be that
the composition of the CZTS film used in this study has non-optimal value
(Cu/Sn = 1.94 and Zn/Sn = 1 while baseline composition typically has Cu/Sn
=1.89, Zn/Sn = 1.1). The air annealing can partly recover the poor reference
device behavior, but differing from the CZTSSe device, air annealing at
300°C deteriorated the sulfide solar cells. In Figure 28b, the linear relation-
ship between the CZTSSe device and the air anneal temperature (>100 °C)
can also be correlated to a decrease of elemental Se that was condensed on
CZTSSe surface after the selenization process.

In summary, it is demonstrated that Na-S(-O) compounds play important
roles for the surface chemistry of the annealed CZTS thin film. These can
change the solution/CZTS interface chemistry during the CBD-CdS. To re-
move them, two effective routes were presented, i.e air exposure/air anneal-
ing (dry process) and wet chemical etching. However, it must be emphasized
that the surface modification route using oxidation process can also poten-
tially affect the bulk properties of the CZTS film such as the grain boundary
(GB) passivation or variation in chemical composition in the vicinity of GBs
[84].
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8. Concluding Remarks and Future Work

Conclusion

In general, this thesis was dedicated to developing the two-stage route for
CZTS synthesis, and to correlate the quality of CZTS films to the final solar
cell performance. In specifics, the thesis work mainly focused on the anneal-
ing process for CZTS formation, from the perspective of the formation of
secondary compounds. Synthesis of CZTS films with controllable opto-
electronic properties at high annealing temperature is challenging due to the
chemical instability of CZTS. To attain deeper insight into the effects from
the annealing process on CZTS formation, the basic parameters, such as
temperature, Ar pressure, ramping rate and cooling rate for the thermal
treatment were kept constant, so that it can be used as baseline process. One
great advantage of this experimental methodology is to minimize the possi-
ble variables during the annealing process. As a result, the primary questions
raised for the projects can be concentrated on i) what is the equilibrium state
of the annealing process? ii) how will this influence the CZTS properties?
iii) will this influence the final solar cells? and iv) how can we improve mat-
ters?

It is demonstrated that the reactive co-sputtering process is a powerful depo-
sition method to prepare different binary and ternary materials that are parts
of the Cu-Zn-Sn-S system. Upon baseline annealing, the most stable phases
can be crystallized from their initial respective metastable states. The results
allow us to anticipate the possible secondary phases when we prepare CZTS
films with the baseline annealing process (Paper I). Throughout the entire
thesis work, we can conclude that only ZnS and Sn-S secondary phases are
likely to form when we anneal Cu-poor, Zn-rich CZTS precursors, via XRD,
Raman (multiple laser wavelength), SEM-EDS and XRF. These secondary
phases can be found on both surface and backside of annealed CZTS films.
Additionally, ZnS phases can — but Sn-S phases cannot — be observed in
CZTS bulk. This is an important conclusion. Identification of the type of
secondary phases as well as their distribution in CZTS film can be directly
and indirectly correlated to the quality of CZTS film and final solar cells.
The CZTS thickness study well reflected this argument (Paper II). On one
hand, the formation of secondary phases in a similar manner among different
CZTS thickness can possibly promise comparable CZTS bulk quality. On
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the other hand, these secondary phases can result in lateral structural inho-
mogeneities, which can be bad for solar cells (thin cells in particular).

The impact of the SnS secondary phase on CZTS solar cells is particularly
studied with EBIC measurements (Paper III), due to a lack of understanding
of its contribution to solar cells. It is found that this phase formed at the
CZTS rear can possibly be helpful for CZTS solar cells under the condition
that the charge carrier collection depth is comparable to the absorber thick-
ness. This may be a result of a passivation effect. However, it is still incon-
clusive whether this phase improves overall solar cell performance, since the
spontaneous separation of the SnS phase from the annealed CZTS can again
suggest that lateral structural homogeneities can be an issue, which may
counteract with the benefits from the SnS phase and still limit the solar cell
performance. The possible passivation effect was explored by employing an
external layer, i.e. Al,O; layer with nano-sized openings on the Mo/SLG
substrate, for ultra-thin CZTS solar cells (Paper IV).

The discovery of Sn-S secondary phases is interesting and remarkable, since
the formation of SnS directly indicates that our baseline annealing process is
not in a steady state. As already concluded from Paper I, Ps, during the base-
line annealing process drops over time, due to the observation of a phase
transformation from SnS, to SnS. Alternatively, it also implies that SnS,
material can be used to monitor the Ps, during the annealing process. To
confirm this hypothesis, identical CZTS samples were annealed for various
durations with SnS, films being the monitor material in the same annealing
batch, and it is demonstrated in Paper V that beyond annealing time, the Ps,
is indeed a critical factor that can dominate the material quality of CZTS. It
is remarkable to observe that solar cells with V,. beyond 700 mV can be
fabricated when CZTS is prepared under high enough Pg,, thanks to the in-
formation from the monitoring material in the annealing process.

Other secondary compounds that are rarely reported in literature are the Na-
related compounds. In particular, Na,S compounds are anticipated to form
on CZTS surface after the annealing process, since Na can be released from
SLG and chalcogen vapor is supplied for the CZTS formation. In Paper VI,
we demonstrated that Na,S compounds are indeed likely to form on CZTS
surfaces and are harmful for a controlled growth of CBD-CdS, and thereby
deteriorate final solar cells. The compounds can be removed by either air
exposure/air annealing (dry methods) or etching solution (wet methods). In
addition, further study of air annealing at high temperature shows that not
only the Na-related phases are transformed on surface, but the CZTS surface
also becomes enriched in Zn. The surface Zn enrichment effect could be a
reason for an improvement of the CZTSSe solar cell (Paper VII).
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Future work

Based on the above conclusions, future work is recommended in the follow-
ing areas:
i. The annealing process should be modified to provide high Ps;,
for longer annealing times.

ii. The method to monitor the Pg, should be improved in order to
have better sensitivity for Ps, variations.

iii. The compositional effects on CZTS solar cells should be rein-
vestigated, since the defect chemistry in CZTS bulk can be dif-
ferent due to changes in Ps,, and also the formation and distribu-
tion of secondary phases could be better controlled if the high
Ps, during the annealing process can be guaranteed.

iv. Once the CZTS bulk can be improved, the passivation effect as
well as the thickness can be reinvestigated and re-optimized.

v. An investigation of Na could be interesting, in order to control
the amount of Na,S compounds on CZTS surface.

vi. The wet cleaning process of Na surface compounds can be fur-
ther improved, in order to simplify the steps between CBD-CdS
(if it is still the focus) and annealing, and avoid the use of envi-
ronmentally harmful chemicals such as KCN.

In general, as long as sufficient Ps, can be maintained during annealing pro-
cess, investigation of CZTS should be revised. One major impact of the the-
sis work is the observation of a possible change in defect chemistry of CZTS
material due to the change of Pg,. Therefore, it is expected that there will be
alterations and improvement of several optoelectronic properties of CZTS,
such as doping, bandgap, bandgap fluctuations and so forth. This is an im-
portant remark. Recent studies have shown that alternative buffers can re-
duce the interface recombination of the solar cells to improve their V.. In
combination with the enhanced V,. proven in this thesis work, it is strongly
foreseen that an aim of over-1000 mV V,. for CZTS solar cells is not
unachievable. Annealing CZTS, in one way or another, is similar to cooking
Chinese food, in which one has to mix everything to tune its taste, and all of
a sudden, “Ah-ha!” The best taste is always the most surprising one. There
is much further work to be done to optimize CZTS devices in addition to the
presented thesis work. Beyond kesterite, this thesis work also provides a
more general solution/reference for better understanding materials that are
required to be synthesized in a chalcogen environment with a high tempera-
ture annealing process.
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Summary in Swedish

Den industriella och teknologiska utvecklingen under de senaste arhundra-
dena har mojliggjorts av tillgdngen av fossila brénslen. Den intensiva an-
vindningen av dessa fossila brénslen har samtidigt forsatt ménskligheten
infor enorma utmaningar som blivit alltmer patagliga. De fossila brinslena ar
begrinsade och dess utslapp fororenar luft och atmosfir som riskerar att
stilla minskligheten infor den storsta utmaningen hittills, den globala upp-
varmningen.

\ ~ 350nm,
. nstype Fonsterskikt
A

r

elektron a Y

500 ~ 1008pm,
Pty

300 ~ 1000nm
MoS,/Mo backelektrod

Figure 29. Funktionen hos en tunnfilmssolcell av CZTS.

Solceller, som miljovénlig och fornyelsebar teknologi, spas bli en viktig
pusselbit for att uppfylla behovet av elproduktion i takt med att energiom-
stillningen blir alltmer n6dvindig, bdde pa kort och lang sikt. Solceller byg-
ger pé den fotovoltaiska effekten. Som illustrerat i Figure 29, s& behover en
solcell absorbera ljus for att kunna generera ett elektron-hél-par i ett halvle-
darmaterial, laddningsbirarna, den negativa elektronen samt det positiva
hélet, fangas upp av fram- respektive bakkontakten, och kan pé sa sitt na ut i
den externa likstromskretsen och driva elektriska komponenter i kretsen.

I dagsliaget dominerar kiselbaserade solceller marknaden. Men, pa grund av
den laga absorptionskoefficienten for kisel sa krivs relativt stor tjocklek for
att absorbera allt inkommande ljus, vilket gér materialatgangen stor vid till-
verkningen av kiselsolceller. Detta &r en anledning till att mer och mer in-
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tresse ges till alternativa solcellsteknologier, mest intressanta dr solceller av
halvledarmaterial med direkt bandgap och hog absorptionskoefficient. Under
de senaste &ren har kesterit-CZTS fatt enorm uppmérkssamhet tack vare att
den enbart innehéller i jordskorpan vanligt férekommande &mnen och samti-
digt har de efterstravansvirda halvledaregenskaperna. Dessutom, genom att
legera olika kemiska grundimnen, som t. ex. selen och germanium, sd gar
det att skraddarsy egenskaper som bandgap. Tills idag har effektiviteten for
kesteritsolceller stadigt okat till 12,7%. Ytterligare forbattringar kravs alltsa
for att nd malet pd 15% for att bli ett industriellt och kommersiellt gangbart
alternativ. Ett nyckelproblem som hindrar utvecklingen av CZTS-solceller ar
bristen pa forstaelse for hur sekundira faser som bildas under den nédvén-
diga varmebehandlingen paverkar CZTS-filmerna. Att 6ka denna forstaelse
ar det huvudsakliga malet for den har avhandlingen. Dessutom ldggs en del
fokus pa att undersoka och forstd sambandet mellan materialkvalitet och den
slutgiltiga solcellsprestandan. For att uppnéd de hdr malen utférdes material-
och solcellskarakterisering under kontrollerade experimentfoérhéllanden,
mestadels i renrumsmiljo.

De huvudsakliga sekundéra faserna som undersokts i den hér avhandlingen
ar tennsulfid (Sn-S) och natriumrelaterade (Na-) kemiska ytforeningar. Det
kunde observeras att bildandet av Sn-S-faser kan relateras till sammansatt-
ningen av CZTS-filmen och dven till dess nedbrytning. De nimnda faserna
forekom allt som oftast i gransskikten i CZTS-solcellerna (se artikel II, 11
och IV). SnS-fasernas paverkan dr olika beroende i vilket griansskikt det
formas i, de som bildas pa ytan av CZTS har enbart en forsamrande effekt pa
solcellen, medan de som bildas i det bakre grénsskikten kan bidra till en
hogre strom. For Na-innehdllande ytforeningar sa uppticktes det att Na,S
bor avlidgsnas fran CZTS-ytan efter virmebehandlingen, detta eftersom det
kan ha en visentlig negativ inverkan pa CdS/CZTS-grinsskiktets kvalitet.
Béade oxidativ behandling och vatkemisk etsning kan avldgsna NaxS-
foreingar pad CZTS-ytan (artikel VI och VII).

Ytterligare en viktig del i den hér avhandlingen ar att kontrollera och under-
soka effekten av svavelpartialtrycket (Ps;) under virmebehandlingen. Detta
gors for att undersoka Sn-S-fasomvandlingen (artikel I och V). Det visas att
det undersokta Pg, vl korrelerar med en serie fordndringar i materialkvalitén
hos CZTS. Slutligen sa visades att en hog Oppenkrets-spanning (V) for
CZTS-solceller kan &stadkommas genom att kontrollera Ps, under virmebe-
handlingen.

Sammanfattningsvis, den hir avhandlingen understryker vikten av att kon-
trollera Pg, fOr att 1 sin tur kunna kontrollera faserna i CZTS. For att kunna
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syntetisera CZTS med kontrollerad bulkkvalitet s& &r det av hogsta vikt att
striva efter forbéttringar 1 griansskiktet for kesteritbaserade teknologier. Slut-
ligen, upptickterna i den hir avhandlingen kan bli en viktig vigledning for
tunnfilmsforskningen, gransskiktsanalys och forstéelse for halvledarmaterial
och hur dessa kan forbéttras.
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Appendixes

Appendix I

Table Al. Gibbs free energy of formation of various possible chemical reactions on
CZTS at 580 °C

. . AG,
Chemical Reaction (J/mol) Ref
Mo(s) + S,(g) & MoS,(s) -90.0 [108]
Mo(s) + SnSy(s) & MoS,(s) + SnS(s) -34.9 [46]
Cu,ZnSnSy(s) < Cu,S(s) + ZnS(s) + SnS,(s) 14.2 [109]

2CuyZnSnS,(s) + Mo(s) < 2Cu,S(s) + 2ZnS(s) + 2SnS(s) + MoS;(s) -6.6 [46, 109]
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