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1 Introduction

As the environmental and energy resource concerns have become more and more
imperative, great efforts have been put in the development of renewable energy resources,
among which photovoltaic solar power is the most desirable one and holds great potential
and promise.

Photovoltaic (PV) solar power converts directly the sunlight to electricity by using the
photovoltaic effect, which was discovered in 1839 by Edmond Becquerel [1]. Compared to
nonrenewable sources such as coal, gas, oil, and nuclear, the advantages of the PV solar
power are clear: its source is entirely safe, free of charge, and non-exhausting, given a no-
end life of the sun, and the power generation is totally non-polluting, i.e., causing no
changes to the environment when generating power. Even compared to other renewable
energy sources such as wind power, water power, and solar thermal power, PV solar power
holds obvious advantages. Whereas wind and water electrical power generation, relying on
turbines to turn generators with moving parts, are noisy and require maintenance, PV
systems, with no moving parts, require virtually no maintenance, and have cells that can
last for decades. In addition, the exclusive modular nature of PV enables designers to build
PV systems with various power output in a distributed fashion, and allowing the power
generation to keep in step with growing needs without having to overbuild generation
capacity as is often the case with conventional large scale power systems. Since its first
commercial use in powering orbital satellites in the 1950s, PV has been widely used in
space and on the earth for several decades. Today’s PV market is about 381 MW (in 2001)
corresponding to a value of over US$1.4 billion [2].

Crystalline silicon was first used to produce PV cells (also known as solar cells), and
still dominates the PV market today. This is mostly due to a well-established knowledge on
silicon material science and engineering, an available abundant supply of silicon raw
material, and the advantages of low ecological impact but high efficiencies. However, the
relatively high price of crystalline silicon material, and additionally its too low optical
absorption (~10% cm™), due to an indirect transition, requiring a much larger raw material
consumption and a complicated manufacturing, lead to a high installation cost for
crystalline silicon-based PV technology. From this point of view, the PV power generation
is not competitive in most urban areas where conventionally generated power is readily
available. A substantial reduction of PV production costs is expected from the
development of thin film solar cells, in which highly absorption layers with a few
micrometer thickness can be produced by economical, high-volume manufacturing

techniques. This lays down the background for the extensive research interest in materials
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suitable for thin film solar cells. At present, several manufacturing facilities based on a-Si,
CdTe, and CulnSe; are in the pilot-line stage. The latest developments in the field of thin
film solar cells can be found in the recently published review articles [3-5].

I-III-VI, compounds, especially Cu-chalcopyrite thin films have played a major role in
thin film PV technology. Typical Cu-chalcopyrite-based absorber materials are CulnSe;,
CulnS,, CuGaSe; and their alloys with bandgaps ranging from 1.05 to 1.7 eV, which is
favorable for absorbing the solar radiation. The high absorption coefficient of these
materials of almost 10° cm™ assures a complete absorption of the incident photon flux in an
absorber layer as thin as a few microns. Polycrystalline chalcopyrite-based thin film solar
cells have recently reached conversion efficiencies as high as 18.8%, which is the highest
value so far achieved for any polycrystalline thin film solar cell. This record device
consists basically of a coevaporation-deposited p-type Cu(InGa)Se, absorber layer, an n-
type thin CdS buffer, and an n-type ZnO window layer [6].

Compared to other selenium chalcopyrites such as CulnSe;, CulnS, is even more
favorable for PV solar power. Substituting the problematic selenium by non-toxic sulfur,
CulnS; is more environment-friendly than CulnSe,. The open circuit voltage of CulnS,
solar cells is theoretically higher than that of CulnSe, and Cu(InGa)Se;,-based solar cells.
Its photo current is lower, which is advantageous for the serial connection of multiple cells
in a module. Due to a superior bandgap of about 1.5 eV, matching almost ideally to the
solar spectrum, CulnS, has in principle the highest conversion efficiency among the Cu-
chalcopyrite-based solar cells [7, 8]. However, the efficiency of CulnS; solar cells is so far
limited by the open circuit voltage that is far below the theoretical value. The best
conversion efficiency for polycrystalline CulnS, solar cells achieved to date is 12.7% [9,
10], considerably lower than that of cells based on CulnSe; (14.8%) [11] and Cu(InGa)Se;
(18.8%) [6]. To improve further the solar cells’ efficiencies a better understanding on the
absorber itself is essential. Whereas CulnSe; has been widely studied for more than two
decades, CulnS,, especially as a thin film, has just attracted more attention recently. Great
potential but limited material knowledge motivated us to focus the present study on CulnS,
thin films.

Up to now, a number of methods have been performed to produce CulnS, films,
including a rapid thermal process [10], single source evaporation [12], coevaporation from
elemental sources [13], sulfurization of metallic precursors [14], chemical vapor deposition
[15], sputtering [16], electrodeposition [17], and spray pyrolysis [18], etc. Among them,
the sputtering technique holds in principle the advantage of simple and flexible control of
the film stoichiometry over a large scale at relatively low cost. Its great potential for
industrial application drove us to choose reactive sputtering as the technique for CulnS,
thin film deposition. Usually the deposition of CulnS, film by sputtering consists of two

steps, sputtering a precursor first, then, annealing or sulfurizing the sputtered precursor in a
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second step. Simplification of the process is one of the key issues for industrial application.
In the present study, we demonstrate that CulnS, films can be produced in one step by
radio frequency (RF) reactive sputtering with a Cu-In alloy target and H,S gas.

Normally a better understanding of the fundamental material properties can be
expected from high-quality single-crystalline materials. However, it is well known that the
controlled growth of high quality single crystals is a priori difficult for ternary compounds,
and is additionally complicated by high temperature phase transitions that occur in many
chalcopyrite compounds [19]. It is therefore of great importance to achieve crystalline
CulnS, films e.g. by epitaxial growth. However, up to now such attempts have scarcely
been reported in the literature. With the molecular beam epitaxy (MBE) technique Metzner
and Hahn successfully grew CulnS; films heteroepitaxially on sulphur-terminated Si (111)
and Si (100) [19, 20], while Hunger achieved epitaxial growth of CulnS; on hydrogen-
terminated Si (111) [21]. In this work, we have succeeded in, to the best of our knowledge,
the first epitaxial growth of CulnS; films on (0001)-sapphire by RF reactive sputtering.

This thesis is organized as follows.

Chapter 2 starts with an introduction of the established crystalline structure of CulnS,,
followed by a brief summary of the known physical properties such as electrical,
electronical, optical properties of CulnS; material.

The working principle of the RF reactive sputter technique and the specific setup used
in this work will shortly be described in Chapter 3.

Chapter 4 outlines the characterization techniques employed in this work, that is,
photoemission spectroscopy (XPS and UPS), secondary ion mass spectrometry (SIMS), X-
ray diffraction (XRD), X-ray reflectometry (XRR), transmission electron microscopy
(TEM), atomic force microscopy (AFM), and scanning electron microscopy (SEM) for
surface, structure and morphology characterization, and optical transmission and Hall
effect measurement for optical and electrical properties, respectively.

As a preliminary step, we used a Cu-In inlay target for sputtering, which leads to films
with in general good structural properties but strong deficiency in the In content. By using
a Cu-In alloy target instead, one-stage growth of stoichiometric CulnS, films by RF
reactive sputtering has been achieved, as reported in Chapter 5. To optimize the sputtering
process, in section 5.1, we first investigated systematically the influence of the sputter
parameters on the film properties. Section 5.2 focuses on the characterization of the surface
of the sputtered films, its knowledge is significant for achieving high-efficiency CulnS,
film solar cells. Although stoichiometric CulnS, films can be sputtered in one step, it is
shown in section 5.3 that post-growth annealing improves significantly the properties of
the sputtered films, and that the surface segregation of Cu,S can be effectively removed by
post-growth chemical etching. Section 5.3 presents the post-treatment effects on the

CulnS; film properties.
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In Chapter 6, the present work is highlighted by the success of epitaxial growth of
CulnS, films on crystalline (0001)-sapphire substrates. The structural characteristics of the
sputtered thin CulnS, epilayers have been investigated, with special emphasis on
elucidating the origin for the epitaxial growth (section 6.1). With a thin epilayer as buffer,
thick CulnS; films grow quasi-epitaxially on sapphire. While the out-of-plane ordering of
the films is significantly enhanced, the in-plane alignment shows a multi-domain feature in
contrast to films sputtered without the buffer. Section 6.2 discusses the structural
properties of such thick films with special efforts on illustrating the role of the thin buffer
layer. The TEM characterization of the sputtered quasi-epitaxially grown CulnS; films is
presented in section 6.3.

Finally, a brief summary and an outlook for future work are drawn in English in

Chapter 7, and in German in Chapter 8, respectively.



2 CulnS; materials and properties: a brief

review

CulnS; belongs to the family of ternary chalcopyrite compounds. In the early seventies a
comprehensive review of chalcopyrite compounds was first provided by Shay and Wernick
[1]. Whereas the earlier works were mainly on single crystalline specimens, motivated by
their potential for non-linear optical applications, visible-light emitters, and photodetectors
[2-5], the more recent experimental studies have been mostly devoted to thin films, due to
their great perspectives for large area PV modules. The present work concentrates on the
RF sputtering deposition and characterization of structural and physical properties such as
electronical, optical, and electrical properties of CulnS, thin films, aiming to establish a
sputtering-based method suitable for producing device grade CulnS, absorber films. In this
chapter, a brief introduction to the well-established structural and physical properties of the
material is provided as a basis for the analyses of the sputtered films, as will be presented

in the following chapters in this study.

2.1  Crystal structure

The ternary chalcopyrite compounds A'BM YV, (4=Cu, Ag; B=Al, Ga, In, TI; and X=S, Se,
Te), similar with their isoelectronic II-VI binary analogues, derive from the tetrahedrally
bounded class IV semiconductors. In the diamond structure of the class IV
semiconductors, each atom has four neighbors situated at the corners of a regular
tetrahedron bonded by hybridized sp® bonds. In Fig. 2.1(c), a unit cell of CulnS; of the
chalcopyrite structure is illustrated, in comparison with the diamond (a) and zincblende (b)
crystal structures. By arranging two units along a diagonal line through the cubes and
shifting them, in terms of the basis vectors by (a/4, a/4, a/4) the diamond structure is
created. The zincblende structure can be regarded as a superlattice structure of diamond,
with one sublattice occupied by cations and the other by anions. In a ternary chalcopyrite
structure whereas the anions remain at their sites the cations are furthermore replaced by
one cation of lower valence (4) and one cation of higher valence (B) in the arrangement as
shown in the figure.

The unique properties of the chalcopyrites are related to basically three structural

differences with respect to the zincblende structure. Firstly, there are two cation sublattices
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rather than one, leading to the existence of two basic chemical bonds 4-X and B-X, in
general with unequal bond lengths R,y # Rpx. Secondly, the unit cell is tetragonally
distorted with a distortion parameter n = ¢/2a # 1. Thirdly, the anions are displaced from
the ideal tetrahedral site by an amount « [6]. In the specific case of CulnS, the Cu-S bond
length is 0.2335 nm, whereas the In-S one is 0.2464 nm [7]. The sulfur atom moves away
from the In atoms towards the Cu atoms, resulting in a stretched unit cell with n = ¢/2a =
1.0065, associated with an anion displacement parameter u = 0.214 [8]. The structural and
electronic properties of the chalcopyrites are governed by the added structural (1, u) and
chemical (4 # B) degrees of freedom relative to their binary analogues [6]. Structural and

optical properties of some typical chalcopyrite materials are compared in table 2.2.
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Fig. 2.1. Structures of (a) diamond Si, (b) zincblende ZnS, (c) chalcopyrite CulnS,, and (d) CuAu ordered
CulnS,. Double unit cells are shown for (a) diamond Si, (b) zincblende ZnS, and (d) CuAu ordered CulnS,,

in comparison with the unit cell of chalcopyrite CulnS,.

The reduced symmetry, due to two kinds of cations, leads to a primitive cell of eight
atoms in the chalcopyrite structure compared to a primitive cell of two atoms in the

zincblende structure. The Bravais lattice of the chalcopyrite is body centered tetragonal,

belonging to space group / 42d [9]. Compared to the face centered cubic Bravais cell of
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the zincblende the unit cell is doubled along the crystal ¢ axis. At room temperature, the
ternary compounds 4'B"X""; stabilize in chalcopyrite, however, they may crystallize in
zincblende structure at high temperature (975-1047°C) where the different cations are
distributed randomly [10].

The polymorphism is referred to the phenomenon that a solid with the same
composition can appear in different crystal structures under different thermodynamical
conditions. A set of polytypes of the chalcopyrite structure were theoretically constructed
such that the electron counting rule is obeyed. By first-principles calculations Wei et al.
determined the formation energies and band structures of CulnSe, and CulnS, polytypes
[11, 12]. It was shown that the CuAu-like ordered structure is the most likely to occur. An
exceedingly small formation energy difference AFEfm= -1.95 meV/atom was found
between chalcopyrite and CuAu-like phases of CulnS,. Similar results were obtained for
CulnSe; where AEfm= -2.05 meV/atom. It was predicted that CuAu-like phases coexist in
nominally chalcopyrites CulnS; and CulnSe,. Band gap energies are affected slightly by
the transition from chalcopyrite (CH) to polymorphous structures. Calculations resulted in
E, (CH)-E; (CuAu) = 30 meV for CulnS; and in E, (CH)-E; (CuAu) = 46 meV for
CulnSe,. This suggests furthermore that formation of polytypes in these compounds has
insignificant effect on their electrical and optical properties.

An illustration of the CuAu-like structure is given in Fig. 2.1 (d) in comparison to the
chalcopyrite structure. The anion sublattice is conserved in the CuAu structure and the

cation order is changed such that the 4,8, coordination is conserved. The lattice type of the

CuAu-like structure is primitive tetragonal, corresponding to space group P4m2 [13]. In
table 2.1, chalcopyrite CulnS, is compared to typical materials of diamond and zincblende
structures such as Si and ZnS, in terms of crystal structure, space group, Bravais lattice,

and lattice constants.

Table 2.1 Summary of crystal structure, space group, Bravais lattice, and lattice constants of CulnS; in the

Zincblende, chalcopyrite, and CuAu-like phases, in comparison with diamond Si and zincblende ZnS.

. . . Lattice Constants
Material ~ Crystal Structure Bravais Lattice Space Group

(nm)
Si Diamond fee Fd3m (227) a=b=c=0.543 [14]
ZnS Zincblende fce F43m (216) a=b=c=0.5406 [15]
Zincblende fec F43m (216) a=b=c=0.551[16]
a=b=0.5523[8]
CulnS, Chalcopyrite bc-tetragonal 1424 (122) c=1.1133
c¢/2a =1.0079
CuAu-like t‘;ﬁ;‘;&‘l’; P42m (111) a:j:i[ll &
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2.2 Physical properties

2.2.1 Electronic and optical properties

The electronic band structures of the typical Cu-based ternary chalcopyrite
semiconductors including CulnS, were theoretically studied by Jaffe and Zunger using a
density-function formalism and a first-principles all-electron band-structure approach [6,
17]. It has been concluded that the band gaps of Cu-IlI-VI, chalcopyrites are controlled
essentially by two factors. The first one is a pure structural factor, caused by the tetragonal
distortion, 1 = ¢/2a # 1, and anion displacement from the ideal tetrahedral site, u # 1/4,
occurring in the chalcopyrite structure. These parameters, particularly u, determine the
band gap in the system. Even a small increase of u from its ideal zincblende value results
in a substantial ionic polarization of the bonds and consequently in a remarkable increase
of the band gap. The effect of this factor in shown in table 2.2 where u is listed together
with the band gap energies of six typical Cu-IlI-VI, compounds.

The second one is an electronic factor. A great influence of the Cu 3d states on the
valence band was found for Cu-III-VI, chalcopyrites. These states hybridize with the p
states of the group VI components. As the d states are found in the upper half of the

valence band they are responsible, in part, for the reduction of the band gap.

Table 2.2. List of the lattice constants a and ¢, the tetragonal distortion parameter n = c¢/2a, the anion
displacement parameter u, and the observed lowest bandgaps at room temperature for typical Cu-III-VI,

compounds [6, 17].

Ternary a=b c E,
Compound (nm) (nm) N ! (eV)
CulnS, 0.5523 1.1118 1.0065 0.214 1.53
CulnSe, 0.5784 1.1614 1.004 0.224 1.04
CuGaSe; 0.5614 1.1032 0.9825 0.250 1.68
CuAlSe;, 0.5602 1.0946 0.977 0.269 2.71
CuGas, 0.5356 1.0433 0.974 0.275 243
CuAlS, 0.5334 1.0444 0.979 0.275 3.49

A schematic band structure of CulnS; is shown in Fig. 2.2, with notation of the
contributions of the atomic orbitals. The valence band is separated into two parts, with the
upper part reaching 5 eV and the lower one located around 7 eV. The Cu 34 and S 3p
orbitals from the Cu-S bond contribute to the upper valence band whereas the S 3p and In
4p from the In-S bond form the lower valence band. At around 12 eV a band is built from S

3s states and a narrow band is set up near 17 eV by In 4d orbitals. The conduction band is
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formed by S 3p and In 5s orbitals [6]. This theoretical calculation of the band structure of
CulnS, is in good agreement with the experimental results of X-ray photoemission
spectroscopy in respect of the valence band structure [18, 19]. However, it underestimates

the optical band gap relative to the experiment.

. 1S 3p
onductlon Band | In 5s

57| Ol
Cu 3d

s - -5
0,
S ~.7 | In4p
2 S3p
(WN]

~-12 S 3s

~-17 In 4d

Fig. 2.2. Schematic band structure of CulnS,, with indication of contributions of the atomic orbitals and the
corresponding energy levels. Shade areas denote the major subbands, and the boxed numbers mark the three

internal gaps [6].

Very recently, a detailed experimental work on optical functions and electronic
structure of CulnS, crystals was carried out by Alonso et al. using spectroscopic
ellipsometry [20]. A more realistic band structure based on experiments was proposed
there with assignments for the transitions observed in the optical range. In addition, optical
parameters such as refraction index »n and extinction coefficient k£ can be found there. In the
present study, we consider the optical properties of the sputtered CulnS, films mainly on
bandgap and absorption coefficient, which are essential for absorbing the solar radiation.

CulnS; is a direct semiconductor. Whereas bandgaps of 1.55 and 1.53 eV were found
for bulk single crystals at low (2 K) and room temperature, respectively, band gaps varying
between 1.38 and 1.55 eV were reported for CulnS; thin films at RT depending on
different deposition techniques used [1, 21-26]. As 1is normally expected for
semiconductors, the bandgap of CulnS, films decreases with increasing temperature and

can be characterized over the temperature range 300-77 K according to the relation

E,=E,—BT* (T +a) (2.1)
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with the initial bandgap Ex=1.62 eV, two constants oo =231.54 K and = 4.3x10™* eV/K,
respectively [26]. Around the fundamental absorption edge, CulnS, has an absorption
coefficient between 10* to 10° cm™, it can thus absorb the incident light with photon

energies higher than the bandgap within a few microns.

2.2.2 Electrical properties

A number of studies on the electrical properties of CulnS, bulk single crystals and thin
films have been reported [27-32]. Unlike its binary II-VI analogues that are normally #n-
type, CulnS, can be made both n- and p-type, depending upon its composition, i.e.,
deviation from molecularity and stoichiometry, defined as [Cu]/[In]-1 and
2[S]/([Cu]/3[In])-1, respectively [33]. It was generally observed that for CulnS, single
crystals good p-type behavior (p ~1-5 Qcm, p ~ 15-20 cm?/Vs) could be obtained by
annealing in a sulfur overpressure, and good n-type characteristics (p ~1 Qcm, p ~ 100-
200 cm?/Vs), by annealing in indium or Cu + In with a minimum S pressure [27, 28].
Similar behavior was observed for CulnS, films. Excess-sulfur films were generally p-type

while sulfur-deficient and indium-rich films were n-type [32].

Table 2.3. Summary of the defect levels of donors and acceptors reported for CulnS,.

Ionization energy

Defect nature Defect assignment Refs
(V)
Acceptor Veu 0.10 [34-37]
Acceptor Vi 0.15 [10, 28, 38-40]
Donor Vs (or Ingy) 0.035 [35, 38-41]
Donor In; (or Ingy) 0.072 [38, 39]
Donor Ing, 0.145 (0.16) [33, 35]

The observed behavior of the conducting type of CulnS, can be understood based on
the predicted defect energies and on the ternary Cu-In-S phase diagram. In table 2.3, the
defect levels of donors and acceptors reported for CulnS, are summarized. A schematic
Cu-In-S ternary phase diagram indicating the expected defects and majority-carrier type in
the region around stoichiometric CulnS,, derived from the Cu-In-Se system [42], is shown
in Fig. 2.3. S-rich films containing both Cu and In vacancies (acceptors) should yield
strongly p-type films. In-rich layers with a sulfur deficiency should be dominated by both
antisite (In-on-Cu-site) donor defects and S vacancies (also donors), yielding the observed,
highly conductive n-type layers. In Cu-rich films with sulfur contents near the
pseudobinary tie line, antisite (Cu-on-In-site) acceptor defects and acceptors contributed

by In vacancies are predominant, leading to a strong p-type conducting as observed. On the



11 2.2 Physical properties

other hand, In-rich layers with sulfur contents near the pseudobinary tie line, governed by
antisite (In-on-Cu site) donor defects and Cu vacancies (acceptors), two oppositely charged
defects, may be expected to behave, heavily compensated, intrinsic or high-resistivity n- or
p-type conducting. In table 2.4, the electrical transport data of CulnS, single crystals and
thin films reported so far are collected in terms of resistivity, carrier concentration, and

Hall mobility.

Cu In

Fig. 2.3. A schematic Cu-In-S ternary phase diagram indicating the expected defects and majority-carrier

type in the region around stoichiometric CulnS2, derived from the Cu-In-Se system [42].

Table 2.4. Summary of electrical transport data, such as resistivity, carrier concentration, and Hall mobility,

reported for CulnS, single crystals and thin films.

Single crystals Films
P np T P np i
(Qcm) (cm™) (cm*/Vs) (Qcm) (cm™) (cm*/Vs)
n-type 1 3.7x10'%-3.5x10" 100-200  0.01-4.9x10*  4.0x10"-10"  0.032-240

p-type 1-5 5.2x10"-1.0x10" 15-20 0.01-500 10"-10% 0.025-95







3 Radio frequency sputtering: principle

and film deposition

As outlined in the introduction, so far, various methods have been performed to produce
CulnS; (CIS) films, including a rapid thermal process [1], single source evaporation [2],
coevaporation from elemental sources [3], sulfurization of metallic precursors [4],
chemical vapor deposition [5], sputtering [6], electrodeposition [7], and spray pyrolysis
[8], etc. Compared to other techniques, sputtering has, in principle, the advantage of simple
and flexible control of the film stoichiometry over a large scale at relatively low cost. In
practice, the sputtering technique has already been utilized to produce a wide range of
functional materials in industry. In this study, we therefore choose reactive sputtering
technique for the deposition of CIS thin films. In the present chapter, we first introduce
briefly the basic working principle of RF reactive sputtering and the specific setup used in

this work, then describe the typical sputter parameters for the deposition of CIS films.

3.1  Sputtering principle and apparatus

Sputter deposition is one of the physical vapor deposition (PVD) techniques. In the basic
sputtering process, the source material, named target, is bombarded by energetic positive
ions (inert gas such as argon ions) generated in a glow discharge plasma situated in the
front of the target. The bombardment process causes the removal, i.e., “sputtering”, of
target atoms, which may then condense in a thin film on a desired substrate. The positively
charged gas ions from the plasma are attracted and accelerated towards the target by the
electric field obtained as a result of applying a negative potential on the target with respect
to the substrate electrode. Thus the source electrode for the target is known as cathode, and
the substrate electrode anode.

If the applied potential between the cathode (target) and anode (substrate) is constant
with time, the process is called DC (direct-current) sputtering, by which highly electrical
conductive materials like metallic films can be well-deposited. It is, however, hardly
possible to deposit insulating films by DC sputtering, since the poor conductivity of the
target material leads to accumulation of positive charges on the target (cathode), which in
turn eliminates the intentionally applied negative potential on the target. For deposition of

insulating films, RF sputtering is designed, which avoids the positive charging on the

13
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target by applying an alternating potential instead. If, during the sputter process, in
addition to the inert sputtering gas (working gas), a reactive component (e.g. O, or Ny) is
introduced, we generally define the process — RF reactive sputtering, which is just the case

for the present study.

(a) (b)

Cu-In inlay target
~ Target
] -
Gas - generator Cu-In alloy target
inlets | |
Substrate- | l |Pum
electrode P

Fig. 3.1. Schematic representations of (a) the RF reactive sputter system, and (b) the two targets used in this
study, a Cu-In inlay target (Cu: red; In: gray) with an area ratio Cu/In of approximately 1, and a Cu-In alloy
target with Cu/In of 9/11.

Fig. 3.1 illustrates schematically the RF reactive sputter apparatus used in this work for
depositing CIS films. The complete sputter system basically consists of five parts: a RF
generator, a matching unit, the deposition chamber, a pumping system, and the gas inlet

system. Each part plays a specific role in the sputter process as outlined below.

® RF generator: The RF generator is used to create a dense glow discharge between the
target (cathode) and the substrate (anode), and to cause a bias potential to build up on
the target surface. The positively charged ions in the plasma are, by several orders of
magnitude, heavier than the negatively charged electrons. While the electrons can
follow and neutralize positive charges, the ions no longer follow the high frequency
switching, particularly in the radio freqency (13.56 MHz) regime, leading to an
unaltered negative self biasing of the target relative to the substrate, as shown in Fig.
3.2. The negative bias potential of the traget with respect to the substrate results in the
ion bombardment, i.e., sputtering of the target. A SG-1250 RF generator with a

maximum output of 1250 W was used in our sputter apparatus.

® Deposition chamber: The deposition chamber (sputter chamber) is a glass-walled
vacuum station, equipped mainly with water cooled target holder (cathode electrode)

at the top and back shields, adjustable water cooled substrate holder (anode electrode),
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and accessory base rings. In our sputter apparatus, the distance between the target and
substrate is approximately 8 cm.

e Matching unit: A matching unit is designed and mounted normally on top of the
sputter chamber, to achieve an efficient energy transfer from the RF generator at a
nominal load of approximately 50 Q, to the sputter chamber, which has a considerably
higher impedance.

[ ]

Pumping system: There are two pumps, a mechanical rough pump and a molecular

turbopump, together with a liquid nitrogen trap, connected to our sputter system. A
pressure of 10” Pa could be achieved.

® QGas inlet system: There are several mass flow controllers (MFC) installed in our

sputter apparatus, which enables individual control of the flow rates of the individual
gases.

Plasma potential Substrate potential
U / /
0 X/\ \ ,{/\‘ ; I."/\‘ l > f
Ll N N g WA, Y / B Us
/ \\ J | Y ,l' .\ T 1
/ \ f \ / \ Ur

Target potential

Fig. 3.2. The target, substrate, and plasma potentials in a RF sputter process as a function of time, and the
self bias potentials of the target, Ur, and substrate, Us, with respect to the plasma. There is an unaltered
negative potential between the target and the substrate.

3.2 Film deposition

During the course of this study, CIS films were prepared on bare, Mo-, or ZnO-coated float
glass and single crystalline sapphire substrates by RF reactive sputtering with the setup
described above. Two kinds of targets, a Cu-In inlay target and a Cu-In alloy target, were
used for sputter deposition of CIS films. Both targets were originally 4 inches in diameter
and 0.25 inches thick, as illustrated in Fig. 3.1 (b). The Cu-In inlay target with an area ratio
Cu/In of approximately unity resulted in films of good crystallinity and morphology,
however, highly off-stoichiometry (extremely Cu-rich). Using instead a Cu-In alloy target
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with Cu/In of 9/11, nearly stoichiometric CulnS; films were produced. In this thesis, if no
special notation is given, the films are sputtered with the Cu-In alloy target.

Prior to film deposition the sputter chamber was normally evacuated to about 10™ Pa.
Immediately before the sputter process, the bare or coated float glass or sapphire substrates
were cleaned ultrasonically in organic solvents: acetone and methanol, each for about 5
min, then dried by compressed nitrogen gas. Even for sapphire substrates used for epitaxial
growth of CIS films, no chemical etching or heating treatments were further performed

before film growth.

Fig. 3.3. (a) The plasma generated by a mixture gas Ar/H,S, (b) the plasma generated by pure H,S gas.

Pre-sputtering, i.e., cleaning of the target was generally performed with an argon
(purity: 99.999%) plasma for 10 min. H,S (purity: 98.0%) was introduced as reactive gas.
At the beginning of this work, we sputtered CIS films in an Ar/H,S mixture atmosphere.
Cu-In secondary phases were usually found incorporated in the films sputtered in such an
atmosphere. By introducing H,S solely as both reactive and working gas during sputtering,
nearly stoichiometric films with pure CIS phase were deposited. Interestingly, while the
color of the Ar/H,S plasma is pink-like, the plasma generated by pure H,S is more like ice
blue (see Fig. 3.3). As will be discussed in the following chapters, the deposition
parameters have a strong influence on the properties of the sputtered films. In table 3.1, the

general sputter parameters used in the present study are summarized.

Table 3.1. Summary of typical sputter parameters for deposition of CIS films in this work.

Substrate  Power  Substrate H,S flow p(H,S) Ar flow p(total) Deposition
temperature rate rate rate
(W) (°C) (sccm) (Pa) (sccm) (Pa) (nm/min)
Float glass 200 400 10-17.5  1.04-1.87x10"  1.5-23 2.0-2.67x10" -
Float glass 200 400 17.5-29  1.87-2.93x10™ - 1.87-3.20x10"  ~32
Float glass 200 500 25-35 2.67-3.73x10" - 2.67-3.73x10" -
Float glass 300 400 20-40 1.93 - 4.0x10" - 1.93 - 4.0x10" -
Float glass 300 500 40-45 4.0 - 4.53x10" - 4.0 - 4.53x10™ -

Sapphire 200 500 30 3.07x10" - 3.07x10" ~40
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For comparative studies, several binary compound and elemental films, such as Cu,S,
CuS, Cu-In, metallic Cu films, were prepared as well using the same sputter setup. Typical
sputter parameters for these films are outlined in table 3.2, along with the typical
deposition rates. Metallic Mo layers, typical back contacts for CIS-based solar cells, were

sputtered also in this work, with the parameters given in table 3.2.

Table 3.2. Typical sputter conditions for Cu-In, Cu,S, CuS, Cu, and Mo films in this study.

Film Target Power Substrate H,S flow  p(H,S) Ar flow p(total) Deposition

temperature  rate rate rate
(W) (°C) (sccm) (Pa) (sccm) (Pa) (nm/min)
Cu-In Cu-In alloy® 100-200  RT - - 42 1.6x10"  ~16 (200W)
Cu,S Cu® 100-300 RT-500  3.5-10 04-1.07x10" 23 125-1.93x10"  21~27
CuS Cu 50-100 RT-200 10 1.07x10"! 23 1.93x10"! ~20
Cu Cu 300 RT - - 4.2 1.6x10™! ~24
Mo Mo® 200-300  RT - - 42 1.6x10"  ~11(200W)

a) Purity: 99.99%; b) purity: 99.999%; c) purity: 99.95%.






4 Characterization methods: principles

and instruments

Several methods have been used to characterize the sputtered films in this study. For
structural characterization, the techniques such as X-ray diffraction (XRD), X-ray
reflectometry (XRR), and transmission electron microscopy (TEM) were employed. The
surface and morphology analyses were accomplished by photoemission spectroscopy (XPS
and UPS) and secondary ion mass spectrometry (SIMS), atomic force microscopy (AFM)
and scanning electron microscopy (SEM), including energy-dispersive X-ray analysis
(EDX), respectively. SIMS and EDX were additionally utilized to examine the
composition of the films in the bulk. The optical and electrical properties of the films were
determined by optical transmission and Hall effect measurements, respectively. In this
chapter, the main principles of these techniques, and the specific instruments and typical

measuring conditions (parameters) used in this work are briefly described.

4.1 Structural characterization methods (XRD,
XRR, and TEM)

4.1.1 X-ray diffraction

X-ray diffraction is a powerful non-destructive method for material characterization, by
which the crystal structure, orientation, and grain size can be determined. The
characterization is usually carried out with a typical X-ray wavelength that is comparable
to the interatomic distance in a crystal (~ 0.1 nm). When X-rays impinge on a crystal, the
individual atoms act as secondary radiation emitters and cause interference analogous to
the diffraction of light from a grating. Constructive interferences give the diffraction peaks

according to Bragg’s law,

2d sin® =nk , (4.1)
which relates the distance between a set of planes, d, in a crystal and the angle, 0, at which
these planes will diffract X-rays of a particular wavelength, A.

In an X-ray diffractometer the X-ray source is usually in fixed position and the sample

stage and the detector can be rotated individually or simultaneously. According to the
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rotation possibility of the sample stage and detector, the X-ray diffractometers are
generally classified as powder diffractometers, which are suited for probing powder or
polycrystalline samples, and four-circle diffractometers, particularly designed for single

crystalline specimens or texture analysis of oriented polycrystalline samples.

X-ray powder diffraction

Fig. 4.1 shows the schematic representation of a standard Bragg-Brentano powder
diffractometer, Siemens D5000, in the First Physics Institute of Giessen University. In
such a powder diffractometer, the sample stage and detector can only rotate in the same
plane, along the same axis (diffractometer axis) perpendicular to the figure and located at
the center of the sample stage, and thus it is also called two-circle diffractometer.
Depending on the coupling of the sample and/or detector rotations during diffraction
measurements, three scan modes, i.e., 6-20 scan, rocking curve, and detector scan are used

for structural characterizations.

X-ray tube

Measuring circle

Fig. 4.1 Schematic representation of Bragg-Brentano powder diffractometer, Siemens D5000.

In the case of 6-20 scan, when the sample is rotated the detector follows the sample
motion in the same direction around the diffractometer axis by twice the speed of the
sample. This technique is also called locked-coupled scan. In 6-20 scan, the reflections
from the planes parallel to the substrate surface are detected. This allows to determine the
orientation along the growth direction of an epitaxial layer or preferentially oriented
polycrystalline film with respect to the substrate. In addition, the full width at half
maximum (FWHM) of the peak, A(26) (in radians), is a measure of the size, b, of the
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grains in a polycrystalline film or the mosaic blocks in an epitaxial layer, as described by

Scherrer’s formula [1]:

0.89A

T AQ0)-cos®) (42)

where 0 is the Bragg angle and A the X-ray wavelength. When the grains are larger than
the film thickness, /4, then b=h.

In the rocking curve mode, known also as ® scan for four-circle diffractometer, the
sample is “rocked” by a small angle around the Bragg angle 6 with the detector remaining
in a fixed position (20). The half width of the rocking curve is a direct measure of the
range of orientation present in the crystal, thus, it is commonly used for evaluating the out-
of-plane ordering of the epitaxial layers.

In detector scan (20 scan), while the sample is fixed the detector rotates alone. For
grazing incidence X-ray diffraction (GIXRD), the detector scan mode is always adopted.
While the X-ray beam irradiates the sample at a constant grazing angle, e.g., 1.0°, the

detector counts the diffracted signals in a set 20 range.

<

|
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Fig. 4.2 Schematic illustration of the configuration of a four-circle X-ray diffractometer.

Four-circle X-ray diffraction
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For assessment of the quality of an epitaxial layer or texture analysis of a preferentially
oriented polycrystalline film, a four-circle X-ray diffractometer is necessarily required. In
a four-circle X-ray diffractometer, the sample can rotate in three planes, i.e., ®, ¢, and -
circles, as indicated in Fig. 4.2, plus the 26-circle for detector rotation, the diffractometer is
thus called four-circle diffractometer.

A material is called textured if the grains are aligned in a preferred orientation along
certain directions. The textured state of a material (typically in thin films) can be viewed as
an intermediate state in between a completely randomly distributed polycrystalline powder
and a perfectly oriented single crystal. For texture analysis, a polefigure, typically Chi-Phi
mapping, is carried out measuring the intensity of a given reflection (20 is constant) at a
large number of different angular orientations of the sample, i.e., various settings of Chi
and Phi. Normally one measures all Phi (in-plane rotation) values for a given angle of Chi
(azimuth angle), then changes Chi and repeats the process until the whole range of Chi and
Phi is covered. For different specific purpose, one can perform also the Phi-26 mapping
while keeping Chi at a fixed angle, as we will demonstrate in chapter 6.

Under grazing incidence conditions, with an incident angle of typically 1° or lower, the
incident X-ray beam is nearly parallel to the film surface, thus the reflections generated
from the planes perpendicular to the surface are detected. By grazing incidence ® or ¢-
scans, the in-plane orientation of the films with respect to the substrates can be directly

determined.

Experimental setups

For characterization of the sputtered polycrystalline films on float glass substrates, we used
a Bragg-Brentano powder diffractometer, Siemens DS5000, which is schematically
illustrated in Fig. 4.1, with Cu K, (A= 0.15418 nm) radiation and a scintillation detector.
The X-ray tube was typically operated at a voltage of 40 kV and a current of 20 mA.

A Siemens-Stoe AED2 four circle-diffractometer with Mo Ko (A =0.71069 A)
radiation, in the Institute of Inorganic and Analytical Chemistry of Giessen University, was
employed for characterization of epitaxially grown thin films on sapphire. X-ray
diffraction measurements of thick CIS films sputtered with a thin buffer, grown quasi-
epitaxially on sapphire, were mainly carried out at the Institute of Experimental Physics of
Magdeburg University. For normal 6-20 scans a standard Bragg-Brentano diffractometer,
Siemens D5000, with a Cu K, radiation and graphite secondary monochromator was used.
A Seifert/FPM URD6/TZ6 four-circle X-ray diffractometer, with a Cu K, X-ray source,
Barthels primary monochromator, Eulerian cradle sample stage, and a Ge(220) secondary
analyzer was applied for the Phi-Chi scan (polefigure) measurements. Grazing incidence
diffraction was accomplished with a Seifert/FPM URD6 four-circle diffractometer,
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equipped with a Cu K, radiation source, a primary vertical Soller collimator (0.15°), a
vertical translation sample holder, and a secondary vertical Soller collimator and LiF
analyzer.

Further information on X-ray diffraction techniques is referred to [1-3].
4.1.2 X-ray reflectometry

Theoretical background

X-ray reflectometry is now a well suited method for the study of surfaces and thin layers,
since it provides a wealth of information on thickness and interfacial properties on the
nanometer scale, like layer thickness, the layer’s electronic densities, surface and interface
roughness and roughness morphology.

The measurement principle is based on the fact that the refractive index for all
elements and compounds at short wavelengths of X-rays (~ 0.1 nm) is slightly smaller than
l:

n=1-5 —ip (43)

with & describing the dispersion and 3 the absorption of a material at a certain wavelength.
Consequently, external total reflection occurs when X-rays hit a sample at a grazing
incidence angle. As the refractive index for the interesting wavelengths is very close to 1
(8 and P are positive and have values typically of the order 10°), total reflection occurs at
very small incidence angles of the order of several tenths of a degree. The exact value for
the critical angle of total reflection ®¢ can, in principle, be used to determine the density of

a deposited film or the density at the surface of a bulk material according to:

O, =20 (4.4)
with
Nl"p ' 2
& =—2<(Z+ "\, 4.5
o (Z+f") (4.5)

where N, is the Avogadro's number, 7. the classical electron radius, p the mass density, A

the atomic mass, Z the atomic number, f'the dispersion correction, and A the X-ray

wavelength.

At incidence angles slightly above the critical angle of total reflection of a thin film,
some intensity penetrates into the film and is partly reflected at the interface between the
film and the substrate. The radiation reflected from the interface interferes with that

reflected directly from the film surface. Upon changing the incidence angle, the two
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contributions give rise to interference fringes whose spacing is characteristic for the film
thickness. The equation
2

© -0+ fd o (4.6)

gives the position of the m™ interference maximum as a function of the total reflection
angle of ©®¢, with wavelength A and the film thickness d, and therefore offers the

possibility to determine the film thickness from the position of interference maxima [4].

Experimental procedures

In this study the XRR measurements were performed with the same diffractometer used for
X-ray powder diffraction, equipped with a modified sample stage, designed specially for
XRR by Bruker AXS. In addition to the main parts for XRD, a controllable beam stop and
a metal absorber for reducing the too high intensity of the totally reflected X-rays at lower
than the critical angle are added, as illustrated in Fig. 4.3. The XRR measurements, in
grazing incidence 6-20 scan mode, of our sputtered CIS films were typically carried out
from 20 = 0.35° to 3.0° with a scan step of 0.002°. Afterwards, the program “Refsim”
[S]was used to simulate the experimental curve, to obtain thickness, surface density, and
roughness of the layers and roughness of the interfaces between the layers and substrates.
Although the described setup allows the measurement of film thickness up to about 300
nm for very smooth surface, we can, in practice, measure only films with thickness less

than 100 nm, due to the rough surfaces of the sputtered CIS films.

controllable
beam stop
X-ray tube

monochromator

detector

sample  absorber

Fig. 4.3. Illustration of the setup for X-ray reflectometry.

More detailed theoretical background on X-ray reflectivity and introduction to

practical X-ray reflectometry techniques can be found in [4, 6-12].
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4.1.3 Transmission electron microscopy

Transmission electron microscopy is a versatile tool capable of characterizing the internal
structure of a wide range of materials [13]. TEM characterization enables not only the
direct imaging of the microstructure, but also the identification of the phases present in the
specimen by either electron diffraction or spectroscopic chemical analysis. The results
obtained from a typical TEM characterization offers a better understanding of the relation
between the microstructure and properties of the materials.

There are various operation modes of the electron microscope. The bright field (BF)
mode is usually used to image grains and defect structures within the specimen. It can also
reveal secondary phases such as precipitates or inclusions. Similar in purpose to the BF
technique, the dark field (DF) imaging mode uses the specific Bragg diffracted electrons to
image the region from which they originated. The DF mode enables the connection
between the crystallographic information and specific regions or phases in the sample. The
principal function of the electron diffraction technique is to determine the crystallographic
structure of the material being analyzed. By placing an aperture in the image plane, then
projecting the diffraction pattern of that image onto the recording plate, the selected area
diffraction pattern (SADP) is obtained.

For more detailed description of TEM techniques and practical applications in material
research refer to [13-16].

4.2 Surface and morphology characterization
methods (XPS, UPS, SIMS, SEM, and AFM)

4.2.1 Photoemission spectroscopy (XPS and UPS)

X-ray photoelectron spectroscopy (XPS), known as electron spectroscopy for chemical
analysis (ESCA), and ultraviolet photoelectron spectroscopy (UPS), are extreme surface-
sensitive methods for chemical and electronic characterization of materials. Surface
analysis by XPS or UPS is accomplished by irradiating a sample in vacuum with
monoenergetic soft X-rays or ultraviolet radiation and analyzing the energy of the detected
electrons. Mg K, (1253.6 eV) or Al K, (1486.6 eV) X-rays and He I (21.21 eV) or He Il
(40.84 eV) radiations are usually used for XPS and UPS, respectively. These photons

interact with atoms in the surface region of the sample, causing electrons to be emitted by
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the photoelectric effect. The emitted electrons have measured kinetic energies, Ex given
by:
E,=h-E,-¢,, (4.7)

where Av is the photon energy, Ep is the binding energy of the atomic orbital from which
the electron originates, and ¢, is the spectrometer work function. The spectrum is obtained
as a plot of the number of detected electrons per energy interval versus their kinetic
energy. Since each element has a unique set of binding energies, XPS can be used to
identify the elements in the surface qualitatively referring to the peak positions, and
determine quantitatively the concentration of each element, C,, according to its peak height

or peak area, with the formula:
c n, I1./8,

YW AT

where / is the number of emitted photoelectrons, and S the atomic sensitivity factor. The

(4.8)

chemical shifts, i.e., variations in the elemental binding energies, caused by differences in
the chemical potential and polarizability of compounds, can be used to identify the
chemical state of the materials. The UPS spectrum is sensitive to the valence band region,
thus, gives insight in the density of filled states at and near the surface and allows the
extraction of the valence band structure of the material.

photoemission spectroscopy experiments in the present study were carried out using a
VG ESCALAB system with photon energy of 1253.6 eV (Mg K,) for XPS and 21.21 eV
(He T) for UPS, respectively, at a base pressure of about 2x10"'" mbar. Detailed XPS and
UPS investigation on the sputtered CIS films in this work is discussed elsewhere [17].
More information about photoemission background and practical application of ESCA can

be found for example in ref. [18-21].

4.2.2 Secondary ion mass spectrometry

Secondary ion mass spectrometry is frequently used to characterize the surface and near
surface (~ 30 um) region of solids and the surface of some liquids. The technique uses a
beam of energetic (0.5-20 keV) primary ions, commonly Ar’, O,", Cs’, and Ga’, to sputter
the sample surface, producing ionized secondary particles that are detected using a mass
spectrometer (magnetic sector-, quadrupole-, or time-of-flight-spectrometers). Three types
of SIMS data are generally achievable: mass spectra, depth profiles, and ion images.

A mass spectrum, describing the secondary ion intensities of the species detected as a

function of mass, is produced by sputtering a sample while the mass spectrometer scans the
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mass range. From the arising masses in the spectrum one recognizes the elements
represented, thus, general information about the composition as well as impurities included
in the sample surface is achieved. Depth profiles are obtained if, instead of scanning the
mass spectrometer as the sputtering continues, one or more masses are monitored
sequentially by switching rapidly among masses. Via a depth profile, one receives
information about the concentration of selected elements into the depth, and thus the depth
homogeneity of the sample is examined. When a mode of data collection analogous to
SEM is operated for SIMS, element-specific images or maps can be generated by
recording the secondary ions emitted from the sample that are detected with a mass
spectrometer. Ion images of SIMS generally provide information about the uniformity of
the lateral element distribution at the surface or in the bulk of the sample.

In the present work, SIMS measurements were accomplished with the plant MIQ 56A
(CAMECA/RIiber), using argon or oxygen primary ions. Mass spectra were recorded to
survey the impurities at the surface of the films. Depth profiles were carried out to examine
the depth homogeneity of the films.

For deeper insight into secondary ion mass spectrometry techniques see [22-24].

4.2.3 Scanning electron microscopy

Due to its versatility and the wide range of information it can provide, the scanning
electron microscope is often the preferred starting tool for analytical microscopy. In SEM a
finely focused electron beam scans the sample along closely spaced lines. As a result of the
interaction between the electron beam and the specimen, a variety of signals, mainly
secondary plus backscattered electrons and X-rays, are produced [25]. Using special
detectors, these signals can be collected giving specific information about the irradiated
volume.

Secondary electrons are emitted from the atoms occupying the top surface (~ 5 nm) and
produce a readily interpretable image, the contrast of which is determined by the sample
surface morphology. Backscattered electrons are primary beam electrons that are 'reflected’
from atoms in the solid. As its contrast is determined by the atomic number of the elements
in the sample, the image generated by backscattered electrons represents the distribution of
different chemical phases in the sample.

Interaction of the primary electron beam with atoms in the sample causes shell
transitions which result in the emission of X-rays. Detection and measure of the
characteristic X-rays enables elemental analysis, i.e., so-called energy dispersive X-ray
analysis (EDX). EDX provides rapid qualitative, or with adequate standards, quantitative

analysis of elemental composition within a sampling depth of 1-2 microns. X-rays may
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also be used to form maps or line profiles, showing the elemental distribution in a sample
surface.

In the present study, a Philips XL20 SEM was applied to observe the surface as well as
cross-sectional morphology of the films. The images were produced by detecting the
secondary electrons, with a typical acceleration voltage of 10 or 30 kV. An EDX system,
using a SiLi-detector with an ultrathin window (UTW), integrated with the SEM setup was
used to analyze the composition of the sputtered films. Typical electron acceleration
voltage for EDX operation is 10 kV.

General information on working principles of SEM and its versatile applications in

materials science can be found for instance in [25-27].

4.2.4 Atomic force microscopy

The atomic force microscope probes the surface of a sample with a microfabricated tip
(~10 nm in diameter) mounted on a flexible cantilever (100-200 um long). Forces between
the tip and the sample surface (van der Waals forces or Pauli exclusion forces, etc.) cause
the cantilever to bend, or deflect. A detector measures the cantilever deflection as the tip is
scanned over the sample. The measured cantilever deflections allow a computer to
generate a map of surface topography with resolutions down to atomic and nanoscales. The
lateral and vertical movements of the tip or sample are controlled by piezoelectric
transducers and a feedback loop that produces voltage differences proportional to the
movement.

The atomic force microscope can be operated under two different conditions, in air or
in a vacuum, and via two primary modes, contact or non-contact, to produce surface
imaging and three-dimensional profiling. Surface imaging by AFM, with a lateral
resolution down to about 3 nm, can be used to determine the roughness, grain size, and
features on the nanoscale and resolve individual holes, defects (such as pinholes), and
atomic clusters on the sample surface. Three-dimensional profiling probes samples in real,
three-dimensional space with vertical resolutions up to 0.01 nm. Via storage of digital
information, the three-dimensional image may be manipulated and enhanced with color,
filtered, enlarged, and displayed from any altitude or azimuth. AFM is suitable to
investigate a wide range of materials, including insulators, semiconductors and electrical
conductors.

In the course of this study, we used a home-built AFM, in addition to SEM, to
characterize the surface morphology of the sputtered films. The AFM was operated in air

in the contact mode. Two- as well as three-dimensional images were recorded to provide a
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general view on the film surfaces and determine quantitatively the surface roughness and
grain size of the films.

A review of AFM techniques can be found in [28].

4.3  Optical transmission

The optical properties of the sputtered CIS films were characterized by optical
transmission spectrum measurements. The transmission spectra were recorded with a
Varian 2300 spectrophotometer typically in the wavelength range of 350-2500 nm at room
temperature.

According to the transmission spectra, the absorption coefficient o of the films was

evaluated with the expression
T=e", (4.9)

which neglects the surface and multiple reflection effects. Here T is the transmission
coefficient and ¢ the film thickness. In this study, the thickness of the films was measured
either directly by XRR or, for thick films, estimated via multiplying the sputter time by the
average deposition rate determined by XRR.

Following the usual theoretical analysis [29], the energy dependent absorption

coefficient a(hv) can be expressed by the relation for the allowed direct transition as
a(hv)= A(hv — E)"?, (4.10)

where 4 is a constant, #v the photon energy, and £ refers to the direct band edge. By
extrapolating along the linear portion of the o versus 4v curve to the Av axis, the direct

bandgaps of the films, represented by the intercept at the Av axis, were deduced.

4.4  Hall effect measurements

The electrical properties of our sputtered CIS films were characterized by Hall effect
measurements. Hall effect experiments were conducted with a Van der Pauw technique.
Plated silver or pre-sputtered molybdenum were used for contacts. Typically the carrier
concentration, resistivity, and Hall mobility, in dependence on temperature ranging from
77 to 400 K were measured to evaluate the electrical properties of the films. Hall effect
investigation on the electrical properties of the sputtered CIS films in this study has been

described in detail elsewhere [30]. Detailed measuring procedures for the CIS films and
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more basic knowledge about Hall effect technique can be found there and references

therein.
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RF reactive sputtering

Deposition of CulnS; film by sputtering usually consists of two steps. At first a precursor
of Cu/In stacked multilayers, a Cu-In alloy film or Cu-In-S film is sputtered using,
respectively, Cu and In elemental targets [1-3], a Cu-In inlay target [4], or mixed powder
target of Cu,S and In,S; [5]. In a second step, the sputtered precursor is annealed or
sulfurized in a H,S or elemental S atmosphere. For industrial application, the
simplification of the process is one of the key issues for low cost. The aim of this work is
thus set to develop a one-stage process for the deposition of CulnS; films by RF reactive
sputtering [6]. Along with this prospect, we first tried to sputter CulnS, films using a Cu-In
inlay target and H,S gas. Films with good crystallinity and morphology, however, highly
off-stoichiometry (extremely Cu-rich) have been obtained [7]. By utilizing a Cu-In alloy
target, nearly stoichiometric CulnS, films can be sputtered but additionally in-situ
annealing is necessary due to the deficient H,S flow amount during sputtering [6]. With an
extended H,S mass flow controller, we finally succeeded in deposition of CIS films by RF
reactive sputtering in one step [8].

To optimize the sputtering process, we first investigated systematically the influence of
sputter parameters on the film properties. Then, we focused our studies on the surface
characterization of the sputtered films. Its properties are significant for achieving high-
efficiency CIS film solar cells. Although stoichiometric CIS films can be sputtered in one
step, we have found that post-growth treatments have significant influences on properties
of the sputtered films, e.g., enhancement of the structural and optical properties by post-
growth annealing, modification of the film surfaces by chemical etching. Detailed studies

on these issues are the three main parts of the following chapter .

5.1 Influence of the sputter parameters on the

properties of CulnS, films

5.1.1 Influence of the H,S flow during sputtering

As usual, we began with argon as working gas for providing the plasma, introducing

simultaneously the reactive gas H,S for sputtering. In Fig. 5.1 XRD spectra of four films

31
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sputtered at 400 °C with different H,S flows are presented. Films (a), (b) and (c) were
sputtered in a H,S/Ar atmosphere, while film (d) was sputtered solely in H,S. Besides
peaks of CIS there are some additional peaks originating from Cu-In alloy phases, such as
CuyIng, Cuyln, and Culn, coexisting in the films sputtered with argon. We normalized the
maximum intensity of each spectrum and chose the same scale, thus, the relative
abundance of phases present in the films is represented by the intensity ratio of peaks from
different phases. As can be seen, with a fixed Ar flow amount of 2.3 sccm but increasing
the H,S flow rate from 10 to 15 sccm, the secondary Cu-In phases are gradually depressed.
In order to keep the total gas pressure during sputtering as low as possible, and since, we
thought H,S could be used as working gas as effectively as argon due to the comparable
atomic mass, we decided to use H,S solely as both working and reactive gas during
sputtering [9]. With a H,S flow rate of 20 sccm, 2.13x10™" Pa in partial pressure, pure
CulnS; phase films with a chalcopyrite structure were obtained (see Fig. 5.1(d)). Hereafter,

all the studied films are sputtered with solely H,S gas if no specific notation is given.
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Fig. 5.1. XRD spectra of CIS films sputtered at 400°C and 200 W with different flow rates of H,S and Ar,
(a) f(H,S) = 10 scem, f(Ar) = 2.3 scem; (b) f(H,S) = 12.5 scem, f(Ar) = 2.3 scem; (¢) f(H,S) = 15 scem, f(Ar)
= 2.3 sccm; (d) f(H,S) = 20 scem, f(Ar) = 0 sccm.

These films have a highly (112) preferential orientation, since only the (112) and (224)
diffraction peaks which originate from the same series of lattice planes of CIS were
detected. It is useful to estimate quantitatively the preferred structural (112) orientation.

According to the method for evaluating the magnitude of the preferred orientation factor f
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employed in CulnSe; thin films and other materials [10, 11], we define the preferred
orientation factor f{112) for the (112) plane as

S =(p=py)/(1=py) G.D
with
p= zlmﬂn /Zlhkl and Po = ZI:nZn /Zl;lkkl > (52)

where /4 1s the measured intensity of (hkl) peak of the films, / Zk, the standard intensity for

the randomly distributed powder CulnS,, and » the diffraction order. For an increasing
degree of orientation, p increases from the value py for a nonoriented material to 1 for a
totally oriented sample so that the orientation factor f increases from 0 (nonoriented) to 1
(totally oriented). Applying this formula, a preferential orientation factor f{112) as high as
approximately 0.96 has been deduced for films sputtered only with H,S [8].
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Fig. 5.2. XRD spectra of CIS films sputtered at 500°C and 200 W with different flow rates of H,S.

A H»S flow of 20 scem is sufficient to sputter pure CulnS, phase film at 400 °C but not
enough to avoid Cu-In alloy phases coexisting in the films sputtered at a substrate
temperature of 500 °C [12]. Fig. 5.2 shows the XRD spectra of films sputtered at 500 °C
with a power of 200 W but different H,S flows. When the H,S flow during sputtering
increased to 25 sccm, the secondary Cu-In phases were suppressed, and nearly pure CulnS,

phase films were obtained. It thus indicates that the higher the substrate temperature is, the
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more H,S is needed to avoid Cu-In alloy minor phases. However, when the H,S flow is
above 30 sccm, there are some additional peaks arising from elemental S present (see Fig.
5.2 (f)). Therefore, the suitable H,S flow amount for sputtering at 500 °C and 200 W is in
the range between 25 and 30 sccm, in contrast to a H,S flow rate of 20-29 sccm which is
suited for sputtering at 400 °C and 200 W, as listed in Table 5.1.
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Fig. 5.3. (a) S concentration in the films sputtered at 400° and 200 W with different H,S flows and (b) the

temperature dependence of the resistivity of these films.

With a fixed sputter power and substrate temperature, a higher H,S flow during
sputtering, as expected, results in a higher S content in the sputtered films. Fig. 5.3 (a)
shows the S content in the films (determined by EDX) sputtered at a RF power of 200 W
and a substrate temperature of 400 °C with different H,S flows. The S atomic
concentration increases from 47.9% to 50.2% as the H,S flow is increased from 23 sccm to
29 scem. In Fig. 5.3 (b), the corresponding resistivities of these films are compared. The
aged films (exposed to air for several weeks) are p-type as determined by Hall effect
measurements. The higher S content reduces the S vacancies (favorable for n-type) in the
films, thus enhancing the p-type conducting of the films and, consequently, leads to

slightly higher hole concentrations and lower resistivities of the films [12].

5.1.2 Influence of the substrate temperature

We heated the substrates to different temperatures while keeping the other parameters
constant to investigate the influence of the substrate temperature on the film properties. In
Fig. 5.4 XRD spectra of two films sputtered with a same power of 200 W but different
substrate temperatures of 400 and 500°C, respectively, are presented for comparison. A

logarithmic scale is used for the XRD intensity in order to see more details. A higher
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temperature of 500°C reduces the full width at half maximum (FWHM) of the (112) peak
from 0.239° to 0.162°. Accordingly, the grain size increases from approximately 59 to 132
nm as deduced by the Scherrer formula [13], taking into account corrections for the

instrumental line width of the X-ray diffractometer.
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Fig. 5.4. XRD spectra of CIS films sputtered with the same power of 200 W but different substrate
temperatures of 400 and 500°C.

In addition, aside from the peaks appearing in the layer sputtered at 400°C there are
more peaks centered at 17.95°, 75°, and 86.3°, corresponding to CIS (101), (316/332), and
(228/424) planes, respectively, shown in the 20 spectrum of 500°C sputtered film. This
indicates an improvement of the crystalline quality of the films. However, the film
sputtered at 500°C has a much lower preferential orientation than the one sputtered at
400°C. According to the formula (5.1), we find a preferential orientation factor f{112) of
only 0.41 for the 500°C sputtered layer, much lower than that of the film sputtered at
400°C. Since the sputtering is mainly occurring in one direction, the films in general grow
preferentially along this sputter direction. The reduced preferential orientation in the films
sputtered at higher temperature is presumably interpreted as follows. On the one hand, the
in-plane transverse growth derived by elevated substrate heating (thermodynamic energy-
derived) may eliminate the preferential growth governed by sputter direction (kinetic
energy-derived). On the other hand, the higher temperature leads to bigger grains in the
layer and greatly reduced grain boundaries, which is essential for releasing the stress
caused by the preferential grain orientation [12].

Fig. 5.5 depicts the SEM images (surface and cross section) of the films sputtered at
400°C and 500°C. One can clearly see that the grains of film sputtered at 500°C are,
indeed, much bigger (more than a factor 2) than those of the film sputtered at 400°C,
directly confirming the XRD results described above. However, the thickness of both
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layers are nearly identical, which may support our above conjecture — the in-plane
transverse film growth (e.g. planar grain size) is derived by substrate heating while the film
growth in vertical direction (e.g. thickness and orientation) is mainly governed by
sputtering of the target, e.g. sputter power, time and direction [12].

Fig. 5.5. SEM images from the surface (a) and cross section (c) of film sputtered at 400°C and the surface (b)
and cross section (d) of film sputtered at S00°C.
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Fig. 5.6. Comparison of the optical transmission spectra of films sputtered at 400 and 500°C.

The promoted structural quality of the films sputtered at higher temperature further

leads to a considerable improvement of the optical properties of the films. Fig. 5.6 shows
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the room-temperature transmission spectra of two samples sputtered at 400 and 500°C,
respectively. A higher substrate temperature (500°C) results in a much sharper absorption
edge and shifts the optical bandgap from approximately 1.27 eV (400°C) to 1.44 eV
(500°C). This can be attributed to a reduction of the defects in the grains and especially at
the grain boundaries. The bandgap of 1.44 eV for a film sputtered at 500°C is slightly
lower than that of CIS single crystals (~1.53 eV), but is in line with the value reported by
other researchers for CIS films [1, 14].

5.1.3 Influence of the sputter power

We studied also the sputter power effect on the properties of the films. We found, in
general, that the higher the sputter power is, the more H,S flow is needed during sputtering
to avoid secondary phases such as Cu-In alloy phases in the films. It can be reasonably
understood that higher sputter power gives rise to a higher sputter rate of Cu-In from the
target, and thus more reactive gas, i.e. H,S, is needed. Unlike the substrate temperature
effect, there is no strong influence of sputter power on the grain size of the films. In table
5.1 the typical sputter parameters as well as the structural and optical properties (bandgap)

of sputtered films are summarized.

Table 5.1. Summary of sputter conditions used in one-stage RF reactive sputtering and the structural, optical

properties of typical as-grown CIS films.

Sputter conditions Structural properties Optical properties
Power Substrate FWHM {ain s/ Optical bandga
vy Temperature  HLS flow 9 of(112) XRD AFM/SEM P ) £ap
°O (scem) ) (nm) (nm)

200 400 25 (20-29) 0.239 59 ~95 1.24-1.37
200 500 28 (25-30) 0.162 132 ~145 1.42-1.44
300 400 40 0.241 58 - 1.33
300 500 45 0.159 139 - 1.44

? The values in parentheses give the range of H,S flow suitable to get pure CulnS, phase films.

5.1.4 Effect of coating the substrate

Since a low temperature process is more desirable for industrial applications, we tried to
sputter CIS films at a temperature as low as possible. As found experimentally, pure CIS
phase films can be sputtered on bare float glass at a substrate temperature as low as 200°C
with an appropriate H,S flow. However, the adhesion between the sputtered layers and
substrates is poor when the substrate temperature during sputtering is lower than 350°C.
Only at temperatures around 400°C or above high quality films with good adhesion can be

achieved on bare glass substrates. To reduce substantially the temperature for deposition,
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we tried coating the float glass substrates prior to sputtering of CIS with buffer layers such
as metallic Mo or ZnO.

Molybdenum (Mo) layer is the commonly used back contact for CIS solar cells. It can
be easily sputtered at room temperature by RF sputtering. The typical sputter parameters

have been described in chapter 3.
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Fig. 5.7. Typical XRD spectra of CIS films sputtered on (a) Mo- and (b) ZnO-coated float glass substrates at
a temperature of 200°C.

Pure and/or doped ZnO layers, transparent conducting oxide (TCO), are typical
windows for CIS-based solar cells. Some groups demonstrated CIS solar cells in a
superstrate configuration, i.e., metal/CIS/buffer/TCO/glass. In this study, we fabricated the
simplest device-like structure, CIS/ZnO:Al/glass layer system, all by sputtering, on the one
hand to investigate the CIS growth behaviour with an underlying ZnO buffer, and on the
other hand to examine the possibility for p-n junction formation [15]. ZnO:Al (ZnO doped
with 1.5-2.5 at% Al) were prepared on float glass substrates by reactive mid-frequency
(MF) magnetron sputtering at a substrate temperature of 200°C in an O,/Ar atmosphere,
using a segmented Zn:Al-target. The MF sputtered ZnO:Al/glass layers were subsequently
subjected to RF sputtering of CIS.
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By the deposition of Mo or ZnO:Al layers as a buffer on the float glass, high quality
CIS with good adhesion behavior can be sputtered at a relatively low temperature of
200°C. Fig. 5.7 shows the typical XRD spectra of CIS films sputtered on Mo-coated and
ZnO:Al-coated float glass substrates. Along with peaks from Mo and ZnO, only (112) and
(224) diffraction peaks of chalcopyrite CIS were unambiguously detected, indicating a
strong preferential orientation of both films. Their preferential orientation factors f{(112)
are comparable to that of CIS films sputtered directly on float glass at a temperature of
400°C, as listed in table 5.2. The grain sizes of these films, estimated from the FWHM of
the (112) peak by means of the Scherrer formula, are included also in table 5.2, in
comparison with those estimated by AFM. In general, the average grain sizes estimated by
AFM are much bigger than those by XRD. Such a difference was also found in grain size
estimation with electron microscopy and XRD by other researchers in other materials [16,
17]. Ishikawa et al attributed the difference to two factors: twin structure and the tendency

to overlook smaller particles in electron microscopy [17].

Table 5.2. Summary of substrate temperature, FWHM of the (112) peak, average grain size, and preferred
orientation factor f{112) of different CIS film systems.

Substrate FWHM of Grain size
Layer system temperature (112) peak XRD AFM f(112)
(°C) ) (m)
CIS/Glass 400 0.278 54 95 0.96
CIS/Mo/Glass 200 0.288 48 85 0.95
CIS/ZnO/Glass 200 0.352 34 55 0.95

In addition to the effect of lowering the substrate temperature for sputtering, the Mo or
ZnO buffer layers are very effective to work as a barrier to prevent Na diffusion from the
float glass into the sputtered CIS layers. This will be discussed in more detail in section
5.2.5. In general, the surface of CIS layers on ZnO-coated glass is smoother but the grains
are smaller than those on Mo-coated or bare float glass as revealed by AFM. Films
sputtered both on Mo-coated substrates and on bare float glass are covered by an
incoherent top layer of Cu,S as identified by SEM and EDX. These observations will be

described in detail in the following section.

5.1.5 Conclusions

The quality of CIS films deposited by one-stage RF reactive sputtering can be controlled
by parameters such as the injection rate of reactive gas (H,S flow), the substrate

temperature, and the sputter power. There are mainly secondary Cu-In phases coexisting in
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the films when the H,S flow is too low during sputtering, however, excessively injected
H,S causes an extra minor phase of elemental S in the sputtered films. With a RF power of
200 W and a H,S flow in the range of 20-30 sccm, highly (112)-oriented good quality
films with very good adhesion can be sputtered on bare float glass at a substrate
temperature of 400°C or above. Raising the substrate temperature or sputter power needs a
higher H,S flow during sputtering. Increasing the substrate temperature from 400 to 500°C
results in an improvement of the structural quality and subsequently enhances the optical
properties, shifting the film bandgap from approximately 1.27 to 1.44 eV. Mo- or ZnO-
coating of the substrates can help to reduce the substrate temperature to 200°C, and work
effectively as a barrier to prevent Na diffusion from the substrates into the sputtered CIS

layers.
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5.2 Surface characterization of one-step sputtered
CulnS, films

Knowledge of the stoichiometry as well as electronic structure of a semiconductor surface
is very important for the development of a heterojunction device. We hence focus the

following study on a survey of the surface with respect to the bulk of our sputtered CIS

films.

5.2.1 Chemical analysis and valence band structure by

photoemission spectroscopy (XPS and UPS)

Photoemission spectroscopy, including XPS and UPS, is a particularly sensitive method
for surface characterization. We carried out XPS to accomplish qualitative analysis on the
elemental and chemical identification of the film constituents and quantitative analysis of
film surface composition with respect to the bulk. The UPS measurements were performed

to achieve information about the valence band structure of the sputtered films.
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Fig. 5.8. Typical XPS survey spectra recorded on air-exposed and argon-sputter-cleaned surface of CIS films

on Mo-coated glass substrates.

After deposition, the films were transferred in air to the analysis chamber of the ESCA

setup. Sputter cleaning of the samples was performed with 2 keV Ar-ions. Fig. 5.8 shows
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the typical survey spectra recorded on air-exposed and argon-sputter-cleaned surfaces of
CIS films on Mo-coated glass substrates. In the spectrum of the air-exposed film, along
with the peaks associated with the elements of CIS, there are additionally C and O related
peaks, due to physical adsorbates of elemental carbon and oxygen and/or chemical
adsorbates such as organic H-C species and various oxides. Detailed inspection shows that
the surface exhibits, to different extent, oxidation of all the three elements of CIS. The Cu
2p and the S 2p lines shift a little while the surface is being sputter-cleaned. The strong
oxidation of In can be seen from the Auger-lines (In MNN), as inserted in Fig. 5.8. The
oxidized top layer has typically a thickness of about 5 nm, as estimated by the sputter rate.

A sputter time of 20 min is normally sufficient to remove the surface phases completely.
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Fig. 5.9. (a) Comparison of Cu LVV lines of CIS, Cu,S, CuS, Culn, and pure Cu films sputtered with the
same setup and comparable conditions. (b) Comparison of In MNN lines of CIS and Culn films.
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Table 5.3. Binding energies of recognizable XPS peaks of CIS, Cu,S, CuS, Culn, and elemental Cu films

recorded before (in black) and after argon sputter cleaning (in blue).

XPS Thin Films

peaks CulnS, Culn Cu,S CuS Cu
Culp 757 75.7 76.0 71.5 75.9 75.9 75.4 75.7 75.3 75.4
Cu 3s 123.0 123.0 123.1 1234  123.1 123.0 1225 1225 1227 1228
CulVV 3373 336.7 3355 3358 3373 3373 336.1 336.1 3351 336.7
Cu2ps, 9332 9329 9333  -- 9332 9329 9324 932.6 9327 9326
Cu2py, 9528 9525 9533 - 953.0 9527 9525 9522 9525 9525
In 4d 18.7 18.4 17.5 18.7 -- -- -- -- -- --
In3ds, 4453 4450 4440 4452  -- -- -- -- -- --
In3d;, 452.8 4527 451.6 4524  -- -- -- -- -- --
In3p;, 6668  666.2 6654  666.5 - -- -- -- -- --
In3py,, 7047 7040 7041 7042 - -- -- -- -- --
In MNN 852.8 8543 851.0 8535 -- -- -- -- -- --

S2p 1624 1624  -- -- 1626 1629 1623 162.6 -- --
S 2s 227.1 2265 - -- 226.8  226.6 2265 2263  -- --
Cls -- 285.1 - 285.7 - 285.1 - 2847 - 284.8
Ols -- 5320 - 531.6 - 5319 - 5317 - 530.9

For chemical identification of the film constituents, we compared the sputtered CIS
films with Culn, Cu,S, CuS, and elemental Cu films deposited with the same sputter setup.
Fig. 5.9 (a) shows the Cu LVV peaks of these relevant films. Due to the same valence state
(Cu"), CIS has an identical binding energy of Cu LVV with Cu,S. While the elemental Cu
(Cu’) has the lowest binding energy, CuS (Cu™) is in between CIS and elemental Cu.
From the neutral Cu state to CIS, the binding energy shift is approximately 2.2 eV.
Bonding to In, Culn shifts a little toward CulnS, relative to atomic Cu. With the presence
of S, the In MNN binding energy of CulnS, shifts upwards by approximately 1.8 eV with
respect to Culn, as shown in Fig. 5.9 (b). Interestingly, this shift is nearly identical with the
Cu LVV shift upon S incorporation in Culn. In table 5.3, all the recognizable peaks from
the diverse films recorded before and after Ar sputter cleaning are listed out for
comparison. These data are in good accordance with the previously reported data [18, 19].
The comparative study of the sputtered films with the relevant Cu- and/or In-containing
films enable us to exclusively conclude that our sputtered films are of CulnS, phase in the

bulk, distinct from any other phase such as Culn, CuS, Cu,S, and atomic Cu.
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Fig. 5.10. XPS depth profile of a thin layer sputtered on Mo-coated float glass substrate.

We have taken the peak area of the Cu 2p;n, In 3dsp, and S 2p signals for a
compositional quantitative analysis. Although there is Cu,S surface segregation (see
discussion below), the as-grown samples are generally In-rich on the surface, whereas in
the underlying bulk the stoichiometry is close to ideal within experimental accuracy. A
similar compositional behavior has been observed by Scheer ef a/ in their coevaporation-
deposited CIS films [20]. Fig. 5.10 shows the corresponding XPS depth profile of a layer
sputtered on Mo-coated glass substrate at 200°C and 200 W with H,S flow of 20 sccm.
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Fig. 5.11. Typical UPS spectrum of the CIS films sputtered on Mo-coated float glass substrates.

The UPS spectrum shown in Fig. 5.11 represents the typical valence band structure of

the sputtered CIS films. It is in reasonable agreement with the reported experimental data
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and theoretical calculations [21-23]. The measured spectrum has been identified, as shown

in the figure, according to the theoretical prediction [23].

5.2.2 Surface morphology by AFM
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Fig. 5.12. AFM (two-and three-dimensional) images of the surface of the CIS matrix (a)+(b) and the top
segregation (c)+(d) of a typical film sputtered on float glass at 400°C and 200W with a H,S flow of 20 sccm.

The as-sputtered films directly on float glass have typically a rough surface due to an
incoherently segregated top layer. Fig. 5.12 shows the representative AFM images (two- as
well as three-dimensional) obtained from the surface of the CIS matrix and the top
segregation of a typical film sputtered at 400°C and 200 W with a H,S flow of 20 sccm. In
the images (a) and (b) for the CIS matrix there is a clear preferential grain orientation,
which may correspond to the (112) preferential orientation of the films as revealed by
XRD (see fig. 5.1 (d)). From the AFM images one can see that the grains of the
segregation (~ 350 nm) (Fig. 5.12 (¢)+(d)) are much bigger than grains in the CIS matrix
(~ 95 nm). For the films sputtered on Mo-coated glass, similar rough surfaces with
segregation were observed. In contrast, the surface of CIS layers sputtered on ZnO-coated

glass is smoother but the grains are much smaller than those on Mo-coated and bare float
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glass. In Fig. 5.13 the typical AFM images (top-view and three-dimensional) of CIS layers
on Mo- and ZnO-coated glass substrates, respectively, are presented for comparison.
Where the mean value of grains of CIS layers on Mo-coated glass is about 85 nm the

layers on ZnO-coated substrates have grains of approximately 55 nm, as listed in table 5.2.

Fig. 5.13. Typical AFM images (top-view and three-dimensional) of surface of CIS layers sputtered on
(a)*(b) Mo- and (c)+(d) ZnO-coated glass substrates.

It is well known that Cu,S is the prevalent secondary phase segregating on Cu-rich CIS
films, which results in an improved structure, i.e., enhanced grain sizes of the
polycrystalline films. For the selenide films, Klenk ef al., explained this phenomenon via
the formation of a CuSe liquid on top of Cu-rich films [24, 25]. Since our as-sputtered
films are on average Cu-rich at the surface (measured from the surface by EDX), we
therefore speculate the segregation on our films is just Cu,S. This has been confirmed by
direct EDX compositional examination [26] and indirect approach by comparing the XRD

spectra of as-grown and KCN etched films [27], as will be presented later.
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5.2.3 Surface segregation analysis by SEM and EDX

As revealed by AFM, the as-sputtered films have typically a rough surface due to island-
like precipitates on the film surface. It is very interesting and important to clarify the
composition of the surface segregation with respect to the matrix. With integrated EDX
function, SEM is very powerful for observation and identification of the surface

segregation.
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Fig. 5.14. SEM images of segregation (a) and CIS matrix (b), and the corresponding EDX spectra of a film
sputtered at 400°C and 200 W with a H,S flow of 25 sccm; SEM images of CIS matrix (c) and segregation
(d), and the corresponding EDX spectra of a film sputtered at 500°C and 200 W with a H,S flow of 28 sccm.
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We focused our EDX measurements on “particles” of segregation and matrix,
respectively. Fig. 5.14 (a) and (b) present the “particle” and matrix where we measured
and the corresponding EDX spectra obtained for a film sputtered at 400°C and 200 W with
a H,S flow of 25 sccm. In order to see the difference between these two spectra easily, we
normalized both spectra according to the Cu peak. There is a significant difference
between these two spectra with respect to the Cu to In ratio. While EDX shows slightly In-
rich stoichiometry in the matrix the “particle” in the segregation is extremely Cu-rich,
strongly deviating from stoichiometry. Quantification results of EDX give: Cu 24.5%, In
25.4%, S 50.1% for the matrix, and Cu 46.2%, In 14.4%, S 39.4% for the “particle”,
respectively. Therefore, we concluded the segregation on our film surface is an extremely
copper rich CIS phase, in which Cu-S binary compounds, e.g., Cu,S or CuS, may coexist.
This conclusion was further confirmed by the similar observation on typical films
sputtered at 500°C and 200 W with H»S flow of 28 sccm. As displayed in Fig. 5.14 (c¢) and
(d), while the CIS matrix is just slightly Cu-rich, the “particle” in the segregation contains
nearly no Indium. EDX gives quantitative composition of the “particle”: Cu 62.9%, In
4.0%, S 33.2%, with a Cu/S nearly 2, indicating the segregation is Cu,S rather than
CulnS..

It is well established that potassium cyanide (KCN) is very effective for removing the
segregation of Cu,S on the CIS surface [28]. We used KCN to etch our films and measured
SEM and EDX again for comparison. As will be discussed in detail below, within the
accuracy of EDX, it revealed nearly identical composition of the etched “particles” with

the matrix.

5.2.4 Surface structural properties by GIXRD and XRR

Since at small incident angles comparable to the critical angle of total reflection X-rays
only penetrate into condensed matter by the order of hundreds angstroms [29], all X-ray
techniques (like X-ray diffraction, absorption, fluorescence analysis, topography...) are
surface sensitive when they are applied at grazing incidence. Our initial idea was to detect
minor phases segregated on the films by GIXRD. Fig. 5.15 shows the GIXRD spectrum of
a typically sputtered CIS film on float glass substrate, recorded with a grazing incidence
angle of 0.31°, which is just slightly larger than the critical angle of total reflection (see
below), in comparison with its spectrum recorded under normal 0-26 scan. As previously
discussed, the sputtered films are preferentially (112)-oriented. By the conventional 6-26
scan, only peaks of (112) and (224), which originate from the same series of lattice planes
of CIS, were unambiguously detected in the film. Due to probably too small abundance of

the minor phase and /or limited resolution of our diffractometer, we failed to achieve our
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initial goal to detect any segregated secondary phase at the surface. However, by using
detector scan geometry instead of conventional 6-20 scan, we got more peaks, well
according to the standard spectrum of powder CIS, and thus, confirming that the two peaks
in Fig. 5.15 (a) originate, indeed, from (112) and (224) of chalcopyrite CIS. Caused by the
unfocused geometrical arrangement during detector scan, the peaks shown in the GIXRD

spectrum are, as usual, much broader than those in normal XRD spectrum.
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Fig. 5.15. XRD pattern of a film sputtered at 400°C and 200 W with a H,S flow of 25 sccm, (a) conventional
0-26 scan, (b) GIXRD with an incidence angle of 0.31°. A standard spectrum of CIS (JCPDS file 27-159) is

inserted for comparison.

The XRR technique is now a well-established method for the determination of the
thickness, density, surface and interface roughness of thin films and layered structures
[30]. The XRR measurements (grazing incidence 0-20 scan) on our CIS thin films were
typically carried out from 20 = 0.35° to 2.0° with a scan step of 0.002°. Fig. 5.16 shows the
measured and simulated XRR spectra of a relatively thin CIS film sputtered at 400°C and
200 W with a H,S flow of 25 sccm for 3 min. The simulated and measured curves are in
good agreement with respect to the position of the total reflection angle (6 around 0.298°)
and the maxima or minima of the oscillations. However, the amplitudes of both curves
differ more or less, which is due to the limited resolution of the measurement system, and
possibly to non-Gaussian roughness of the inhomogeneous film surface and the
film/substrate interface [31]. The simulated surface density and roughness as well as film
thickness are inserted in the figure. The surface density of 5.01 g/cm’ is slightly higher
than the theoretical value of CIS (4.74 g/cm’), indicating some minor phases with a density

higher than CIS, e.g., Cu,S has 5.79 g/cm’, segregated on the film surface. The sputtered
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film has a rather rough surface with a root mean square (RMS)-roughness around 3.80 nm,
which might imply also the surface segregation. These observations support our above
conclusion on the films surface segregation. From the measured thickness we can calculate
the deposition rate of our one-stage sputter process, which is approximately 33 nm/min. It
is comparable or even higher than that in the case using argon as working gas, supporting

our idea to use H»S solely as both working and reactive gas during sputtering.
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Fig. 5.16. Measured and simulated XRR spectra of a thin CIS film with simulation parameters for layer

thickness, roughness, and density.

5.2.5 Surface survey and depth profile by SIMS
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Fig. 5.17. Typical SIMS mass spectrum recorded for the surface of CIS films sputtered on float glass.
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Fig. 5.18. SIMS depth profiles of CIS films sputtered on (a) bare, (b) Mo-, and (c) ZnO-coated float glass

substrates, demonstrating a good depth homogeneity of the sputtered layers.

We performed SIMS to examine the surface impurities as well as the depth homogeneity of
the sputtered films. Fig. 5.17 shows the positive ions mass spectrum for the surface of a
typical film sputtered on float glass, recorded with a 6 keV O," ion beam and 3x10™® A
current. Apart from the main elements Cu, In, and S and their compounds, impurities such
as O, Na, K, Ga, Ca, Al, Si, Mn, Ni, Fe, and Sn were detected at the surface. SIMS is
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extremely sensitive to Na and K, thus, they can be detected at a very low concentration.
Together with Ca, Al, and Si, Na and K diffused from the float glass substrate to the film
surface. Ga is a common impurity of In, which also has a high sensitivity in SIMS. O was
partly contaminated from the air and partly diffused from the float glass. Mn, Ni, and Fe
could be caused by contamination of the sputter chamber and the target holder. Sn arises
from the tin-side of the float glass substrates used for the sputtering.

The depth profile of the same sample is shown in Fig. 5.18 (a). Na was found as a
major contamination throughout the film due to diffusion, since no diffusion barrier was
pre-sputtered onto the float glass substrate. The depth profiles of all three elements Cu, In,
and S are nearly constant throughout the film revealing a good homogeneity and constant
composition of the sputtered film.

Similar depth distribution homogeneity was observed for films sputtered on Mo- and
ZnO-coated glass substrates, as shown in Fig. 5.18 (b) and (c). In addition, as can be seen
from the figure, the Na intensity in CIS layers on Mo-or ZnO-coated float glass is lower
than that in CIS layers on bare glass by more than a factor of 20. Thus, the Mo or ZnO
buffer layers act effectively as a barrier to prevent Na diffusion from the float glass into the

sputtered CIS layers.

5.2.6 Conclusions

CIS films deposited by a one-stage RF reactive sputter process generally have a rough
surface due to an incoherently segregated top layer, as observed by AFM. XRD reveals a
(112) preferential orientation of the sputtered films. XRR measurement gives the film
surface density around 5.01 g/cm’, which is higher than the theoretical value for pure CIS,
indicating a secondary phase existing in the film surface. Additionally, from the measured
thickness by XRR the deposition rate of the one-stage sputter process was calculated to be
approximately 33 nm/min. SEM and EDX were used to directly identify the segregation on
the film surfaces, which disclosed that the Cu/In ratio in the surface precipitates deviated
extremely from that in the matrix. Despite of the Cu,S surface segregation, XPS revealed
that the film surfaces remain In-rich with respect to the bulk, and the surface properties are
dominated by oxidation after exposure to air. SIMS manifested a good depth homogeneity

of all the films sputtered on bare, Mo- or ZnO-coated glass substrates.
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5.3 Post-growth treatment effects on properties of

the sputtered CulnS, films

In order to achieve high-efficiency solar cells, post-deposition treatments of the absorber
layers are mostly required. For example, CulnSe;-based thin film solar cells prepared by
many techniques need a post-deposition annealing in air or O, to optimize their
photovoltaic performance [32]. For fabrication of efficient CulnS;-based thin film solar
cells, Cu-rich films are usually grown, for which etching of the Cu-excessive absorber with
the potassium cyanide (KCN) is necessary to remove the surface segregation of Cu,S [33].
Although we have succeeded in depositing CIS films by RF reactive sputtering in one step,
i.e., neither annealing nor sulfurization is necessarily needed after sputtering [8], there still
remain some questions to our one-stage process. For instance, whether there is a further
improvement of the film crystalline quality by post-growth annealing or whether KCN can
substantially remove the Cu,S secondary phases segregated on the sputtered film surfaces.
In addition, how do they influence the optical as well as electrical properties of the
sputtered films? Following these questions, we performed different post-deposition
treatments on the as-grown films: annealing in vacuum, air, or H,S environments for
different periods, etching with KCN solution, as well as aging the films under normal
atmosphere, and compared the structural, optical as well as electrical properties of the as-

grown and post-treated films.

5.3.1 Post-growth annealing effect on the structural and

optical properties

After the sputter deposition, the films used for the aging purpose were stored directly
under normal air, while the others were kept in a roughly evacuated and Si gel-dried
exsiccator. Several weeks later, the films were subjected to anneal in the same sputter
chamber under vacuum around 10 Pa, air, or H,S gas at a temperature between 200 and
500°C for durations of half to several hours. A 1% KCN aqueous solution was used to etch
the films within 10 to 30 min at room temperature. After etching, the samples were rinsed

in de-ionized water.
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5.3.1.1 Annealing with H,S

As we have previously discussed, there are mainly Cu-In alloy secondary phases
coexisting in the films when the H,S flow rate is insufficient during sputtering [12]. In this
section, we demonstrate such Cu-In alloy phases can be eliminated by annealing the films
with H,S. Fig. 5.19 shows the XRD spectra recorded from a layer originally sputtered at
500°C and 300 W with a H,S flow rate of 40 sccm. In the spectrum of as-grown film,
additional peaks originating from Cu-In phases, such as CujjIng and Culn, are seen. We
annealed this film at 500°C in H,S atmosphere with a H,S flow rate of 30 sccm, 3.07x10™
Pa in partial pressure. The peak around 42.7° of Cu;;lng still existed there, after 3 hours
annealing/sulfurization. However, it diminished after two hours additional annealing, and

finally vanished completely.
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Fig. 5.19. XRD spectra of a CIS film originally sputtered at 500°C and 300 W with a H,S flow of 40 sccm,
recorded for as-grown and after annealing in H,S atmosphere at 500°C for different periods.

In Fig. 5.20 the room temperature optical transmission spectra of this film with respect
to different sulfurization periods are compared. At the as-grown stage, the film absorbs the
light in a broad wavelength range, thus, it is hard to determine the absorption edge. The
overall transmission is relatively low. This can be attributed, on the one hand, to
incorporation of Cu-In metallic phase in the film and, on the other hand, to poor quality of
the as-grown CIS phase base material. The grains in our as-grown films are rather small
(~100 nm), giving rise to an abundant volume of grain boundaries in the film. By
sulfurization at a high temperature of 500°C for 3 hours or more, the Cu-In alloy phase

vanished and the grain boundaries were reduced significantly. Thus, the absorption edge
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became sharper and the transmission increased. Following the approach usually used for
evaluating the band gap by transmission data [34], we deduced the direct band gap of the
sufficiently sulfurized film at room temperature to be 1.49 eV (see the insert in the figure),

which is nearly identical to the value of bulk crystals, indicating a good quality of the film.
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Fig. 5.20. Optical transmission spectra of the film in Fig. 5.19 with respect to annealing in H,S atmosphere at
500°C for different periods. The bandgap estimation for the 7h annealed film is inserted.

5.3.1.2 Annealing under vacuum
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Fig. 5.21. XRD spectra of a KCN etched CIS film sputtered at 400°C and 200 W with a sufficient H,S flow
of 25 sccm, recorded before and after annealing in vacuum at 500°C for 2h.
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With sufficient H,S flow during sputtering, as described already in former sections, pure
CulnS, phase films could be sputtered in one step. In this section, we study the post-
growth anneal effect on these one-stage sputtered nearly stoichiometric CIS films. Fig.
5.21 depicts the XRD spectra of a KCN etched film recorded before and after annealing
under vacuum at 500°C for 2 hours. From the spectrum recorded after annealing, one can
clearly see, besides the peaks present in the unannealed film, there are more peaks from
(101), (211), (316/332), and (228/424) reflections appearing, and the splitting of (004/200),
(204/220) (see the insert), and (116/312) peaks is unambiguously discernable. It is worthy
to note that the splitting of (204) and (220) planes is a characteristic sign for tetragonal
structure, determining undoubtedly a tetragonal chalcopyrite structure of the sputtered
films rather than cubic zincblende. In addition, upon annealing the FWHM of (112) peak
was reduced from 0.239° to 0.133°, and the corresponding grain sizes increased from
approximately 60 to 250 nm as deduced by the Scherrer formula [13]. It hence indicates
that annealing at a high temperature (500°C) for a certain time causes recrystallization of

the sputtered films and improves the structural properties of the films.
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Fig. 5.22. (a) Optical transmission spectra of the film in Fig. 5.21 measured before and after annealing in

vacuum at 500°C for 2h. (b) Bandgap estimation for the film after annealing.

The improved structural quality of the annealed films further leads to significant
enhancement of the film optical properties. In Fig. 5.22 (a) the room temperature
transmission spectra of this sample as measured before and after annealing are compared.
Upon annealing, the absorption edge of the film became sharper and the overall
transmission increased. Similar to the films annealed in H,S, the films annealed under

vacuum have a direct bandgap of approximately 1.49 eV, as illustrated in Fig. 5.22 (b).
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5.3.2 Chemical etching of Cu,S segregation by KCN

Fig. 5.23. SEM micrographs of the surface of a typical film sputtered on float glass substrate, imaged before
and after KCN etching.

We performed SEM to survey directly the etching effect on the film surfaces. Fig. 5.23
shows two representative micrographs of a typically one-stage sputtered film imaged
before and after etching with KCN. In the image of the as-grown film, there are densely
compacted segregations on the film surface. In preceding sections, we have identified the
surface segregations being of Cu,S phases by EDX. After etching, the surface segregations
became porous. We, hence, performed EDX measurements as well on the etched but
maintained “particles” and the matrix to compare. The composition of the etched
“particles” and the matrix is nearly identical within the accuracy of EDX, indicating a

removal of Cu,S surface phases.
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Fig. 5.24. XRD spectra of the same sample in Fig. 5.23 recorded before and after KCN etching. A spectrum

of Cu,S film sputtered with the same setup is included for comparison.
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Removal of Cu,S by KCN etching is further confirmed by XRD measurements on the
etched and unetched films. Fig. 5. 24 displays the XRD spectra recorded for the same
sample as in Fig. 5.23 before and after KCN etching. The spectrum of a Cu,S film
sputtered with the same setup and comparable conditions is included for comparison. In
the spectrum of the as-grown film, there are two neighboring peaks centered around 55°,
which seem to originate from the splitting of CIS (116/312). However, by comparing with
the Cu,S spectrum, it is clarified that the left peak arises actually from Cu,S (004), which
disappears completely after KCN etching. This observation allows us to conclude, indeed,
there is a Cu,S secondary phase segregated on the surface of the as-sputtered films, and

this Cu,S phase can be removed effectively by KCN etching.

@  jn MNN ®)  ci1s ©  cuLw

bulk
OX.

- .| KCN etched
=} :

S : 30' Ar
) :

&‘3‘ 1" Ar
—— ///\\M 0" Ar
c :

8 . As-grown
(&) 30" Ar

f 1" Ar
: 0' Ar
U R T— 1 1 1

L 1 " 1 " 1 )
840 850 860 280 288 296 332 336 340
Binding Energy (eV)

Fig. 5.25. XPS spectra of (a) In MNN, (b) C 1s, and (c) Cu LVV signals, recorded from a KCN etched film
(upper three lines) and an unetched film (lower three lines) after different periods (0-30 min) of Ar-
bombarding.

For further understanding of the KCN-treatment effect on the surface properties of our
CIS films, we compared the surfaces of an etched and an unetched sample by XPS
measurements. The comparison was done before and after sputter-cleaning the samples by
Ar-ions with energy of 3 keV. The corresponding spectra are presented in Fig. 5.25. 20
min sputtering removed the surface phases completely. As both samples were exposed to
air before transferring them into the vacuum chamber, the surface exhibits oxides of all the
three elements. Whereas the Cu 2p and the S 2p lines at the surface shift a little with

respect to in the bulk, the strong oxidation of In can be seen from the Auger-lines (In
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MNN) (see Fig. 5.25 (a)) and decreases with Ar-bombarding. As shown in Fig. 5.25 (b),
the carbon signal from the surface of the KCN-etched sample is much broader than that of
the unetched one. Obviously the etching process induces carbon-compounds on the
surface, whereas the air-exposed sample is covered only by carbon adsorbates. K and N
residues from KCN were not found.

Special interest was put on the secondary copper phases. In ref. [20] it was reported
that when there is a copper binary phase, e.g., CuS, incorporated in the CIS films the Cu-
L3;VV-Auger spectrum will have a corresponding shift with respect to that of pure CIS
films. Fig. 5.25 (c) shows the shifting of the Cu-L;VV-Auger signals in our films. It is
evident, that copper is in a different binding state on the surface compared to the bulk. The

Cu surface signal could be attributed either to Cu-S or Cu-O or both compounds.

5.3.3 Aging and etching effects on the electrical properties
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Fig. 5.26. Carrier concentration (a), resistivity (b), and mobility (c) as a function of temperature and aging
time in air of a film sputtered at 400°C and 200 W with H,S flow of 25 sccm. Plot (d) demonstrates the rapid

change of the film resistivity at room temperature with aging in air.
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Hall effect measurements were implemented to characterize the electrical transport
properties of the fresh and air-aged as-grown films, post-etched as well as annealed
samples. The fresh films (directly after sputtering) are, in general, highly resistive n-type
conducting, with the resistivity, carrier density, and mobility at RT in the range of 2x10°-
10* Qcm, 3x10'-10" ¢cm?, and 2-20 cm?/Vs, respectively, as listed in table 5.4. After
exposure to air for several weeks, they converted to be highly conductive p-type, and their
resistivities, carrier densities, and mobilities approached values 0.1-2 Qcm, 3x10'°-10%°
cm™ and 0.2-0.7 cm?/Vs, respectively. Fig. 5.26 shows the carrier density, resistivity, and
Hall mobility as a function of the temperature and the storage time in air of a typically
sputtered film. At the fresh stage, the film was nearly intrinsic and could only be measured
in a narrow temperature range around RT due to its very high resistivity. Its resistivity,
carrier density, and mobility varied in the range of 8700-2100 Qcm, 3.5x10"-10" cm™
and 20.5-3.3 cm?/Vs within the temperature of 200-295 K. After two days, it maintained
electron (n-type) conduction. However, its resistivity and mobility decreased rapidly while
its carrier density increased drastically by almost 5 orders of magnitude (Fig. 5.26 (a)). The
temperature tendency of the Hall mobility suggests a predominant acoustic phonon
scattering mechanism involved in the film. After aging in air for about two weeks, the film
resistivity continued to decrease while its carrier density increased further, and even more
strikingly, the film converted to hole conduction (p-type). Nearly one month later, its
resistivity, carrier density and mobility tended to saturate and approached a stable level
around 0.2 Qcm, 3x10" ¢cm™ and 0.7 cm?/Vs, respectively, remaining p-type conducting.
In Fig. 5.26 (d), the dramatic aging effect on the film resistivity at room temperature is
demonstrated as a function of aging time. Similar aging effects on the resistivity were
observed by Ogawa et al. in their sulfurized CIS films [14].

(a) H,0, N, O, C etc. (b)

Cu,S

In-rich CIS

Fig. 5.27. Schematic model for the interpretation of electrical properties of sputtered films based on film

stoichiometry and surface segregation.
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Based on the previously described results of surface morphology by AFM,
compositional analysis by EDX, RBS, and XPS, we suggest the following model to
interpret the electrical properties we obtained for the sputtered CIS films. As illustrated in
Fig. 5.27, there are islands of Cu,S segregating on top of an In-rich surface layer, while our
films are nearly stoichiometric in the bulk. At the very fresh stage, the In-rich layer
together with the CIS matrix plays a major role in the electrical transport and gives rise to
an n-type conducting of the films, since the top segregated Cu,S islands are isolated from
each other. After exposure to air, these Cu,S islands have been activated by the connection
of species adsorbed from air, e.g., oxygen, carbon, organic stuff, water vapor, and so on,
and dominate the electrical transport in the films [9]. As we reported previously, Cu,S,
especially CuS, is a highly p-type conducting and metal-like semiconductor with a hole
concentration as high as 10" (Cu,S) to 10 cm™ (CuS) at room temperature [35]. Showing
a highly p-type conducting with a resistivity of 0.2 Qcm and carrier density of 3x10" cm™
and being nearly constant with temperature, the sputtered films stored in air for a certain
time behave just like Cu,S. It thus means the electrical data we measured on those air-
exposed samples are governed by the top segregated Cu,S layers rather than the bulk CIS
films. Annealing in air or vacuum at a moderate temperature of 200°C for 30 min, isolating
again the Cu,S segregation via releasing the adsorbates from the film surface and grain
boundaries, leads to a reverse change of the film electrical properties in relation to aging in
air. In particular, KCN etching removed the surface Cu,S segregation and recovered almost
completely the electrical properties to the initial as-grown values, supporting the above-
proposed model.

In Fig. 5.28, the temperature dependence of carrier density, resistivity, and mobility of
the same sample as in Fig. 5.26 measured after KCN etching is presented, in comparison
with the unetched values. Upon etching, the film reverted from p-type conduction in the
air-exposed state back to the initial n-type. Again its resistivity was high and could only be
measured in a narrow range around room temperature. Its resistivity, electron density, and
mobility are corresponding reasonably to the values of fresh as-grown film. The aging and
etching behavior of this film is representative rather than occasional among our sputtered
films. This can be seen from table 5.4, in which the typical room-temperature electrical
properties of sputtered films at fresh stage, after exposure to air, and additional KCN
etching are summarized.

We would note here that the aging effect occurred on our films might be responsible, in
part, for the wide range of reported electrical transport data for CIS films deposited by
various methods (see chapter 2). It indicates that the electrical properties correlate not only
to the different deposition techniques used and the film stoichiometry, but also to the

specific status of the measured samples, i.c., fresh, air-aged, or chemical etched. Thus,
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attention should be paid to the measuring conditions when one compares the electrical data

of CIS films, especially for films with Cu,S segregations.
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Fig. 5.28. Temperature dependence of carrier density (a), resistivity (b), and mobility (c) of the same sample

as in Fig. 5.26 measured after KCN etching, in comparison to air-aged values.

Table 5.4. Summary of the typical room temperature electrical properties of sputtered films at fresh stage,

after exposure to air, and additional KCN etching.

Film Resistivity Carrier density ~ Hall mobility ~ Conduction type
(Qcm) (cm™) (cm?/Vs)

Fresh 2x10%-10* 3x10"-10" 2-20 n

Aged in air 0.1-2 10"°-10% 0.2-0.7

KCN etched 6x10>-2.5x10*  4x10"-3x10" 2-100 n
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5.3.4 Conclusions

Although stoichiometric pure CulnS, phase films can be produced in one step by RF
reactive sputtering, post-deposition treatments affect significantly the structural, optical,
and electrical properties of the sputtered films. Heating under vacuum at a temperature of
500°C for 2 hours causes recrystallization of the as-sputtered films and consequently
improves the optical properties. Annealing in H,S atmosphere at 500°C for suitable
duration results in the elimination of the secondary Cu-In phases coexisting in the films
sputtered with an insufficient H,S flow during sputter deposition, meanwhile, enhancing
the film structural as well as optical properties. The direct band gap of the annealed films
is evaluated to be 1.49 eV at room temperature, nearly identical to the value of bulk
material. Upon exposure to air, the electrical properties of the as-grown films change
tremendously, switching from highly resistive electron dominated (n-type) conducting to
highly p-type conducting. KCN etching removed effectively the Cu,S segregation on the

film surfaces and recovered the film electrical properties to the initial state.






6 Quasi-epitaxial growth of CulnS, films

on sapphire

As described in the introduction (chapter 1), the ternary compound semiconductors CuXY;
(X= In, Ga; Y= S, Se) and their multinary alloys have recently attracted considerable
interest due to their applications in optoelectronic devices, especially for solar cells [1].
CulnS, has theoretically the highest conversion efficiency among the chalcopyrite
Cu(InGa)(SeS),-based solar cells [2, 3] primarily due to its direct bandgap of 1.55 eV [4], a
superior matching to the solar spectrum, and its high absorption coefficient of almost 10’
cm’. It has practically achieved, however, only 11.4% total area conversion efficiency so
far [5], considerably less than other chalcopyrite-based solar cells (CulnSe,: 14.8% [6];
Cu(InGa)Se,: 18.8% [7]). To dig up fully its potential a better understanding of the
fundamental properties of the absorber itself is essential, which could be achieved from
high-quality single-crystalline materials. However, it is well known that the controlled
growth of high quality single crystals is a priori difficult for ternary compounds, and is
additionally complicated by high temperature phase transitions that occur in many
chalcopyrite compounds [8]. It is therefore of great importance to achieve crystalline
CulnS, films alternatively by epitaxial growth. However, such attempts have so far
scarcely been reported in the literature. The first successful heteroepitaxial growth of
CulnS; films was reported by Metzner, Hahn and their coworkers on sulphur-terminated Si
(111) and Si (100), using the molecular beam epitaxy (MBE) technique [8, 9]. With the
same technique, Hunger er al. achieved epitaxial growth of CulnS, on hydrogen-
terminated Si (111) [10]. Compared with MBE, sputtering is not a typical technique for
epitaxial growth. Nevertheless, with sputtering the “quasi-epitaxial” growth of a wide
range of functional materials has been demonstrated, such as semiconductor materials like
ZnO [11], GaN [12], AIN [13], superconductors like YBa,Cu;O; [14, 15] and
Bi,Sr,Ca,Cu;0, [16], ferroelectric films like PZT [17] and BST [18], and rare-earth-
transition-metal (RE-TM) films like Sm-Fe [19], Sm-Co [20], and so on. In this study, we
demonstrate, to the best of our knowledge, the first “quasi-epitaxial” growth of CulnS,

films on sapphire (0001) by RF reactive sputtering with a Cu-In alloy target and H,S gas.

65
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6.1 Heteroepitaxial growth of very thin CulnS,

films on sapphire

Single-crystalline (0001)-oriented sapphire was used as substrate. Prior to film deposition
the sputter chamber was evacuated to about 10 Pa using a turbomolecular pump together
with a liquid nitrogen trap. The sapphire substrates were cleaned ultrasonically in organic
solvents, with no further etching and heating treatments before film growth. Like in the
case of sputtering CulnS, films on float glass substrates, the Cu-In alloy disk target was
employed, and H,S (purity: 98.0%) was solely introduced as both reactive and working gas
during sputtering. While the H,S flow was varied in the range of 30-35 sccm, the RF
power was fixed at 200 W (2.47 W/cm?), and the substrate temperature was kept constant
at 500°C. The sputtered CIS layer thicknesses were mainly controlled by varying the

sputter time with a typical growth rate of approximately 40 nm/min.
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Fig. 6.1. Typical XRD spectrum of sputtered thin CIS films on sapphire.

The crystalline structure of the layers was studied by X-ray diffraction (XRD). Fig. 6.1
shows a typical 6-26 spectrum of the sputtered films. As can be seen, along with well-
known diffraction peaks of the sapphire substrate, the (112), (224), and (336) peaks of the

tetragonal chalcopyrite structure of the CIS film are clearly resolved, indicating a preferred
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orientation of CIS (112) parallel to sapphire (0001). Despite the chosen logarithmic scale,
the XRD spectrum shows no signs of polycrystalline CIS phases.
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Fig. 6.2. Left: X-ray diffraction rocking curves at the (112) plane of CIS films sputtered with different times,
(a) 40 sec., (b) 65 sec., (c) 124 sec., (d) 186 sec.; Right: FWHM values of curves shown in the left and lattice
spacing d,, of the films.

The out-of-plane ordering of the sputtered films was further evaluated by rocking curve
measurements. Shown in the left of Fig. 6.2 are the results of rocking curve measurements
at CIS (112) of four films sputtered with different periods. The full width at half maximum
(FWHM) of each curve, representative for the tilt of the crystallites in growth direction, is
depicted in the right of the figure as a function of the sputter time. A FWHM value of less
than 0.05° (180 arcsec), which is among the best reported values, manifests the epitaxial
growth nature of the sputtered films. With an increase of the sputter time, the rocking
curve becomes broader and the background intensity increases, indicating the enhancement
of a mosaic structure. Compared to relaxed CIS powder, the diffraction angles and lattice
spacing d;i, of all the sputtered epilayers are larger and smaller, respectively. This
indicates that the epilayers are under compressive stress along the growth direction. With
increasing sputter time and thus layer thickness, the stress is gradually released and
accordingly the lattice spacing d;;, approaches the theoretical value of 0.3198 nm.

We performed XRR to measure the thickness of the thin epilayers. Fig. 6.3 plots the
measured XRR spectra for the films sputtered with different times as shown in Fig. 6.2.
With increasing sputter time, the angle interval between the maxima (minima) of the XRR

curves decreases, showing an increase of the film thickness. In table 6.1, the simulated
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thicknesses of these films are summarized along with their structural properties such as the

rocking curve half width of the (112) peak and lattice spacing d, 5.
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Fig. 6.3. XRR measurements of the films sputtered with different times corresponding to Fig. 6.2.

To achieve information on the in-plane ordering of the films a Siemens-Stoe AED2
four circle-diffractometer with Mo K« (4 =0.71069 A) radiation was applied. Curve (b) in
Fig. 6.4 shows the Phi-scan spectrum recorded at CIS {204} with a tilt (Chi) angle of 35.5°
for a typical film. Sharp distinct reflexes show up indicating a well-defined azimuthal
alignment of the CIS lattice planes. Similar to CIS epilayers on Si (111), six peaks instead
of three, as expected for single-crystalline CIS layers, are observed. Obviously two
domains are coexisting in the sputtered epilayers, rotated by 180° to each other [10]. To
obtain directly the in-plane orientation relationship between the CIS layer and the sapphire
substrate, phi-scans with grazing incidence X-ray geometry were recorded. Under grazing
incidence diffraction (GID) conditions, the incident X-ray beam is nearly parallel to the
film surface, thus the reflections generated from the planes perpendicular to the surface are
detected. The resultant spectra of the CIS epilayer and sapphire substrate are shown in Fig.
6.4, labeled as (a) and (c), respectively. Six peaks for both CIS and sapphire are observed.
However, they are shifted by 30° to each other. It should be noted that the six peaks
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displayed in GID represent the intrinsic six-fold symmetry in the CIS (112) plane,

corresponding to six equivalent planes {25 0} (see below), two of which are exactly, the
other four nearly (89.6°) perpendicular to CIS (112). In contrast, the six peaks that
appeared in the tilted Phi-scan actually arise from a twinned structure of the epilayer. In
the tilted Phi-scan of a single-crystalline film only a three-fold symmetry would be
expected. Combining the Phi-scan and rocking curve measurements, it can thus be

concluded that the sputtered CIS films grow epitaxially on the sapphire substrates with an
orientation of CIS (112) sapphire (0001) and CIS (250) rotated by 30° with respect to

sapphire (1100).

Table 6.1. Summary of the sputter time, thickness, and structural properties of the sputtered CIS epilayers
shown in Fig. 6.2.

Sample No. Sputter time  Thickness FWHM of rocking 0 di1z
curve at (112)
(sec.) (nm) (arcsec) ©) (nm)
429-2 (a) 40 28 165.6 14.011 0.31841
427-2 (b) 65 47 162 13.999 0.31868
428-2 (c) 124 - 234 13.991 0.31886
430-2 (d) 186 119 442.8 13.984 0.31901

For heteroepitaxy the choice of the substrate is of great importance, in terms of crystal
structure, lattice parameters and thermal expansion coefficients. While sapphire has a
rhombohedral structure, CIS crystallizes tetragonal. It appears inconceivable to achieve
epitaxial growth between these two materials. In Fig. 6.5 the projections of the CIS and
sapphire unit cells on the (112) and (0001) planes, respectively, are shown. Although
sapphire crystallizes in the rhombohedral structure, it can be described by a hexagonal unit
cell, larger than the rhombohedral one [21]. The similarity of the hexagonal feature of both
unit cells in the depicted projections reveals the possibility for heteroepitaxy. One finds
two concentric hexagons in the (0001)-projected sapphire cell, when considering Al atoms
only, and also two concentric hexagons in the CIS (112) projection. In both cases the
bigger hexagon is rotated by 30° with respect to the smaller one. The side length of the
bigger hexagon in the sapphire (0001) plane is 0.47587 nm, and 0.39222 nm in the CIS
(112) plane, corresponding to a mismatch of approximately 17.6 %. However, the

mismatch reduces to 1.1% if one considers a group of five sapphire and six CIS hexagons.
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Similarly, the misfit along the growth direction between four (112) spacings of CIS and the
sapphire lattice parameter c is only 1.55%. The similar in-plane hexagonal symmetry, well-
matched lattice spacing, as well as comparable thermal expansion coefficients (&, of CIS
[22] and sapphire is 9.6 and 4.75 x 10° K™', respectively) enable the heteroepitaxial growth

of CIS on sapphire as demonstrated in the present study.
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Fig. 6.4. In-plane Phi-scans of film (c) in Fig. 6.2 and sapphire substrate. (a) Recorded at CIS {220 } with a

grazing incidence angle of 1°; (b) recorded at CIS {204} with a tilt angle (Chi) of 35.5°; (c) recorded at
sapphire {1010 } with a grazing incidence angle of 1°.

Table 6.2. List of nine planes of CulnS, having nearly identical lattice spacing.

h k l a (nm) ¢ (nm) dj(nm) 20(°
0 2 4 0.5523 1.1141 0.19610 46.298
2 0 4 0.5523 1.1141 0.19610 46.298
2 2 0 0.5523 1.1141 0.19527 46.507
0 -2 4 0.5523 1.1141 0.19610 46.298
2 0 4 0.5523 1.1141 0.19610 46.298
2 -2 0 0.5523 1.1141 0.19527 46.507
0 2 -4 0.5523 1.1141 0.19610 46.298
2 0 -4 0.5523 1.1141 0.19610 46.298
2 2 0 0.5523 1.1141 0.19527 46.507
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Due to the fact of c/a = 2 of the CulnS; unit cell, the following conversions between

the cubic and the tetragonal chalcopyrite notations are valid: [uvw]ewic = [2u2vW]ch.,
(hkl)ewvic = (hk2])en.. Like six equivalent lattice planes {101}: (101), (011), (110), (IOI),

(110), and (Oli), with the same lattice spacing in a cubic structure, nine planes in
tetragonal chalcopyrite CIS have nearly identical lattice spacing, and thus corresponding
20 values of XRD. The lattice spacing dyy for a plane (hkl) of tetragonal structure can be
calculated by the formula,

2 2 2
LN 6.1)

2 2 2
d a c

where a, c are the lattice parameters. Using the standard lattice parameters of powder
CulnS,, a: 0.5523 nm and c: 1.1141 nm, we calculated and found theoretically nine planes
with nearly identical lattice spacing in CulnS, as listed in table 6.2. These nine planes can

be further divided into two groups, i.e., three equivalent planes {204}: (204), (024), (220),

and six equivalent planes {22 0}: (024), (204), (220), (024), (204), (220), in terms of
lattice spacing and their inclination angles with plane (112). The angle ¢ between (h1ki/;)

and (h2k21,) planes of the tetragonal system can be generally derived from

(hohy + k) a® +1,0, 1 ¢
Ji k) @ +12 1A+ k) a* + 1

cosd = (6.2)

where a, ¢ are the lattice parameters. With still the standard a, ¢ values of powder CulnS,,

we found that six planes {25 0} are exactly or nearly perpendicular to CIS (112), whereas
three planes {204} incline by approximately 35.5° from the CIS (112), as listed in table
6.3.
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Fig. 6.5. Projections of (a) CIS to the (112) plane and (b) sapphire to (0001), illustrating the orientation

relationship between the epilayer and substrate as revealed by XRD measurements. The planes {220} of CIS

and {1010} of sapphire, being perpendicular to the projection planes, are identified. For CIS, three

equivalent planes {204} that tilt by 35.5° from the (112) plane are marked by their common sides with (112),

e.g., “[ 201 ]-(204)” means the common side of the planes (204) and (112) along the crystal line [ 201 ].

Table 6.3. List of three equivalent planes {204}: (204), (024), (220), and six equivalent planes {220 }:

(024), (204), (220), (024), (204), (220) of CulnS,.

hy K li hy ke L a(m) ¢ (nm) cos(¢) o )
4 1 1 2 0.5523 1.1141 0.81533 35.380
4 1 1 2 0.5523 1.1141 0.81533 35.380
0 1 1 2 0.5523 1.1141 0.81882 35.033
0 -2 4 1 1 2 0.5523 1.1141 -0.00698 90.400
-2 0 4 1 1 2 0.5523 1.1141 -0.00698 90.400
-2 0 1 1 2 0.5523 1.1141 0 90
2 -4 1 1 2 0.5523 1.1141 0.00698 89.600
-4 1 1 2 0.5523 1.1141 0.00698 89.600
-2 0 1 1 2 0.5523 1.1141 0 90




73 6.1 Heteroepitaxial growth of thin CIS films on sapphire

As illustrated in Fig. 6.5 (a), the inner smaller hexagon of the CIS lattice projection on

the (112) plane is composed of six equivalent planes {25 0}, perpendicular to (112). Three
planes{204} that tilt by about 35.5° from (112) are figured out by their lines of intersection
with (112). Whereas the lines of intersection of the {204} and (112) planes are parallel to
three sides of the outer (bigger) hexagon, the inner hexagon is rotated by 30° with respect
to the outer one, which is corresponding to the outer (bigger) hexagon in the sapphire
(0001) projection. This illustrates clearly the orientation relationship as determined by
XRD measurements.

Atomic force microscopy was used to further characterize the structural properties of
the sputtered CIS epilayers. In Fig. 6.6 the AFM images (top view and three-dimensional)
of a typical thin epilayer are displayed, which represent the surface morphology as well as
microstructure of the sputtered films. The film had a very smooth surface with a root-
mean-square (RMS) roughness of approximately 3.3 nm. Typical for thin films grown by
sputter epitaxy, the sputtered CIS epilayers displayed granular surface structure [20, 23],

suggesting a three-dimensional island-like growth mechanism.

Fig. 6.6. AFM images of a typically sputtered CIS film on sapphire. (a) Top view; (b) three-dimensional

view.

In conclusion, CulnS; films were grown epitaxially on single-crystalline sapphire
substrates by RF reactive sputter epitaxy. Both rocking curve and Phi-scan of X-ray
diffraction measurements reveal well-defined out-of-plane and in-plane lattice ordering,

confirming the heteroepitaxial growth with the orientation relationship of CIS
(112) sapphire (0001), CIS [i 10] sapphire (IOI 0). AFM demonstrates a smooth surface

of the resultant films and suggests a three-dimensional island-like growth mechanism. The

success of epitaxial growth of CIS on sapphire indicates that heteroepitaxy may not only
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occur in material systems with similar structural symmetry, e.g., cubic on cubic, tetragonal
on cubic, or vice versa, but is also possible for materials with different symmetry, e.g.,
cubic on hexagonal, tetragonal on hexagonal, or vice versa, if a suitable growth direction is
chosen [24].
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6.2  Quasi-epitaxial growth of thick CulnS, films

Although very thin CIS films (25-100 nm thick) can be grown epitaxially on sapphire with
a well-defined out-of-plane and in-plane ordering by RF reactive sputtering, it was found
that upon increase of the sputter time and thus the thickness the films were characterized
by pronounced mosaic structures, as will be described below. In an incidental way, we
found that pre-sputtering an ultrathin CIS epilayer as a buffer (nucleation layer) could
substantially depress the mosaic structure and consequently improve the out-of-plane
ordering of the sputtered films. However, the in-plane alignment of the films becomes
more complex with such an ultrathin buffer. In this section, we first present the structural
characteristics of the directly sputtered thick CIS films on sapphire. Then, we concentrate
on elucidation of the structural features of the CIS films sputtered with an ultrathin buffer

layer by detailed X-ray diffraction investigation.

6.2.1 Structural characteristics of the thick CulnS, films
sputtered directly on sapphire

— Without buffer
— With thin buffer

Intensity (cps)
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Fig. 6.7. Comparison of XRD rocking curves of (112) of thick CIS films sputtered directly on sapphire

(black curve) and sputtered with an ultrathin buffer layer (blue curve).

Whereas the 6-26 scan showed a similar preferred (112) orientation of the thick films with
that of the thin epilayers, i.e., only (112), (224), and (336) peaks of CIS were detected, X-

ray rocking curve measurements revealed a remarkable mosaic feature of the thick CIS
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films sputtered directly on sapphire. Fig. 6.7 (black curve) shows the rocking curve of CIS
(112) recorded for a typical film sputtered at 500°C and 200 W for 30 min with a thickness
of approximately 1000 nm. Compared to the sputtered thin epilayer, the out-of-plane
ordering of the thick films has drastically degraded. Whereas a 70-nm epilayer, sputtered
in 2 min, has typically a rocking curve FWHM at CIS (112) of about 0.05° (180 arcsec),
the rocking curve half width of the 30-min-sputtered film, approximately 1000 nm thick, is

about 0.68° (2448 arcsec), indicating a pronounced mosaic structure.
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Fig. 6.8. Phi-scans of a thick CIS film and sapphire substrate, recorded at CIS {204} with a tilt angle (Chi) of
35.5° (blue curve), at CIS {204} with a grazing incidence angle of 1° (red curve), and at sapphire {1010}

with a grazing incidence angle of 1° (black curve), respectively.

The in-plane alignment of the thick films remains, however, comparable with that of

the thin epilayers. Fig. 6.8 displays the Phi scan spectra of the same film as in Fig. 6.7,
recorded at {204} with a tilt angle (Chi) of 35.5° and at {204_1} with a grazing incidence

angle of 1.0°, along with the grazing incidence Phi scan spectrum of sapphire (IOI 0). Both
tilted Phi scan and GID Phi scan show six sharp peaks, demonstrating well-ordered
alignment of the sputtered thick films in the (112) plane. Like in the thin epilayer, while
the six peaks shown in GID represent an intrinsic six-fold symmetry of CIS film in the
(112) plane, the six peaks in the tilted Phi scan suggest a twinned structure, i.e., two
domains rotated by 180° along [221], coexist in the films. Identification of the peaks
shown in Fig. 6.8 can be accomplished according to Fig. 6.4.

Consistent with the pronounced mosaic structure revealed by XRD, a macroscopic

rough surface is observed for the directly sputtered thick films. In Fig. 6.9 SEM
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micrographs imaged at the surface (a) and cross section (b) of the same sample discussed
above are depicted. Uniformly distributed grains are clearly seen, disclosing the
polycrystalline nature of the sputtered thick films. In combination with the XRD results of
both rocking curve and Phi scan measurements, it can be concluded that the thick CIS

films sputtered directly on sapphire are highly (112)-textured polycrystalline films.

Fig. 6.9. SEM micrographs imaged at (a) the surface and (b) cross section of the thick CIS film sputtered

directly on sapphire as shown in Fig. 6.8.

6.2.2 Quasi-epitaxial growth of thick CulnS, films on an
ultrathin buffer-layer
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Fig. 6.10. XRD spectrum of a typical CIS thick film sputtered on an ultrathin buffer layer.
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We first sputtered an ultrathin CIS epilayer on single-crystalline (0001) sapphire, using the
same parameters described in the preceding section, i.e., at 500°C and 200 W with H,S

flow in the range of 30-35 sccm. The thin epilayers were typically sputtered for 1 min with

a thickness of approximately 35 nm. Then, the epilayer was cooled down in situ in the
sputter chamber till room temperature with duration of roughly 4 h. Subsequently, the thin
epilayer along with the substrate was heated again up to 500°C, and we sputtered a thick
layer with the same parameters on top of the pre-sputtered ultrathin layer.

Fig. 6.10 exhibits the 6-20 scan spectrum of a sputtered thick film on an ultrathin
buffer- layer. The spectrum shows only sharp reflections from (112), (224), (336) planes of
CIS, demonstrating an orientation of the film with respect to the substrate of CIS
(112) sapphire (0001). In addition, diffraction peaks corresponding to Culnz (211) and
(422) planes are present, which could arise from the In-rich composition of the sputter

target.

1.5x10°

1.0x10°

5.0x10*

XRD Intensity (a.u.)

0.0 Lo
27.6 27.8 28.0 28.2 284
20 (degree)

Fig. 6.11. Narrow-scan 6-2 8 spectrum recorded near CIS (112) of the doublelayer film corresponding to Fig.
6.10.

Narrow-scan 6-26 spectrum was recorded near CulnS2 (112) on the same sample, as
plotted in Fig. 6. 11. A well-resolved double-peak structure, i.e., two peaks corresponding
to Cu Ka1 and Ky lines of X-ray source, reflects the highly ordered nature of these films.
A Gaussian fitting yields two peaks, centered at 27.94 and 28.01, respectively, with a half
width of approximately 0.035°.
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Fig. 6.12. (a) Phi-scans with a tilt angle (Chi) of 35.5° at specific 26 of 46.3°, 46.4°, and 46.5°, (b) Phi-20

map with a fixed Chi of 35.5°, recorded on the same sample as shown as Fig. 6.10.

As demonstrated in Fig. 6.7 (blue curve), the half width of the rocking curve at (112) of
the thick film grown with a pre-sputtered thin buffer is much smaller than that of the film
sputtered directly on the sapphire. Upon pre-sputtering of the ultrathin buffer-layer, the
FWHM of rocking curve of CIS (112) was reduced from approximately 0.68° to 0.1° (360
arcsec), indicating a great improvement of the out-of-plane ordering of the sputtered films.
While Metzner et al. reported a rocking curve half width of (224) of 0.2° (720 arcsec) for
MBE grown films on sulphur-terminated Si (111) [8], Hunger et al. achieved CIS epilayers
on hydrogen terminated Si (111) by the same technique with a rocking curve half width of
(112) of 550 arcsec [10]. The 360-arcsec half width of our sputtered thick films thus
manifests, that the perfection of the out-of-plane ordering of our sputtered films is even

superior to that of epitaxial CIS layers grown on Si (111) by MBE.
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Fig. 6.13. Polefigure texture analysis of the typically sputtered doublelayer film shown in Fig. 6.10. (a)
Two-dimensional, and (b) three-dimensional Phi-Chi maps at CIS {204}.

The pre-sputtered ultrathin buffer-layer, on the one hand, promotes greatly the out-of-
plane ordering, on the other hand, makes the in-plane alignment more complicated. In Fig.

6.12 the 26-Phi map recorded on a typically sputtered thick layer is illustrated. While
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graph (b) shows the whole range map of 20: 46.2°-46.6° and Phi: 0°-360°, graph (a)
displays only the chosen Phi scans at specific 20 of 46.3° and 46.5°, corresponding to CIS
(204) and (220), respectively, and at a 20 inbetween them (46.4°). From the Phi scans
shown in graph (a), one can see the sixfold symmetry of the major peaks, as observed in
the sputtered thin epilayers and highly (112)-textured thick films sputtered without a thin
buffer. In between the major peaks, there are additional regular modulations present,

indicating a multi-domain structure of the thick films rather than a two-domain structure as
in the sputtered thin epilayers. Inserted in graph (a) is the Phi scan at sapphire (101 0),

revealing an in-plane orientation relationship of CIS [110] sapphire (IOi 0) between the
main domain of sputtered CIS layers and sapphire substrates. The separation of reflections
from (204) and (220) planes, corresponding to the well-separated two sets of modulations
at 20 of 46.3° and 46.5°, respectively, seen in (b), determines conclusively the tetragonal
chalcopyrite rather than zincblende structure of the sputtered films.

For a better understanding of the complex multi-domain structure of the sputtered thick
films, a polefigure texture analysis (Phi-Chi map) was implemented on the same sample.
Fig. 6.13 illustrates the two-dimensional (a) and three-dimensional (b) Phi-Chi maps
recorded at CIS (204) (26: 46.3°). Again, we see sixfold symmetry of the major peaks, as
occurred in the Phi-26 map. We have discussed in the former section, that for a perfect
single-crystalline CIS film, threefold instead of sixfold symmetry is expected. The six
major peaks present in the maps can actually be grouped into two sets according to their
intensities and shapes (widths), each set consisting of three peaks with equal azimuthal
separation of approximately 120°, as indicated in graph (b). While (204),,, (024),, and
(220),, represent the three equivalent planes {204} of the main domain, (204),, (024),, and
(220); denote three equivalent planes of the twinned domain. Clearly, the twinned domain
is rotated by 180° with respect to the main domain, and its volume is approximately half of
the main domain, providing the volume of each domain is proportional to its XRD
intensity. Our observation is in good agreement with that reported by Hunger et al. for
their MBE grown CIS epilayers on hydrogen terminated Si (111) [10]. In addition to the
180° twin, other domains with different orientations exist in the films, as reflected by the
complex but regular modulations in between the major peaks. However, their intensities

are much lower than those of the major peaks, as will be discussed in detail below.
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Fig. 6.14. Polefigure analysis: (a) two-dimensional and (b) three-dimensional Phi-Chi maps at CIS (112) of
the typical doublelayer film in Fig. 6.10.

For the CuGaS; epilayers on Si (111) grown by MBE, it was found that epitaxial
growth took place in three equivalent c-axis orientations, i.e., epitaxial relation
[221]cgs [111]si violated weakly with an angle between them of approximately 0.8° [25].
To inspect whether it is also the case for our sputtered thick CulnS, films on sapphire, we
performed polefigure analysis at CIS (112) and (224) on our films. Shown in Fig. 6.14 are
the two-dimensional (a) and three-dimensional (b) Phi-Chi maps at (112) of the typical

film corresponding to Fig. 6.13. Only one peak is observed, though nonsymmetric (see
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(a)), indicating an exclusive direction growth occurred during the sputter process. This
confirms again the nearly perfect out-of-plane ordering of our sputtered films along the

growth direction.
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Fig. 6.15. Grazing incidence  scan at CIS {204 } (20: 46.3°) of the same doublelayer film as in Fig. 6.10.

To achieve more information directly on the in-plane alignment of the thick films

sputtered with the ultrathin buffer-layer, omega (®) scans with grazing incidence geometry

were carried out. Fig. 6.15 shows the GID o scan at CIS {204_1} (20: 46.3°) of a typical
film in the range of 0°-80°. Between two major peaks, a modulation with fivefold
symmetry is observed. Gaussian fitting gives seven peaks. The modulation is symmetric
along the peak centered near 35.3°, as can be judged in terms of the peak center, width,
and height. It thus suggests, in addition to the main domain and 180° twin, multi domains
that shifted by approximately 11°, 17°, 30°, 43°, and 49° from the main domain in the
(112) plane are coexisting in the thick double-layer systems. However, their volumes are
smaller than that of the main domain by more than a factor of 10, as indicated by their
XRD intensities with respect to the major peak.

The pre-sputtering of an ultrathin buffer-layer enhances significantly the top thick layer
quality in terms of the out-of-plane ordering, and improves also the film surface
morphology. In contrast to the surface of the thick films sputtered without a buffer, which
is macroscopically rough, the films with an underlying buffer possess a mirror-like smooth
surface. However, SEM reveals that even applying the thin buffer the surface of the thick

films is still rough on a microscopic scale. Fig. 6.16 depicts the SEM micrographs imaged
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at the surface and cross section of the typical film discussed above. A surface typical for
sputtered films with holes and damages caused by the re-sputtering of the film is observed.
Nevertheless, cross section image reflects a well-grown structure of the film in the bulk,
which is much superior to that of the film sputtered without the thin buffer.

The improvement of the film quality via pre-sputtering of an ultrathin buffer could be
attributed to the nearly perfect epitaxial growth nature of the ultrathin layer. The thin
epilayer certainly offers better nucleation conditions for the subsequent sputtering of the
thick top layer. Although the thin CIS epilayer is more or less under stress, its lattice
constants are very close to those of bulk CIS crystals, leading to a better lattice match

between the top CIS thick layer and the underneath sapphire substrate.

. -

Fig. 6.16. SEM micrographs imaged at (a) the surface and (b) cross section of the typically sputtered
doublelayer film as shown in Fig. 6.10.

In conclusion, we realized the quasi-epitaxial growth of thick CulnS; films on (0001)-
sapphire substrates with pre-sputtering an ultrathin buffer-layer. The rocking curve half
width of such a double-layer system is approximately 0.1° (360 arcsec), manifesting a
nearly perfect ordering of the films along the growth direction. XRD polefigure analysis
revealed, however, an in-plane multi-domain feature of the double-layer systems. In
addition to a primary twin that rotated by 180° with respect to the matrix along [221], other

domains with different orientations and much lower volumes coexist in the films.
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6.3 Transmission electron microscopy characteri-

zation on quasi-epitaxially grown CulnS, films

In addition to XRD, AFM, and SEM, TEM was used to evaluate the structural properties
of the sputtered quasi-epitaxially grown CIS films on sapphire. While XRD determines
macroscopically the crystal structure, orientation as well as grain size of the films, and
AFM and TEM characterize the film surface structure and morphology, TEM offers a
deeper insight into the internal microstructure, especially the defect structure of the films.

For both the thin epilayers and thick quasi-epitaxial films sputtered with a thin buffer,
TEM revealed a highly ordered structure, in accordance with the XRD results. Fig. 6.17 (a)
displays a high resolution TEM (HRTEM) cross section image recorded at the interface
region of a typical thick film sputtered with an underlying buffer. Long range lattice
ordering is observed. A selected area image of the same sample is depicted in (b), where
the nearly perfectly grown lattice, free of defects is well resolved. However, similar to the
CIS epilayers grown on Si by MBE [26], the sputtering deposited quasi-epitaxial layers on
sapphire are generally defective, with a defect density in the order of 10" cm™ The
dominant defects are stacking faults, dislocations, point defects like vacancies, and twins
with different orientations, as revealed by XRD. Fig. 6.17 (c) shows a HRTEM image of a
sputtered thin CIS epilayer. Very interestingly, while one sub-lattice shows clearly local
ordering, in some of the columns in the other sub-lattice atoms are missing, indicated by
arrows in the picture, demonstrating directly the vacancies included in the sputtered films.
In addition, some evidence was observed for the formation of an interfacial layer with a
thickness of a few angstroms between the sputtered CIS films and the sapphire substrates.
An example is illustrated in picture (a), as indicated by arrows.

TEM characterizations on the sputtered quasi-epitaxially grown CIS films imply, that
there are still plenty of spaces to further improve the crystalline quality of the films. For
instance, reducing the RF power during sputtering could promote the epitaxial growth,
since with a lower velocity the ejected atoms from the target have more time to move to
and seat where they should be and get relaxed there. A modified off-axis sputtering
technique, i.e., instead of being fixed along the same axis face to face, the sputter target
and the substrate incline with each other by some angle, e.g. 90°, can significantly reduce
the re-sputtering of the film surface, thus may lead to enhancement of the film morphology

as well as reduction of the defects within the bulk of the films. Moreover, the common
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technique used for epitaxial growth, i.e., preconditioning of the substrates via heating and

/or chemical or sputter etching, which was omitted in our sputter process, may be
introduced to further improve the film quality.
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Fig. 6. 17. (a) Cross section HRTEM image recorded at the interface region of a typical thick CIS film
sputtered with a thin buffer, arrows indicate the interfacial layer between the CIS film and the substrate; (b)

selected area image of the same sample as in (a); (¢c) HRTEM image of a typically sputtered thin epilayer,
arrows indicate the missing of atoms, i.e., vacancies in the film.
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Although various techniques have been performed to produce CulnS; films, the
efficiencies of solar cells based on CulnS, films have been limited to around 12 % to date,
primarily due to the relatively low quality of the CulnS, absorber layers and insufficient
knowledge about the fundamental properties of the absorber material. In principle,
sputtering has the advantage of easy control of the film stoichiometry over a large scale at
relatively low cost. It has already been utilized in industry for the production of a wide
range of functional materials. Therefore, in this study, we have chosen the RF reactive
sputtering technique to deposit CulnS, thin films, and characterized the sputtered films in
terms of structural, optical, and electrical properties, to optimize and establish a reactive
sputter process suitable for the production of CulnS; films for photovoltaic applications.
This work comprises primarily two aspects: the one-stage growth process and the
characterization of CulnS, films deposited on float glass substrates, and quasi-epitaxial

growth of CulnS; films on single-crystalline sapphire by RF reactive sputtering.

One-stage sputtering of CulnS, films on float glass

Using a Cu-In alloy target and introducing solely H,S as both working and reactive gas
during sputtering, we achieved deposition of CIS films in one step. The main work and
results concerning this aspect are summarized as follows:

e To optimize the sputtering process, we first investigated systematically the influence of
sputter parameters, such as H,S flow rate, substrate temperature, and sputter power,
etc., on the film properties. There are mainly secondary Cu-In phases coexisting in the
films when the H,S flow rate is insufficient during sputtering, however, excessively
injected H,S causes a minor phase of elemental S in the sputtered films. With a RF
power of 200 W and a H,S flow in the range of 20-29 sccm, 1.93-2.93x10" Pa in
partial pressure, highly (112)-oriented films with good quality and very good adhesion
can be sputtered on bare float glass at a substrate temperature of 400°C or above. A
higher H,S flow rate is required to avoid Cu-In alloy phases in the sputtered films
when increasing the substrate temperature or sputter power. Raising the substrate
temperature from 400 to 500°C leads to an improvement of the structural properties of
the films, increasing the grain size from approximately 95 nm to 145 nm, and
subsequently enhances the optical properties, shifting the bandgap from approximately
1.27 to 1.44 eV. With a pre-sputtered Mo- or ZnO-coating CulnS; films can be
sputtered at a relatively low temperature of 200°C. In addition, the Mo-, or ZnO-
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coating works effectively as a barrier to prevent Na diffusion from the float glass

substrates into the CIS layers.

e Surface and structural properties of the one-stage sputtered CulnS, films were
characterized in detail by means of AFM, SEM, EDX, GIXRD, XRR, XPS, UPS, and
SIMS. The sputtered CIS films are in general oriented preferentially with CIS (112)
parallel to the substrate surface, as revealed by XRD and GIXRD. XRR measurement
determined a film surface density around 5.01 g/cm’, higher than the theoretical value
for pure CIS, indicating a secondary phase existing on the film surface. Additionally,
by XRR the deposition rate of the one-stage sputter process was determined to be
approximately 33 nm/min. Both AFM and SEM revealed a rough surface of the
sputtered films, where incoherent segregations were clearly observed. SEM and EDX
were used to identify the segregation on the film surfaces, which showed that the Cu/In
ratio in the surface precipitates deviated extremely from that in the CIS matrix. Despite
of the Cu,S surface segregation, XPS revealed that the film surfaces remain In-rich
with respect to the bulk, and the surface properties are dominated by oxidation after
exposure to air. SIMS manifested a good depth homogeneity of all the films sputtered

on bare, Mo- or ZnO-coated glass substrates.

e Although stoichiometric pure CulnS, phase films can be produced in one step by RF
reactive sputtering, post-deposition treatments affect significantly the structual, optical
and electrical properties of the sputterd films. Heating under vacuum at a temperature
of 500°C for 2 hours caused recrystallization of the as-sputtered films and
consequently improved the film optical properties. Annealing in a H,S atmosphere at
500°C for suitable duration resulted in the elimination of the secondary Cu-In phases
coexisting in the films sputtered with an insufficient H,S flow during deposition. The
film structural as well as the optical properties greatly improved. The direct band gap
of the annealed films was at 1.49 eV at room temperature, nearly identical to the value
of bulk material. Upon exposure to air, the electrical properties of the as-grown films
change tremendously, switching from highly resistive electron dominated (n-type)
conduction to highly p-type conduction. KCN etching removed the Cu,S segregation
on the film surfaces and recovered the film electrical properties to the initial state.
Based on surface morphology and compositional analysis of the films, a model was
proposed to interpret the observed drastic changes of the film electrical properties upon

aging in air and etching with KCN.

The basic achievements in the present work indicate an attractive perspective for the
one-stage growth of CIS films by the sputter technique. As demonstrated in this work, n-
type conducting films can be produced using an In-rich Cu-In alloy target. It is reasonable

to expect that by a Cu-rich Cu-In alloy target p-type films with adequate hole



89 7 Summary and outlook

concentration and mobility could be obtained. A p-type CIS absorber can be combined
with n-type ZnO and/or ZnO:Al layers, which are normally prepared also by the sputter
technique, to form a heterojunction solar cell, suggesting a continuous vacuum process for
solar cell production. Our conception is greatly encouraged by a recently published work
of Ellmer et al., where a solar cell of 6.4% efficiency prepared by combining a one-step
DC magnetron sputtered CIS absorber with magnetron sputtered ZnO/ZnO:Ga layers was

demonstrated [1].

Quasi-epitaxial growth of CulnS, films on sapphire by RF reactive

sputtering

Conclusions related to the work on quasi-epitaxial growth of CulnS; films by RF reactive

sputtering can be drawn as follows:

e Thin CIS films (20-100 nm) were “epitaxially” grown on single-crystalline (0001)-
sapphire substrates by RF reactive sputtering at 200W and 500°C with an appropriate
H,S flow. The well-defined out-of-plane and in-plane lattice ordering of the epilayers
was evidenced by XRD rocking curve and Phi-scan measurements, respectively, which

also determined the orientation relationship of the heteroepitaxial growth: CIS

(112) sapphire (0001), CIS [I 10] sapphire (1010). The thin epilayers have a best
rocking curve half width of less than 0.05° (180 arcsec), which is not only better than
the values obtained for CIS films produced by MBE, but even superior to those for
epilayers of binary compounds such as ZnO or GaN prepared by CVD or HVPE [2, 3].
Similar to CIS epilayers grown by MBE on Si (111), two domains, rotated by 180°
with each other, coexist in the sputtered CIS epilayers. The similarity of the hexagonal
feature of the CIS unit cell in the (112) plane and the sapphire unit cell in the (0001)
plane, and the well-fitted side-length of the corresponding hexagons enable
heteroepitaxy and lead to the observed orientation relationship between the CIS
epilayer and the sapphire substrate. AFM demonstrates a smooth surface of the

sputtered epilayers and suggests a three-dimensional island-like growth mechanism.

e Via pre-sputtering of a thin CIS epilayer, thick CulnS, films were subsequently grown
quasi-epitaxially on sapphire substrates. Such a double-layered film has a typical XRD
rocking curve half width of approximately 0.1° (360 arcsec), indicating a nearly perfect
ordering of the film along the growth direction. The in-plane lattice alignment is,
however, much more complex compared to the thin epilayers. XRD polefigure analysis
revealed a multi-domain feature of the double-layered films in the (112) plane. In
addition to a primary twin that rotated by 180° with respect to the matrix along [221],

other domains with different orientations and much lower volumes coexist in the films.
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The success of epitaxial growth of CIS on sapphire indicates that heteroepitaxy may
not only occur in material systems with similar structural symmetry, e.g., cubic on cubic,
tetragonal on cubic, or vice versa, but is also possible for materials with different
symmetry, e.g., cubic on hexagonal, tetragonal on hexagonal, or vice versa, if a suitable
growth direction is chosen. This finding along with other established examples, such as
heteroepitaxy of hexagonal GaN on cubic Si (111), could extend the choice of substrates
for the epitaxy technique. As the CIS films can be grown epitaxially on sapphire by
sputtering, via MBE or MOCVD, typical techniques for epitaxy, epilayers with more
superior quality could be expected to grow on sapphire, which may lead to a deeper insight
into the fundamental properties of CulnS,. Moreover, the thin buffer-layer technique
introduced in this study provides a new clue for epitaxial growth. This finding is on the
one hand similar to the established modulation-growth technique [3], and on the other hand
would convert the heteroepitaxial growth to be homoepitaxial-like, due to the pre-

deposition of such an ultra-thin nucleation layer.



8 Zusammenfassung

Obwohl eine Vielzahl von Techniken zur Herstellung von CulnS,-Schichten angewendet
werden, ist die Effizienz der auf diesem Material basierenden Solarzellen heutzutage auf
etwa 12% limitiert. Griinde dafiir sind die relativ geringe Qualitdt und die unzureichende
Kenntnis der grundlegenden Eigenschaften des Absorbermaterials. Die Herstellung mittels
eines Sputterprozesses bietet die Vorteile einer einfachen Kontrolle der Filmstochiometrie
und der Moglichkeit der Deposition auf grofen Flachen bei relativ geringen Kosten. Die
Sputtertechnik wird aktuell bei einer Vielzahl von Materialien in der industriellen
Produktion genutzt. Aus diesen Griinden wurde in dieser Studie die reaktive RF-Sputter-
technik angewandt, um CIS-Diinnschichten zu deponieren, deren strukturelle, optische und
elektrische Eigenschaften zu charakterisieren und einen Prozess, der fiir die Herstellung
von CulnS,-Schichten fiir photovoltaische Anwendungen geeignet ist, zu optimieren und
etablieren. Die Arbeit beinhaltet zwei wesentliche Aspekte, einen Ein-Schritt-Prozess zur
Herstellung von CIS-Schichten auf Floatglas und ihre Charakterisierung und das quasi-
epitaktische Wachstum von CIS-Filmen auf einkristallinem Saphir mittels reaktivem RF-

Sputtern.

Herstellung von CulnS,-Schichten im Ein-Schritt-Sputter-Verfahren

Die untersuchten CulnS;-Schichten wurden auf Floatglas in nur einem Prozessschritt
deponiert. Dabei wurden ein legiertes Kupfer-Indium-Target und reiner Schwefel-
wasserstoff als Arbeits- und Reaktivgas in einem Sputter-Verfahren genutzt.

Zur Optimierung der Schichteigenschaften wurden die Prozessparameter, wie H,S-
Fluss, Substrattemperatur und Sputterleistung, systematisch variiert. Abbildung 8.1 zeigt
XRD-Spektren von Proben, die mit unterschiedlichem H,S-Fluss hergestellt wurden. Bei
nicht ausreichendem H,S-Fluss konnten zusitzlich zu den CIS-Phasen sekundire Cu-In-
Phasen und bei zu hohem H;S-Fluss Nebenphasen von elementarem Schwefel
nachgewiesen werden.

Mit einer RF-Sputterleistung von 200 W, bei Substrattemperaturen ab 400°C und
einem H,S-Fluss im Bereich von 20 bis 29 sccm, was einem Partialdruck von 1.93-
2.93x10"" Pa entsprach, konnten qualitativ gute, (112)-orientierte CulnS,-Schichten auf
Floatglas abgeschieden werden. Die Erhohung der Substrattemperatur oder der
Sputterleistung erforderte eine VergroBerung des H,S-Flusses, um Cu-In-Phasen in den
gesputterten Proben zu vermeiden. Die Anderung der Substrattemperatur von 400 auf

500°C bewirkte eine Verbesserung der strukturellen Eigenschaften der Schichten, eine

91
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Erh6éhung der KorngréBen von etwa 95 auf 145 nm und eine Steigerung der optischen
Qualitdt, die Bandliicke verschob sich von 1.27 zu 1.44 eV. Die optimierten
Prozessparameter und die sich daraus ergebenden strukturellen und optischen

Eigenschaften der CIS-Schichten sind in Tabelle 8.1 zusammengefasst.

(f) os f(H,8)=35 scem
..T.Jt A ° ﬂ’n A
) f(H,S)=33 sccm
A JL | S
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g (o) |(112) f(F1,8)=28 scom
g (204/22 /31 2) (316/323228)/424)
% ”J(oo4/200 n |224) (420) -
(b) )=25 sccm
e L_A .
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Abb. 8.1: XRD-Spektren von CIS-Schichten, die bei 500°C, mit 200 W und unterschiedlichen H,S-Fliissen

hergestellt wurden.

Tab. 8.1: Optimierte Parameter des Ein-Schritt-Sputter-Prozesses und die resultierenden optischen und

strukturellen Eigenschaften typischer CIS-Filme.

Sputter conditions Structural properties Optical properties
Substrate FWHM Grain size )
Power Optical bandgap
W) Temperature H,S flow of (112) XRD  AFM/SEM V)
°O (sccm) ©) (nm) (nm)
200 400 25 (20-29) 0.239 59 ~95 1.24-1.37
200 500 28 (25-30) 0.162 132 ~145 1.42-1.44
300 400 40 0.241 58 - 1.33
300 500 45 0.159 139 - 1.44

Mo- oder ZnO-Pufferschichten auf dem Floatglassubstrat ermdglichen Schicht-

depositionen bei einer relativ niedrigen Temperatur von 200°C. Aulerdem funktionieren



93 8 Zusammenfassung

diese Zwischenschichten als wirksame Barriere gegen die Natrium-Diffusion aus dem Glas

in die Funktionsschicht.
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Abb. 8.2, links: XRD-Spektren von typischen CIS-Schichten auf reinem (a), mit Mo- (b) und mit ZnO-
beschichtetem (c) Floatglas; rechts: AFM-Bilder von den entsprechenden Oberflachen der CIS-Schichten.

Die Oberfldache und die strukturellen Eigenschaften der synthetisierten CIS-Schichten
wurden detailliert mittels AFM, SEM, EDX, GIXRD, XRR, XPS, UPS und SIMS
charakterisiert. XRD- und GIXRD-Untersuchungen ergaben, dass die gesputterten CulnS,-
Proben generell eine bevorzugte (112)-Orientierung besitzen. Im linken Teil der
Abbildung 8.2 sind XRD-Spektren von typischen CulnS,-Schichten auf reinem, mit Mo-
und ZnO-beschichtetem Floatglas dargestellt. Alle Spektren zeigen nur die (112)- und
(224)-Reflexe von CIS, die durch dieselben Netzebenen hervorgerufen werden. Im rechten
Teil von Abb. 8.2 sind die entsprechenden AFM-Aufnahmen der Oberflichen der
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untersuchten CIS-Filme abgebildet. Schichten, die auf reinem und auf Mo-beschichtetem
Floatglas deponiert wurden, haben typischerweise eine raue Oberfliche und inkohirente
Ausscheidungen sind deutlich nachweisbar. CIS-Filme, die auf einer ZnO-Pufferschicht
gewachsen sind, zeigen eine glattere Oberflache, aber kleinere Korner.

In Tabelle 8.2 werden die wichtigsten Prozessparameter und die strukturellen Eigen-

schaften der CulnS,-Filme auf den unterschiedlichen Substraten verglichen.

Tab. 8.2: Substrattemperatur, Halbwertsbreite des (112)-Reflexes, mittlere Korngréfle und Faktor der

bevorzugten Orientierung fiir CIS-Schichten auf verschiedenen Substraten.

Substrate FWHM of Grain size
Layer system temperature (112) peak XRD AFM A112)
(°0) ©) (om)
CIS/Glass 400 0.278 54 95 0.96
CIS/Mo/Glass 200 0.288 48 85 0.95
CIS/ZnO/Glass 200 0.352 34 55 0.95

Die XRR-Messungen ergaben eine Oberflachendichte der auf Floatglas gesputterten
Filme von 5.01 g/cm™, die den theoretischen Wert fiir reines CIS iibersteigt und damit auf
in der Schicht existierende sekundére Phasen hinweist. Weiterhin wurde mittels XRR die
Depositionsrate des Ein-Schritt-Sputter-Verfahrens zu etwa 33 nm/min bestimmt.

SEM- und EDX-Studien wurden genutzt, um die Segregationen auf den Schicht-
oberflichen zu identifizieren. Es zeigte sich, dass das Cu/In-Verhiltnis in den
Oberflachenausscheidungen deutlich von dem in der Schicht abweicht. Trotz der Cu,S-
Ausscheidungen konnte mit XPS-Messungen nachgewiesen werden, dass die
Schichtoberfliche im Vergleich zum Volumen Indium-reich ist und dass die
Oberflacheneigenschaften durch die Oxidation bei Lagerung an Luft dominiert werden.
Die SIMS-Untersuchungen ergaben, dass unabhéngig vom Substrat die Tiefenhomogenitit
der erzeugten CIS-Schichten gut ist.

Die strukturellen, optischen und elektrischen Eigenschaften der stochiometrischen,
einphasigen CulnS,-Schichten, die mit dem Ein-Schritt-Prozess hergestellt wurden,
konnen signifikant durch eine Nachbehandlung beeinflusst werden. Eine Ausheilung im
Vakuum bei 500°C fiir 2 Stunden bewirkte eine Rekristallisation der gesputterten
Schichten und somit eine Verbesserung ihrer optischen Eigenschaften. Abbildung 8.3 zeigt
ein Transmissionsspektrum bei Raumtemperatur (a) und die Bestimmung der Bandliicke
(b) fiir solch einen getemperten Film. Die ausgeheilten Schichten haben eine direkte
Bandliicke von 1.49 eV bei Raumtemperatur, die sehr gut mit dem Wert fiir

Volumenmaterial libereinstimmt. Die Ausheilung in H,;S-Athmosphére bei 500°C von
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Proben, die mit unzureichendem H,S-Fluss hergestellt wurden, resultierte in der
Beseitigung der sekunddren Cu-In-Phasen in den CIS-Filmen. Die strukturellen und
optischen Eigenschaften der CIS-Schichten konnten also durch Temperaturbehandlung

deutlich verbessert werden.

[ (6)

Transmission (%)

1.49 eV
0 L 1 L 1 L 1 N 0 L 1 L 1 A 1 N 1 N
500 1000 1500 2000 2500 1.0 12 14 16 18 20
Wavelength (nm) Photon energy (eV)

Abb. 8.3: Optisches Transmissionsspektrum (a) und Bestimmung der Bandliicke (b) fiir einen unter Vakuum
bei 500°C fiir 2 h ausgeheilten CIS-Film.

Das elektrische Verhalten der gesputterten Proben dnderte sich vollstindig, nachdem
diese der Einwirkung von Luft ausgesetzt wurden. Die direkt nach dem Wachstum
hochohmigen, schwach n-leitenden Schichten zeigten nach Lagerung an Luft starke p-
Leitung. Durch einen Atzschritt mit KCN wurden die Cu,S-Ausscheidungen und die
oberflachlich gebildeten Oxide abgetragen und die urspriinglichen, elektrischen Eigen-
schaften wieder erreicht. In Tabelle 8.3 sind die elektrischen Daten, die bei
Raumtemperatur gemessen wurden, fiir CulnS,-Schichten direkt nach der Herstellung,
nach der Einwirkung von Luft und der anschlieBenden KCN-Atzung zusammengestellt.
Ein Modell, das auf die Untersuchungen zur Oberflichen-Morphologie und auf der
Analyse der Zusammensetzung der Schichten basiert, wurde entwickelt, um die
drastischen Anderungen der elektrischen Eigenschaften der CIS-Filme nach Alterung an

Luft und nach Abétzen der Oberfldchenschicht zu interpretieren.
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Tab. 8.3: Elektrische Daten von CIS-Filmen direkt nach der Herstellung, nach der Einwirkung von Luft und
dem anschlieBenden KCN-Atzschritt.

Film Resistivity Carrier density Hall mobility  Conduction type
(Qcm) (cm™) (cm?/Vs)

Fresh 2x10°-10* 3x10™-10" 2-20 n

Aged in air 0.1-2 10"-10% 0.2-0.7

KCN etched 6x10%-2.5x10*  4x10"-3x10" 2-100 n

Die grundlegenden Ergebnisse dieser Arbeit zeigen eine innovative Perspektive zur
Herstellung von CIS-Diinnschichten in einem Ein-Schritt-Sputter-Prozess. Es wurde
demonstriert, dass sich bei Nutzung eines In-reichen, legierten Cu/In-Targets n-leitende
Filme deponieren lassen, was zu der Annahme berechtigt, dass mit einem Cu-reichen
Target p-leitende Schichten mit entsprechender Locher-Konzentration und Beweglichkeit
erhalten werden kdnnen. Dies erdffnet die Moglichkeit zur Solarzellenproduktion in einem
kontinuierlichen Vakuumprozess, ein p-leitender CIS-Absorber wird mit einer n-leitenden
ZnO- und/oder ZnO:Al-Schicht, die auch mit Sputterverfahren hergestellt werden kann,

kombiniert.

Quasi-epitaktisches Wachstum von CulnS, durch reaktives Sputtern

CulnS,-Diinnschichten mit einer Dicke von 20 bis 100 nm wurden auf einkristallinen
(0001)-Saphirsubstraten in einem reaktiven RF-Sputterprozess mit einer Sputterleistung
von 200 W, bei einer Substrattemperatur von 500°C und einem entsprechenden H,S-Fluss
»epitaktisch® gewachsen.

Die eindeutige Gitterordnung fiir Orientierungen sowohl in der Ebene als auch aus der
Ebene der epitaktischen Schichten wurde durch Rontgenbeugung anhand von Rocking-
Kurven und Phi-Scans nachgewiesen. Abbildung 8.4 zeigt das @-20-Spektrum (a) und die
Rocking-Kurve der (112)-Ebene (b) einer solchen Schicht. Die Orientierung CIS(112) ||
Saphir(0001) konnte damit nachgewiesen werden. Das ©®-20-Spektrum zeigt nur die
Reflexe, die der (112)-, (224)- und (336)-Ebene von CulnS; entsprechen.

Die Halbwertsbreite der Rocking-Kurve fiir die gesputterten CIS-Schichten betrigt
etwa 0.05° (180"). Sie sie ist zwar nicht besser als bei mit MBE gewachsenen Schichten,
aber geringer als bei bindren Verbindungen wie ZnO- oder GaN-Epischichten, die mit
CVD oder HVPE hergestellt wurden. Auch daran wird die Natur des epitaktischen
Wachstums von gesputtertem CulnS, auf Saphir deutlich. Ahnlich wie bei CIS-
Epischichten, die mit MBE auf Si(111) abgeschieden wurden, koexistieren in den

gesputterten, epitaktischen Schichten zwei Dominen, die gegeneinander um 180° gedreht
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sind. Abbildung 8.5 verdeutlicht diesen Sachverhalt. Die Verkniipfung der Orientierung in

der Ebene beim heteroepitaktischen Wachstum konnte mit Rontgenbeugung bestimmt

werden: CIS[1 10] || Saphir(101 0).

(@)  Sapphire(0006) Sapphire(00012)

g
(3]
7]
o

ClIS(112)

XRD Intensity (a.u.)
6::)
XRD Intensity (a.u.)
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Abb. 8.4: Typisches XRD-Spektrum (a) und Rocking-Kurve der (112)-Ebene (b) einer auf Saphir
gesputterten CIS-Schicht.
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Abb. 8.5: Phi-Scan in der Ebene einer auf Saphir gesputterten CIS-Schicht. (a) aufgenommen fiir CIS- {220}
mit einem Glanzwinkel von 1°, (b) aufgenommen fiir CIS-{204} mit einem Neigungswinkel (Chi) von 35.5°,

(c) aufgenommen fiir Saphir- {1 010} mit einem Glanzwinkel von 1°.

Die Ahnlichkeit des hexagonalen Charakters von CIS in der (112)-Ebene und von
Saphir in der (0001)-Ebene und die gut {ibereinstimmenden Kantenlédngen entsprechender



8 Zusammenfassung 98

Hexagons erlauben die Heteroepitaxie und ergeben das beobachtete Orientierungs-
verhidltnis zwischen den CIS-Epischichten und dem Saphirsubstrat. Untersuchungen zur
Morphologie zeigen eine glatte Oberfliche der epitaktischen Schichten und weisen auf
einen dreidimensionalen, inseldhnlichen Wachstumsmechanismus hin. In Abbildung 8.6
(a) ist eine AFM-Abbildung der CIS-Epischichten dargestellt.

Abb. 8.6: AFM-Bild (a) einer auf Saphir gesputterten, diinnen CIS-Schicht und SEM-
Bild (b) einer CIS-Doppelschicht.

Mit Hilfe von vorgesputterten, diinnen CIS-Epischichten als Nukleationsschicht
wurden auch dicke (etwa 1000 nm) CulnS,-Filme quasi-epitaktisch auf Saphirsubstraten
abgeschieden. Die Halbwertsbreite der Rocking-Kurve fiir solch eine Doppelschicht betrug
etwa 0.1° (360"), was auf eine nahezu perfekte Ordnung der Schichten entlang der Wachs-
tumsrichtung hinweist. Die Gitterordnung in der Ebene ist aber verglichen mit der der
diinnen Epischichten wesentlich komplexer. Die Analyse mittels einer XRD-Polefigur
ergab einen Multi-Dominen-Charakter der CIS-Doppelschichten in der (112)-Ebene.
Abbildung 8.7 illustriert die typischen 2®-Phi- und die Chi-Phi-Abbildungen von CIS-
Schichten, die auf einer diinnen CIS-Nukleationsschicht hergestellt wurden. Zusétzlich zu
der urspriinglichen Doppelstruktur, die durch eine 180°-Drehung um die [221]-Richtung
entstand, konnten Doménen anderer Orientierungen und mit kleinerem Volumenanteil in
den Schichten nachgewiesen werden. Eine typische Oberfliche der Doppelschichten, die

Locher und Schiadigungen zeigt, ist in einem SEM-Bild in Abbildung 8.6 (b) dargestellt.
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Abb. 8.7: Phi-2@-Bild mit einem festen Neigungswinkel Chi von 35.5° (a) und dreidimensionale Chi-Phi-
Abbildung von CIS-{204} (b) einer auf Saphir gesputterten CIS-Doppelschicht.

Das erfolgreiche epitaktische Wachstum von CulnS, auf Saphir verdeutlicht, dass bei
Auswabhl einer geeigneten Wachstumsrichtung die Moglichkeit von Heteroepitaxie nicht
nur fiir dhnliche strukturelle Symmetrien besteht, wie kubisch auf kubisch oder tetragonal
auf kubisch und umgekehrt, sondern auch fiir Materialien mit unterschiedlichen
Symmetrien, z.B. kubisch auf hexagonal oder tetragonal auf hexagonal und umgekehrt.
Dieses Ergebnis zeigt gemeinsam mit anderen etablierten Beispielen, wie der
Heteroepitaxie von hexagonalem GaN auf kubischem Si(111), dass die Auswahl fiir
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Materialen, die bei Epitaxie-Techniken eingesetzt werden, erweitert werden kann. Die
epitaktische Deposition von CIS-Schichten auf Saphir mittels Sputtern, MBE oder auch
MOCVD fiihrt zu einer Verbesserung der Qualitit des Materials und somit zur
Moglichkeit des tieferen Verstdndnisses der fundamentalen Eigenschaften von CulnS,.
Weiterhin liefert das hier vorgestellte Verfahren, das eine diinne CIS-Nukleationsschicht
nutzt, einen neuen Schliissel fiir das epitaktische Wachstum dieser Verbindung. Dieser
Prozess ist einerseits dhnlich der etablierten Modulations-Wachstumstechnik, aber
andererseits wird das heteroepitaktische Wachstum in quasi-homoepitaktisches auf Grund

der vorgesputterten, diinnen CIS-Schicht konvertiert.
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AFM
at.

bc

BF
BST
CH
CGS
CIS
CVD
DC

DF
EDX
ESCA
fce
FWHM
GID
GIXRD
HRTEM
HVPE
JCPDS
MBE
MF
MFC
MOCVD
PL

PV
PVD
PZT
RBS
RE-TM
RF
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Atomic Force Microscopy

atomic
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Chalcopyrite

CuGas$;

CulnS,

Chemical Vapor Deposition

Direct Current

Dark Field

Energy Dispersive X-ray Analysis
Electron Spectroscopy for Chemical Analysis
face centered cubic

Full Width at Half Maximum

Grazing Incidence Diffraction

Grazing Incidence X-Ray Diffraction
High Resolution Transmission Electron Microscopy
Hydride Vapor Phase Epitaxy

Joint Committee on Powder Diffraction Standards
Molecular Beam Epitaxy

Mid-Frequency

Mass Flow Controller

Metalorganic Chamical Vapor Deposition
Photoluminescence

Photovoltaic

Physical Vapor Deposition

Pb(ZrTi)Os3

Rutherford Backscattering Spectrometry
Rare-Earth-Transition-Metal

Radio Frequency

Root Mean Square

Room Temperature
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SADP
sccm
SEM
SIMS
TEM
UPS
XPS
XRD
XRR

Selected Area Diffraction Pattern
Standard Cubic Centimeter per Min
Scanning Electron Microscopy
Secondary Ion Mass Spectrometry
Transmission Electron Microscopy
Ultraviolet Photoelectron Spectroscopy
X-ray Photoelectron Spectroscopy
X-Ray Diffraction

X-Ray Reflectometry
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