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ABSTRACT

The concept of inorganic nanostructured solar cells consists of a very thin absorber layer
sandwiched between highly structured electron and hole conductors. When a
TiO,/In,S3/CuSCN nanocomposite heterostructure is illuminated with light, photo-
generated electrons in In,S3 can be injected into the conduction band of TiO, and holes
into the valence band of CuSCN. Charge transfer at the interfaces is limited by the
deposition parameters, band alignment and diffusion of Cu from CuSCN into In,S3,
which was the focus of this work. TiO, nanoparticles were screen printed onto SnO,:F
(FTO)-coated glass substrates to give a layer of nanoporous (np) TiO,. In,S3 layers were
deposited by thermal evaporation or ion layer gas reaction (ILGAR) methods producing
Cl-free (In(acac)s precursor) and Cl-containing (InCls precursor) layers. A spray-spin
method was developed for deposition of CUSCN onto In,S3. Diffusion of Cu into In,S3
layers was investigated by Rutherford backscattering spectrometry (RBS) while charge
transport mechanisms were studied with surface photovoltage (SPV) technique in the
fixed capacitor configuration. The activation energy (Ea) for Cu diffusion in thermally
evaporated and Cl-free ILGAR In,S3 layers was 0.30 and 0.24 eV, respectively but
increased to between 0.72 and 0.78 eV for Cl-containing In,S3; with residual ClI
concentrations of 7.8 — 13.8 at.%. The diffusion prefactor (Do) was six orders of
magnitude higher for Cl-containing compared to Cl-free layers. The relationship
between E, and Do was described by the Meyer-Neldel rule with a Meyer-Neldel energy
of 40 meV. The presence of Cl has no significant influence on the structural properties
of In,S3 but resulted in a modified diffusion mechanism for Cu diffusion. The
photovoltage of In,S3/CuSCN samples decreased after annealing for longer than 2 min
at 200°C. A defect band was formed near the interface where holes accumulated and
electrons tunneled through traps to recombine. The minimum distribution of tail states
and hence the lowest disorder was achieved for Cl-containing In,Ss layers. The
conduction band offset at the np-TiO,/In,S3 interface was 0.05 and 0.30 eV for Cl-free
and Cl-containing In,S3, respectively. Bulk or interface recombination mechanism
dominated charge transport at the interface with Cl-free or Cl-containing In,Ss,

respectively.
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1. Introduction

The sun is the largest source of energy, from which 3.9 x 10** J = 1.08 x 10*® KWh of
energy reach the earth per year [1]. This is about ten thousand times more than the
annual global primary energy demand and much more than all the energy reserves
available on earth. Solar energy can be converted into electricity or heat for human use.
Solar cells convert solar irradiance directly into electricity. Advancement in solar cell
technology and increasing installation of photovoltaic (PV) systems across the world
has led to a decrease in the cost of solar power generation [2]. The PV market demands
that stakeholders should work towards reduction of the production cost and

improvement of solar conversion efficiency of the PV modules.

The stability of the PV modules over time is important in addressing the problem of
sustainability. This requires knowledge of the degradation rates of the various PV
technologies. A high degradation rate translates directly into less power production and
reduced future cash flows [3]. The degradation rates for c-Si solar modules are about
0.5 %/year and are due to losses in the fill factor and in the short circuit current density
[3]. For a-Si, the degradation rate is approximately 1 %/year. The degradation rates in
Cu(In,Ga)Se, (CIGS) have been studied for relatively shorter periods of time and they
can vary significantly depending on the module type and location. The primary loss
mechanism in CIGS solar cells is related to an increase in the series resistance. An array
of CIGS in Germany evaluated after 6 years of operation for different temperatures and
irradiance windows showed no degradation [4]. A CdTe system analyzed in Colorado,
USA degrades at 0.6 %/year. In Germany similar modules were found to be stable. Thin
film degradation rates improved significantly within the last few years but the impact of
the climate is yet to be satisfactorily addressed [3].

The photovoltaic effect was first discovered in 1839 by Becquerel when he shed light
onto an AgClI electron in an electrolyte solution [5]. The first pn junction solar cell was

fabricated in Bell Laboratories and patented in 1946 [6]. Single crystal and multi-



crystalline Si solar cells, based on the pn junction concept, dominate the PV market
today due to its well developed technology, high material quality and stability,
abundance and good passivation abilities. The conversion efficiency has reached close
to 25%. The disadvantage is the high production cost and indirect band gap which limits

effective light absorption [7].

Alternative materials and technologies have been proposed over the years for low cost
and efficient solar cells. Cu,S/CdS was, for a long time, the most developed and
efficient solar cell with an efficiency of more than 9 % [8]. Later attention shifted to
amorphous Si solar cells employing p-i-n configuration, which have reached an
efficiency of about 10 % [7]. Chalcopyrite Cu(In,Ga)Se; thin film solar cells with CdS
buffer layer have attained an efficiency of 20.3 % on laboratory scale [9]. Cadmium
telluride (CdTe) thin films have a direct band gap of 1.45 eV ideal for PV application. A
certified record efficiency of 18.7% for CdTe solar cells has already been reached [10].

A problem with the CdTe solar cells is the toxicity of Cd.

The use of nanostructured and new materials in emerging PV technologies has the
potential to increase the efficiency of solar cells and to reduce production costs
significantly [7]. Oriented nanowires, nanorods and nanoporous inorganic structured
substrates filled with organic or inorganic sensitizers have the advantage of large donor-
acceptor interfacial area, continuous and minimum conduction path for charge carriers.
Light scattering and trapping enhances absorption and increases the conversion
efficiency. Si and ZnO nanowires and TiO, nanoporous structures have been tasted for

PV application and they show good potential for cheaper solar cells.

Among the emerging technologies is the concept of inorganic solid state nanostructured
solar cells [11]. Dye sensitized solar cells have already received much attention and
they have inspired the development of new concepts based on nanostructured substrates.
The record efficiency now stands at 15 % for sensitization with CH3NH3Pbl;
perovskite [12]. The concept of ultra-thin nanocomposite absorbers aims to increase the
diffusion length of the absorber material; for example, it has been shown that the
diffusion length can be increased by one order of magnitude in a np-TiO,/In,S;3
nanocomposite absorber [13]. The extremely thin absorber solar cell introduced by
Koenenkamp [14] consists of a very thin absorber layer sandwiched between highly

structured transparent electron and hole conductors which enhance light management



and increase absorption. Examples of nanostructured solar cells include ZnO-
nr/In,S3/CuSCN [15], np-TiO2/In(OH)«Sy/PbS/PEDOT:PSS [16], np-
TiO,/CdS/CuSCN [17] and ZnO-nr/In,S3/CulnS;, [18] among others. Another concept

is the depleted-heterojunction colloidal quantum dot solar cells [19].

In a solar cell, absorption of the incident illumination is followed by separation of
electrons and holes, which are then transported in opposite directions to the external
contacts. Copper containing materials have been used as hole conductors along with
different electron conductors. Intermixing of Cu from the hole conductor or absorber
layer at the interface results in the formation of interfacial layers with complex
elemental compositions depending on the type of electron conductor or buffer layer,
respectively. For example, in Cu,S/CdS solar cells, heat treatment at 200°C to attain
optimum performance [8] is usually accompanied by diffusion of Cu from the Cu,S
surface layer into CdS, which eventually degrades the solar cell by decreasing the fill
factor and short circuit current density [20, 21]. Interfacial intermixing has been
reported for other solar cell configurations at In,S3/CuSCN [22], Cu(In,Ga)Se,/In,S3
[23], Cu(In,Ga)Se,/CdS [24] and ZnS/Zn(S,0) [25] interfaces.

Figure 1.1 illustrates the major processes that take place across the interface of a solar
cell with a Cu containing hole conductor. Examples of the electron conductors include
CdS, In,S3, Zn(0,S), ZnS or Sb,Ss; while hole conductors are CuSCN, Cul,
Cu(In,Ga)Se; or CulnS,. Transport of electrons and holes in their respective conductors
away from the interface is accompanied by diffusion of Cu across the interface into the
electron conductor. Electronic transport across the heterojunction depends on the band
alignment, charge selectivity of the interface and electronic properties of the electron

and hole conductors while Cu diffusion is enhanced during heat treatment.

Formation of efficient charge-selective contacts and enhanced electronic transport in
most technologies require moderate post deposition heat treatment. On the other hand,
diffusion of Cu across the interface results in an interfacial layer with a high density of
Cu which modifies the band alignment and changes the electronic transport processes.
Annealing the solar cells for a longer time and/or at higher temperature destroys the
solar cells [23, 26, 22, 21, 20]. This means that there exists a critical amount of diffused
Cu that is required to achieve optimal solar cell performance. For most of the solar cells

the optimum annealing temperature is 200-230°C.
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Figure 1.1: Electronic and atomic transport processes across an interface between an electron
conductor and a Cu containing hole conductor. Electronic transport consists of transfer of
photogenerated electrons and holes away from the interface in their respective conductors while

atomic transport involves diffusion of Cu from the hole conductor into the electron conductor.

To determine by how much Cu diffusion contributes to the improvement and/or
degradation of the solar cells utilizing Cu containing thin films, the exact amount of
diffused Cu must be known. For example, Kranz and colleagues recently reported a
conversion efficiency of 13.6 % for CdTe solar cells on a flexible metal foil with
controlled doping of CdTe with Cu [27]. A thin Cu film less than a monolayer thick was
deposited on top of CdTe and diffusion was performed at 400°C. As a result, the hole
density increased, and the carrier life time and carrier collection in the solar cell were
improved. The optimum density of Cu was obtained to be 6.5 - 8 x 10 cm™. Such
information on the optimal concentrations of Cu for other solar cell concepts is still

unavailable in literature.

The band alignment at the heterointerfaces is crucial for the performance of solar cells
and other optoelectronic devices. It should be adjusted such that photo-generated
electrons are injected into the conduction band of the electron conductor and the holes
into the valence band of the hole conductor [15]. The formation of charge selective
contacts and the reduction of recombination are important because of the high density of
electronic states available for both holes and electrons [11]. Therefore, material
properties, suitable deposition methods and interface formation in semiconductor
devices should be well understood to be able to improve their performance.

The formation of charge selective contacts requires knowledge of the electronic

properties of the materials, charge separation and transport processes across the



interfaces. Charge transport and recombination across heterojunctions is limited by
electronic defect states as well as by the band alignment. Surface or interface defects
manifest as energetic states in the band gap of a semiconductor which act as
recombination centers for charge carriers. An increase in the density of these defect
states results in a higher recombination loss in the device. Atomic intermixing at the
interfaces and the formation of interfacial layers can also change the band alignment

and current transport properties.

Recombination of photo-generated charge carriers limits the conversion efficiency in
solar cells. At low concentrations of excess charge carriers, Schockley-Read-Hall
(SRH) recombination involving a single defect level in the band gap can dominate while
Auger recombination can dominate at higher carrier concentrations [28]. Tunneling
enhanced recombination across the interface can accompany SRH when there is high
charge density in the space charge region (SCR). This can occur in the bulk or at the
interface through trap states. Interface engineering and passivation of electronically

active surfaces and/or interfaces is needed to be able to control recombination losses.

The results presented in this thesis were obtained after performing model experiments to
investigate the formation of In,S3/CuSCN and np-TiO,/In,S3 charge selective contacts
for np-TiO2/In,S3/CuSCN nanocomposite solar cells. This work focused on the
diffusion of Cu from CuSCN into In,S3 layers deposited by thermal evaporation and
ion layer gas reaction (ILGAR®) method. The other focus was on the formation of
charge selective contacts investigated by monitoring charge separation across np-
TiO2/In,S3 and In,S3/CuSCN interfaces.

This thesis is divided into seven chapters where chapter one and chapter seven are the
introduction and summary, respectively. Chapter two covers the fundamentals of
diffusion in solids and electronic processes at disordered interfaces. Mechanisms of
diffusion are presented and the Meyer-Neldel compensation rule is explained with
regard to atomic diffusion. Electronic transport processes involving transport in bands,
multiple trapping and hopping mechanisms in disordered semiconductors are then
presented. This is followed by a review of heterojunction interface formation and charge

transport processes across interfaces.

Chapter three presents the experimental methods used. This includes methods for

sample preparation, measurements and analysis. The deposition methods for In,Ss,



CuSCN and np-TiO, layers are first explained, followed by a description of the
diffusion experiments and analysis of the data. Rutherford backscattering spectrometry
(RBS) method for depth profiling is introduced including details of instrumentation and
data analysis. A description of surface photovoltage (SPV) method for investigating

charge separation is given and lastly structural and optical methods are presented.

Chapter four discusses the results of Cu diffusion from CuSCN source layers analyzed
by depth profiling using RBS. A one dimensional diffusion model was applied to
simulate and fit the depth profiles and obtain coefficients of Cu diffusion in In,S3
layers. Activation energies and diffusion prefactors of Cl-free and Cl-containing layers
are compared. It is then shown that the relationship between the diffusion prefactors and
activation energies of Cu diffusion can be described within the Meyer-Nedel

compensation rule.

Chapter five contains the results from experiments on charge separation in thermally
evaporated In,S3/CuSCN disordered heterojunction as a function of In,S; layer
thickness and annealing temperature. The results are correlated to current-voltage
results for ZnO-nr/In,S3/CuSCN solar cells obtained from literature. As a conclusion,
the optimal absorber thickness and annealing conditions that may enhance the

conversion efficiency are obtained.

Chapter six covers results for interface formation and energy band alignment at np-
TiO,/In,S3 heterointerfaces investigated by spectral dependent SPV. Np-TiO, and
In,S3 layers were deposited by screen printing and spray-ILGAR, respectively. A
model for the band alignment at np-TiO,/In,S3 interface developed using the work
functions of Cl-free and Cl-containing In,S3; layers determined from ultra-violet
photoelectron spectroscopy (UPS), their optical band gaps, and the shift in the onset of

SPV absorption for np-TiO,/In,S3 compared to bare In,S3 is presented at the end.



2. Diffusion and electronic processes at

disordered interfaces

Properties of materials can be modified for various applications by introduction of
foreign atoms. Foreign atoms can be introduced by annealing of a multilayer system,
diffusion ion implantation or during preparation processes such as sputtering. The
motion of the foreign atom inside the host material due to a gradient in chemical
potential, concentration gradient or applied force field constitutes diffusion. On the
other hand, the formation of disordered heterojunctions depends on the deposition
parameters, chemical composition or stoichiometry, electronic properties and band
alignment at the interfaces. This chapter starts with a background on extremely thin
absorber and nanocomposite solar cells. This is followed by a description of atomic and
ionic diffusion processes and of the Meyer-Neldel compensation rule. The formation of
heterointerfaces and band alignments are then presented, highlighting the role of
interface and bulk defects. The last section of chapter two covers charge transport and

recombination processes across heterojunctions.

2.1. Extremely thin absorber and nanocomposite solar cells

A very thin absorber layer of the order of tens of nanometers is sandwiched between
structured electron and hole conductors. The structuring of the electron conductor
improves light absorption through multiple scattering and increases the effective
thickness of the absorber. Nanoporous (np)-TiO, [13] and ZnO-nanorods [29] have
been used as nanostructured electron conductors and CuSCN as the hole conductor for

inorganic nanostructured solar cells. The absorber layer is locally thin but it is highly



folded when deposited on the structured substrate to increase the optical density and
photon management. The band alignment should be optimized such that photo-
generated electrons are injected into the conduction band of the electron conductor and

the holes into the valence band of the hole conductor [15].

The open circuit voltage (Vo) and short circuit current (Is) increased considerably after
annealing ZnO-nr/In,S3/CuSCN [22] or np-TiO,/In,S3/CuSCN [13] at 200°C for about
2 min thereby improving the conversion efficiency. This improvement was associated
with the formation of In,S3/CuSCN charge selective contact. Annealing for longer
times and/or higher temperatures led to the degradation of the solar cells due to
enhanced diffusion of Cu into the In,S3 absorber. Slight intermixing of Cu with In,S3 at
the In,S3/CuSCN interface created a thin In,S3:Cu interfacial layer with reduced band
gap, which enhanced light absorption. Diffusion of Cu up to the ZnO/In,S3 interface
was considered as the limiting factor for the solar cells and should be avoided to
maintain high conversion efficiency [29]. Knowledge of the diffusion coefficients and
activation energy of Cu in photovoltaic materials is important for controlling the heat

treatment process and improving solar cell performance.

In,S3 layers exhibit varied properties depending on the deposition methods and
conditions [30]. It has been shown that photo-excited electrons can be injected from
In,S3 into np-TiO, [13]. The nature of semiconductor interfaces and hence band
alignment depends very much on deposition processes and chemical composition of the
layers. Charge transport and band alignment at np-TiO2/In,S3 interface will therefore
depend on the properties of In,S3 and hence the method of deposition. The choice of

deposition method and parameters is therefore important.

Model experiments to investigate the formation of disordered In,S3/CuSCN and np-
TiO,/In,S3 heterojunctions and charge transport in these layer systems can provide
information relevant for the improvement of solar cell performance. A study of Cu
diffusion from CuSCN source layer into different In,S3 layers can provide information
on diffusion coefficients and activation energies. Understanding band alignment at np-
TiO,/In,S3 interface can be investigated as a function of In,S; layer properties by

monitoring charge transfer and recombination mechanisms across interfaces.



2.2. Atom and ion diffusion in solids

Studying diffusion of atoms or ions in solids involves the investigation of their motion
from one point to another in a host matrix. The diffusing foreign atom or ion is mostly
referred to as a solute and the host matrix, which could be a metal or semiconductor
crystal or thin film, is called the solvent. The combination of a foreign diffusing species
and a host matrix then becomes a solid solution. In crystals, the position and motion of a
solute atom is restricted to certain sites and paths, respectively. In amorphous solids,
random motion of the solute atom is usually assumed due to the irregularity of the

lattice sites and orientation.

The change in the concentration (C(x,t)) of the diffusing species with time can be

described by Fick’s second law of diffusion [31]

dc(xt) . diCc(xt)
ac dx?

(2.1)

where D is the diffusion constant. Solving equation 2.1 for a case with constant source
concentration gives an error function describing the concentration profiles of the

diffusing species

C(x,t) = C, [1 —erf (Z\;C—D_t)] (2.2)

where Cy is the initial surface concentration at x=0 and t is the diffusion time. The value
of D is usually obtained by fitting equation 2.2 to the measured concentration profiles.

D is a function of temperature and obeys the Arrhenius plot of the form [31]

D(T) = Dyexp (— k’%) (2.3)
where Dy, = gfvya’exp (i—s) (2.4)
B

and g is the geometric factor, f the correlation factor, vy the attempt frequency
approximated to be equal to the Debye frequency of the lattice (10** Hz), a is the lattice
parameters and AS is the change in the activation entropy. The values of g, f and a all

depend on the type of lattice.



2.2.1. Diffusion mechanisms

Interstitial mechanism

When the solute atoms are relatively smaller than the solvent atoms, they are mostly
accommodated in the host matrix by occupying interstitial sites. The interstitial solute
atoms diffuse by moving from one interstitial site to a neighboring one as shown in
figure 2.1 [31]. The solute moves from one equilibrium position to a saddle point, where
maximum strain in the lattice occurs, and finally to another equilibrium position. No
permanent distortion is caused in the lattice during this transition. This is also called

direct interstitial mechanism.

'O O
o)oXe
000

@)
8* O host atom
OO0 000 ® diffusing atom

Figure 2.1: Interstitial diffusion mechanism. The diffusing atom (filled circle) moves from one

OO0 O
@)

interstitial position to another in host matrix (open circles).

Interstitial diffusion does not require defects to take place; therefore the diffusion
coefficients are usually high. Small foreign atoms like C, N and O tend to diffuse in
metals or other materials by this mechanism [31]. Large ions may also diffuse by
interstitial mechanism if the anion sub-lattice contains empty sites in lines or planes that

can serve as pathways for diffusion [32].
Vacancy mechanism

A vacancy refers to an unoccupied lattice site. A foreign atom diffuses by vacancy
mechanism if it moves from a substitutional lattice site into a neighboring vacant site
[32, 31] as illustrated in figure 2.2. The solute atom diffuses through the solid by
making a series of exchanges with adjacent vacancies. The vacancy moves in the
opposite direction. The vacancy mechanism is the dominant process for self-diffusion in

substitutional alloys and in several ionic crystals and ceramic materials [31].

10



00O
® O
ido

00O

oXo

0e
000
0000 0000

O
O
OO0 O
OO0 O

‘ diffusing atom ] vacancy O host atom

Figure 2.2: Vacancy diffusion mechanism. The diffusing atom (filled circle) moves to occupy a

neighboring vacancy (open square) in the host matrix (open circles).

Interstitialcy mechanism

This mechanism is favored when the interstitial solute atom is almost of the same size
as the solvent atoms [31]. A self-interstitial atom replaces a substitutional atom on a
lattice site, which then replaces another solvent atom into interstitial position as it
occupies the substitutional site as illustrated in figure 2.3. If the substitutional atom is
displaced in the same direction as the interstitial atom, the process is termed collinear

jump, and if it jumps in a different direction it is non-collinear jump.

O
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=000
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0000

@ diffusingatom (O host atom

Figure 2.3: Interstitialcy diffusion mechanism. Self-interstitial atom (open circles) replaces a
substitutional atom (filled circle), which then replaces a lattice host atom pushing it into self-

interstitial.

The interstitialcy mechanism is not favored in metals because the formation of self-
interstitials requires higher formation enthalpy compared to vacancies. The diffusion
coefficient is proportional to the concentration of interstitial atoms or ions in the host
matrix [32]. The interstitialcy and vacancy mechanisms are important for self-diffusion

for example in Si and some silver halides.
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Dissociative and kick-out mechanisms

Some solute atoms may occupy interstitial (I) and substitution (S) sites of the solvent
matrix (A) which is therefore referred to as a hybrid solute [31]. The diffusion
coefficient of hybrid solutes in interstitial configuration is usually higher than that in the
substitutional configuration. On the other hand, the solubility limit for the interstitial
arrangement is lower than for substitutional arrangement. This could lead to a fast
diffusion of I and then S in an interstitial-substitutional exchange process.
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Figure 2.4: Interstitial-substitutional exchange diffusion mechanism. Foreign interstitial atom
(filled circle) occupies a vacancy (Open Square) in dissociative mechanism (2) or replaces a

lattice atom (open circles) in kick-out mechanism (b).

When the exchange involves a vacancy (V), the mechanism is referred to as dissociative
or Frank-Turnbull mechanism as shown in figure 2.4 (a). It can be illustrated as/ =
V' = S. This mechanism was first proposed for fast diffusion of Cu in Germanium [33].
Diffusion of metallic solute atoms in polyvalent metals like Pb, Ti and Zr is dominated
by the dissociative mechanism [31]. When the exchange involves self-interstitial atoms
(Al), the mechanism is termed kick-out mechanism as illustrated in figure 2.4 (b). It can
be illustrated as Al = S + I. This mechanism was first proposed for diffusion of Au, Pt
and Zn in Si [31].
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2.2.2. Cu diffusion in solar cells

Cu is known to be a fast diffuser in many materials. This fast diffusion is because it
occupies interstitial positions and migrates as a singly ionized interstitial Cu with
positive charge [34]. The velocity of diffusion depends on the geometry of the host
matrix as well as on the relative concentration of interstitial and substitutional Cu.
Substitutional Cu is relatively immobile because a vacancy is required for a transition
from interstitial to substitutional position. The fast diffusion of Cu in semiconductors

strongly affects performance of devices.

It has been shown from experiments and theoretical calculations that Cu diffuses by
different mechanisms in semiconductors. Copper diffuses as an interstitial in Si with
activation energy of 0.18 eV, which is the lowest for atomic diffusion in Si [35]. In
amorphous Ge, Cu diffuses by interstitial mechanism with activation energy of 0.5 eV
in the temperature range of 20 to 200 °C [36]. Copper diffuses in CdS in the
temperature range 146-400°C by interstitial mechanism before occupying a Cd vacancy
as in dissociative mechanism [37]. Diffusion of Cu in SiO, takes place by interstitial
mechanism with an activation energy of 1.82 eV in the temperature range of 350-450 °C
[38]. The activation energy for Cu diffusion in CdTe between 97 and 300 °C
temperature is 0.67 eV. Cu diffuses by interstitial-substitutional mechanism. Cu
diffusion in In,S3 in the temperature range 150-250 °C proceeds with an activation
energy of 0.3 eV [39]. Diffusion in crystalline In,S; is dominated by vacancy and

insertion-substitutional mechanisms [40, 41].

Control of Cu diffusion in electronic and optoelectronic devices has been investigated
for several decades but still remains a challenge today. Cu leads to an increase in
leakage currents at p-n junctions and creates minority carrier recombination centers in
Si solar cells [35]. In thin film solar cells, the excess diffusion of Cu from
Cu(In,Ga)(S,Se), (CIGS) absorber into CdS or In,S3 buffer layers during preparation or
post-deposition heat treatment leads to a deterioration of the conversion efficiency [23,
26, 42]. Investigation of the CIGS/In,S3 interface showed a strong intermixing and the
formation of an interfacial layer with high Cu concentration. This leads to Cu depletion
on the CIGS side and to a compositionally graded interface [42]. Annealing the solar
cells at 300°C leads to the formation of CulnsSg interfacial layer and to complete

degradation of the solar cells.

13



CdS/CdTe solar cells made with Cu-containing back contact experience enhanced
performance with minimal Cu diffusion but deteriorate afterwards due to increased
diffusion [43, 44]. Cu forms mid gap defects that act as recombination centers and
lower charge carrier life time, open circuit voltage and fill factor. The conversion

efficiency deteriorates with increasing Cu diffusion.

Heat treatment of the Cu,S/CdS heterojunction solar cells decreases the short circuit
current density and the fill factor while the diffusion length of Cu diffusion increases
[20]. It has been shown that an insulating layer of CdS is formed at the Cu,S/CdS
junction as Cu diffuses from Cu,S into CdS during moderate heat treatment at 200°C
that is needed for optimum performance [45]. At elevated temperatures above 100°C, a
CdS photovoltaic cell shows steady loss of current output and fill factor and an increase
if series resistance. The increase in series resistance was associated with diffusion of Cu
from Cu,S surface layer into CdS, which increases the width of the insulating CdS

interface layer.

Nanostructured solar cells having Cu containing hole conductors suffer from stability
problems due to uncontrolled Cu diffusion from the hole conductor into the absorber
with post-deposition annealing and/or longer storage times [29, 13, 46, 22]. For
example, the efficiency increased strongly after annealing a complete
Zn0/1n,S3/CuSCN solar cell for about 2 min at temperature of 200°C but degraded
after annealing for longer times and/or at higher temperature. This was due to diffusion
and intermixing of Cu and In,S3 at the interface with CuSCN hole conductor [22, 47].

2.2.3. CuinIn,S;

In,S3 crystallizes in three phases namely a, B and y phases. The y-In,S3 phase is stable
at temperatures above 754°C, a-In,S3 is stable at temperatures between 420 and 754°C
while B-In,S3 is stable at temperatures below 420°C [48]. The transitions at 420 and
754°C are reversible and are only possible for stoichiometric crystals. B-In,S3 is stable
at room temperature and has a structure based on a cationic-deficient spinel
superstructure containing 16 molecules of In,S; [49]. Indium atoms occupy all
octahedral sites and 2/3 of the tetrahedral metal sites. 1/3 of the metal positions remain

vacant, which amounts to 4 cationic vacancies per unit cell, and are ordered into a 4,
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screw by alignment of three spinel blocks in c-direction [48]. A unit cell for an In,S3

crystal is shown in figure 2.5.

The defective structure of In,S3 allows it to accommodate different foreign atoms. Cu
diffuses in In,S3 by vacancy [40] or insertion and substitution mechanism [41]. When
Cu is introduced into In,S3, 2/3 of the atoms fill up the cationic vacancies and 1/3
substitutes for In to maintain electro-neutrality. First principle calculations have shown
that Cu-3d states contribute to the formation of the valence band maximum (VBM)
resulting in a shift of VBM to higher binding energy with increasing Cu amounts [41].
This explains experimental results showing a decrease in the optical band gap with
increasing Cu content [50]. When Cu is introduced into In,S3, the lattice parameter (a)
and electron conductivity drops with increasing Cu content, although In,S3:Cu

maintains n-type conductivity [51].

a—>b OInOh)®In/cu (Td) Os

Figure 2.5: Unit cell for In,S3. In and Cu atoms (filled black circles) are statistically
distributed on the tetrahedral sites, while In (gray circles) fills the octahedral sites [41].

The open circles denotes S atoms.

2.2.4. Meyer-Neldel rule for atom diffusion

The Meyer-Neldel (compensation) rule (MNR) describes groups of related thermally
activated processes that obey the Arrhenius plot
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X(T) = Xpexp (—%), (25)

where X represents the rate of the activated process, X, is the pre-exponential factor, E,
is the activation energy and kg is the Boltzmann constant. When the activation energy

within a group of processes is varied, the value of X, follows the exponential relation,
E
Xo = Xooexp (ﬁ) (2.6)

where E,y is the Meyer-Neldel energy and Xqo is a proportionality constant. The
increase in X, when E, is increased according to equation 2.6, compensates for the
decrease in the activation factor in equation 2.5 so that the process takes place at a

larger rate than would be expected if only E, was known [52].

The value of Eyy = kgT, Is proportional to the characteristic energy of the heat bath or
reservoir [53] that supplies the energy needed for the transition to the activated state. It
is of the order of the energy of the excitations in the reservoir. Some authors have
considered T, as a characteristic temperature at which the different Arrhenius plots of
the samples with different activation energies converge [54, 55, 56]. Others have
associated the value of T, with the average of the experimental temperature range [54,
56, 57]. For example, the iso-kinetic temperature T, for self-diffusion in Ge was
reported as 1175 K (Emn = 101 meV) within the experimental range of 973 — 1203 K,
while for self-diffusion in Si the value of T, was 1575 K (Euy = 136 meV) within the
range of 1130 — 1673 K [54]. Similar analyses are given by Kirchheim and Huang and
they show a deviation of between 10 and 20 % between T, and average temperature of
the experimental range [56].

The exact origin of the mechanisms leading to the MNR is still under discussion
although the explanation of Yelon and Movaghar (YM model) involving multi-
excitation processes has received relatively wider acceptance [53, 58, 59]. The YM
model is considered to hold for most cases. Other explanations of the origin of MNR are
specific to the material or phenomenon in question. The statistical shift model, which
describes MNR as a consequence of the change in the Fermi level with temperature was
found to hold for DC conductivity in hydrogenated amorphous silicon (a-Si:H) [60]. A

model based on the one-phonon activated process with a distribution of densities of the
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initial and final states was also proposed to explain the origin of the MNR for defect

relaxation in a-Si:H [61].

The YM model emphasizes that a multi-excitation process, for example multi-phonon
excitations, is the origin of the MN behavior [59]. MNR arises for the kinetic process of
which E, is larger than the energies of excitation that contribute to the activation as well
as kgT. When E, is large, the number of different paths to the final state via
multiphonon processes increases exponentially with E4, according to equation 2.6.
Generally, the MNR is obtained by counting the number of ways in which the heat bath

can furnish the energy required to surmount an activation barrier.

The exponential in equation 2.6 arises from the entropy of combining multiple
excitations in the thermal reservoir available for the kinetic processes. The existence of
MNR arise from the fact that energy is extracted from a particular reservoir. This is why
different phenomena for the same material should show the same MN slope and hence
the same Enm. Diffusing species in the same matrix or the same diffusing species at
different concentrations or in matrices of different defect structures should satisfy the
MNR with about the same value of E,;y [56, 53]. This denotes that the source of energy
and mechanisms of transfer are the same for all such processes. This is because the
excitations causing the activated diffusion processes come from the same reservoir,

which contains the excitations of the lattice (phonons).

2.3. Electronic transport in disordered semiconductors

Electrons in a disordered semiconductor see a random background potential different
from the periodic potential of a perfect crystal. They find potential wells where they are
localized forming band related tail states [62]. The width of the band tails is related to
the degree of disorder in the semiconductor. Most of the charge carriers injected into a
material with broad distribution of localized states become localized [63]. Electronic
transport in disordered semiconductors take place via three main processes as shown in
figure 2.6 namely, band conduction (a), trapping detrapping (b) and hopping

mechanisms (c).
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2.3.1. Electronic transport in the conduction band

In a broader temperature range, the direct current (DC) conductivity in disordered

materials is given by [64]

o =00 e |~ ()] (27)

where the pre-exponential factor o, depends on the system, the power exponent S
depends on the material and temperature range, A is the activation energy, T is
temperature in Kelvin scale and kg is the Boltzmann constant. In many disordered
inorganic materials, o, is of the order of 102 — 10* Q~1cm™1. The value of g is close
to unity for temperatures close to or higher than room temperature, but it is less than
unity for lower temperatures. The electrons in states within the range of width of order

kg T above the mobility edge dominates band conduction [64].

conduction band conduction band conduction band
EC_> E— E. ! X E, X
| = = T
[T =B Rl
E) E| El
(a) (b) (©)

Figure 2.6: Electronic transport processes in disordered semiconductors consisting of normal

band conduction (a), trapping and detrapping (b) and hopping (c) mechanisms.

Band conduction, shown in figure 2.6 (a), is only significant at high temperatures or
when the materials have a very low density of localized states at the mobility edge. At
high temperatures, a fraction of electrons can be found in the delocalized states above
the mobility edge and they dominate conductivity in the disordered system [64].
Transport in this case is similar to that in ordered crystalline semiconductors. At lower
temperatures, transitions of carriers between localized and extended states occur in the
multiple trapping mechanisms, while in the hopping transport the transitions are from
localized to localized states as shown in figure 2.6 (b) and (c), respectively.
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2.3.2. The multiple trapping transport model

A charge carrier can be thermally activated from a defect state below the mobility edge
into the delocalized states where it is free to move by conduction band transport. After a
while the carrier gets trapped again and become immobile as shown in figure 2.6 (b).
The multiple trapping (MT) model states that, the decaying carrier mobility is a
consequence of charge carriers being trapped below the band edges where they remain
immobile until they are again re-emitted into the bands [65]. The traps could be deep
traps located near the center of the band gap or shallow traps located close to the
valence and/or conduction band edges. The emission rate v; of a carrier from a single
trap state i of energy E;, where v, is the attempt to escape rate usually assumed to be
equal to the frequency of phonons of the order 10**- 10" s, k5 the Boltzmann constant
and T the temperature, is given by the expression [66],

V; = Voexp (— Bt ) (2.8)

kgT

The trap energies can be distributed exponentially,

— Ne _E
g(E) = kgTo exp (kBTl) (2.9)

where N; is the total trap density and T; is the distribution parameter in temperature
units. The product kgT; gives the slope of the exponential tail state distribution. The
main features of MT model are the trapping times, carrier reemission for intermediate

times and carrier recombination which occurs at longer times.

If we consider an energy distribution of electrons in the extended states above the
conduction band (E.) generated by a short laser pulse, the states below E will at first be
uniformly populated. The distribution of the carriers after the first trapping events will
be determined by the density of states in the band tail [64]. Charge carriers in shallow
states will be released into extended states above E. with time, while the trapping
process remains random. This leads to a redistribution of trapped carriers from shallow
states into deeper energy states in the band tail. The demarcation energy E, (t) separates
those states whose occupation remains uniform from those in quasi thermal equilibrium
and it corresponds to the energy at which the trap release time 7(E) is of the order of the

delay time after the laser pulse, t [67]. The value of T(E) is given as the inverse of the
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emission rate in equation 2.8. The demarcation energy Ej, (t) is obtained by setting the

condition T(Ep) = t giving

Ep(t) = kgTin(vyt) (2.10)

2.3.3. The hopping transport model

At lower temperatures, only few electrons occupy extended states while many electrons
are in localized states below the conduction band edge. Hopping electron transitions
between localized states dominates charge transport in disordered systems [64].
Hopping transport dominates conductivity when there is a large density of defect states
at the Fermi level as shown in figure 2.6 (c). Hopping can also take place in the band
tails where the density of states is very large but the carrier concentration is low. The
distribution of waiting times is determined by the distribution of distances rj; between
two sites i and j. The probability of a carrier to hop from one localized state i at energy
Ei to another localized state j at energy E;, with spatial separation rj; between them is
given by the Miller-Abraham’s relation [68, 69],

Vij = Vpexp (_ZTTU) exp (— E;;:i); E; > E; (2.11)

V;j = Voexp (—ﬁ); E; < E; (2.12)

a

where a is the localization length and determines the exponential decay of the electron
wave function in the localized states and v, is the attempt to jump frequency and is on
the order of 10712 to 10713 s71. v, depends on the electron interaction mechanisms
that cause the transitions. The hopping transition of a carrier from site i to j of energies

Ei and E;j, respectively is illustrated in figure 2.7.

If the localization if strong, where ry/a > 1, an electron will jump to the nearest
neighboring state. The hopping distance is limited to the nearest neighbor hopping sites
by an average distance r,. This is called the nearest neighbor or Miller-Abrahams
hopping [68]. If r,/a < 1 or the temperature is sufficiently low, then the second term
on the right hand side of equation 2.11 contributes significantly to the hopping
probability. The carriers then hop preferentially to sites more far away in space but
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closer in energy. This constitutes the variable-range hopping introduced by Mott and
Davis [70, 71].

Figure 2.7: Hopping transition from a localized occupied state i to an unoccupied state j with
energies E; and Ej, respectively. ¥; and ¥; are the wave functions of the electron when at site i

or j, respectively.

In the case of nearest neighbor hopping, electrons hop preferentially to spatially nearest
sites. This hopping takes place at high enough temperatures when the thermal energy
kgT is larger than the energy scale of the DOS. The hopping rates of an electron from
site i to site j are determined by spatial terms only given by equation 2.12. If the
temperature is not high and the thermal energy is comparable to or smaller than the
energy spread of the localized states involved in charge transport, then both the energy
and spatial dependent terms of the hopping rates become important [64]. The lower the
temperature the more significant the energy-dependent terms in equation 2.11 become.
If the spatially nearest neighbor has a relatively higher energy, the electron will prefer to
hop to a distant site that has energy closer to the initial one. Therefore, the length of

electron transitions increases with decreasing temperature.

According to Mott [71], filled and empty states near the Fermi level have almost similar
energies, therefore efficient transport transitions of electrons occur close to the Fermi
level. At low temperatures, the density of states near the Fermi level has a parabolic

shape and vanishes exactly at the Fermi energy. The temperature dependence of

1
conductivity for variable range hopping mechanism takes the form Ino~T % [71]. The

jumping rate is given by the expression

A
V;j = Voexp (_W) (2.13)
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2.3.4. Trap-limited transport in nanocomposites

In nanocomposite solar cells, materials with different electronic properties are
interpenetrated to enhance local charge separation with separate transport paths for
electrons and for holes. The transport of photogenerated electrons through the network
of interconnected nanoparticles is crucial for the performance of these devices [72]. The
electrons, from a sensitizer that absorbs light, are injected into the nanoporous network
and they travel in the network until they recombine or are collected at the external
electrodes [73]. It has been shown from theoretical [74] and experimental [75] analysis
that electronic transport in nanoporous TiO; is controlled by trapping and detrapping
processes in a large density of band gap states distributed in energy at the
TiO,/sensitizer interface [72, 75]. The photogenerated electrons drift through the
particulate TiO, towards the internal interface due to a gradient in the Fermi level.
During the motion some electrons can be lost through recombination or trapping in

states from which they can be reemitted thermally [75].

Electron transport in porous and nanocrystalline metal oxides exhibits a strong
nonlinear dependence on the electron density and electron injection, which is usually
explained in terms of the trap filling effect [73]. As more electrons are injected into a
system with a distribution of trap states, the deep traps are progressively filled leaving
only shallow traps for conduction. The resident times of the electrons trapped in deep
traps is much longer than for the electrons in shallow traps, therefore the mobility of the
electrons is enhanced as the electron density is increased. The population of trap states
also enhances recombination with increasing electron density. This is observed as a

faster decay of transient current or voltages as the electron density increases [74].

Electronic transport in the np-TiO,/sensitizer nanocomposites exhibit anomalous
properties with extremely slow, non-exponential current and charge recombination
transients and intensity dependent response times [74]. This behavior is attributed to the

high density of intra-band trap states in np-TiO5.

Photovoltage (PV) experiments on np-TiO, showed retarded transients characteristic of
diffusion transport with a linear dependence of the PV amplitude on laser intensity [76].
Trapping of charge carriers in electronic states in the forbidden gap is the reason for the

retardation of the PV transients. Surface states on np-TiO, are due to oxygen vacancies
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and they depend on the ambient conditions [76]. The size of the TiO, nanoparticles and

porosity is also crucial for charge transport in np-TiO5.

2.4. Interface formation

2.4.1. Semiconductor heterojunctions

When two different semiconductors are brought into tight contact they form a
heterojunction. The properties of the interface at the heterojunction will be different
from those of the free surfaces of the individual semiconductors. Because of the abrupt
change in the crystal structure, periodicity of the lattice and the resultant disorder near
the interface, the material properties at the interface are different from the bulk [77].
When the transition region from one material to the next one is very thin, the

heterojunction is said to be abrupt.

Evac

Figure 2.8: Energy band alignment at a heterojunction in equilibrium. Two materials of band
gaps Eq and Eg, work functions @, and @,, and electron affinities y; and y; are brought into
contact to form a heterojunction with conduction and valence band offsets 4E. and 4E,,
respectively. E 4 is the vacuum level, E.,, E,; and E,, E,; are the conduction and valence band
edges for small band gap (1) and large band gap (2) semiconductors, respectively. AVp, +

AVp, = AV}, is the sum of the partial built-in voltages and Eg is the Fermi level. After [78].
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The energy band alignment across the interface is the most important property of the
heterojunction. It determines the conduction and valence band discontinuities and hence
the barriers for electrons or holes across the interface. The interface dipole can alter the
band alignment at the heterojunction and change the electronic properties of the entire
system [79]. Interchange of atoms or interdiffusion at the interface introduces electronic
and atomic dipole moments that change the band discontinuities and transport

properties.

Figure 2.8 shows the energy band alignment of two semiconductors, one with a small
band gap (E41) and a second with a larger band gap (Eg2). The two semiconductors have
different work functions ¢, electron affinities y and dielectric functions e. The
differences in energy of the conduction and valence band edges are the conduction
(AE.) and valence band offsets (AE,), respectively. The difference in the work functions
of the two semiconductors is the total built-in voltage in the heterojunction. Because of
the difference in the dielectric constants, the electrostatic field is discontinuous at the
interface [78].

An additional dipole at the interface adjusts the potential difference across the
heterojunction. A very thin barrier is transparent to charge carriers and can reduce the
barrier height. The dipole layer can be a result of surface states at the interface — a
density of 10* - 10" cm™ is sufficient to modify the barrier height [80]. There might be
a dielectric layer at the interface due to surface oxidation. The different dielectric
constant of the surface layer causes a polarization layer at the interface. The dipole layer
could be a result of a configuration of polar molecules at the surface [80].

Semiconductor heterojunctions can be classified as (i) straddled or type |
heterojunction, (ii) staggered or type Il heterojunction and (iii) broken-gap or Type IlI
heterojunction. In the straddling or type | heterojunction, the conduction band of the
first semiconductor lies lower but the valence band is higher than the conduction band
and valence band of the second semiconductor, respectively. For staggered or Type Il
heterojunction, both conduction and valence bands of the first semiconductor are lower
than the conduction and valence bands of the second semiconductor, respectively, such
that electrons are collected at the lower conduction band in the first semiconductor and
holes at the higher valence band in the second semiconductor. The broken-gap or Type
11 heterojunction in which both conduction and valence bands of the first
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semiconductor are lower than the valence band of the second semiconductor is rare
[81]. Several theories have been developed to determine band alignments at

semiconductor heterojunctions.
Electron affinity rule

The electron affinity rule was proposed by Anderson [78] based on the Ge-GaAs
heterojunction and it states that, the conduction band offset is the difference between the
electron affinities of the two semiconductors. The valence band offset is then given by

the difference in the ionization energy between the two semiconductors.
AE. = ), — x1 = Dx (2.14)
AE, =1, — 1, = Al (2.15)

where y; and y, are the electron affinities and I; and I, ionization potentials of SC;
and SC,, respectively. The dependence of the electron affinity on surface termination
and orientation is the main weakness of the electron affinity rule for determination of
band offsets.

Common anion rule

The common anion rule states that the valence band discontinuity at the interface will
be very small for semiconductors with the same anion. When the anion atom species for
the two semiconductors forming a heterostructure is the same, for example
(Al,Ga)As/GaAs, the valence band offsets will be much smaller than the conduction
band offset [82]. This proceeds from the fact that valence band wave functions are
derived mainly from the anion atomic wave functions and tend to be more localized
than conduction band wave functions [79]. Density functional theory (DFT) calculations
by Wei and Zunger, which included interface dipoles, revealed a deviation from the
common anion rule band alignment for the 111-V semiconductors [83, 84]. This was due
to stronger interfacial dipoles from induced gap states. Calculations for 1I-VI

semiconductors were in agreement with the common anion rule.
Tersoff’s effective dipole model

Tersoff proposed a model for determining band offsets similar to Anderson’s electron

affinity model but which takes into account the influence of interface dipoles [85].
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Dipole charges at the heterointerface associated with gap states induced by the band
discontinuities tend to drive the band alignment towards that value which will give a
zero dipole [85]. There exists some effective energy Eg such that states higher or lower
in the gap have more conduction or valence character, respectively. The gap states at
this energy are non-bonding in character and Eg plays a role similar to the Fermi level
in metals. Any discontinuity in Eg at the interface amounts to a discontinuity in the
electronegativity, which gives rise to a charge-transfer dipole [86]. Obtaining the zero-

dipole line-up requires, therefore, aligning Eg of the respective semiconductors.

2.4.2. Charge transport at heterojunction interfaces

A heterojunction has an electrostatic field at the interface to draw photo-generated
charge carriers away from and/or past the recombination centers in the space charge
region and at the interface. Charge carriers can attain high enough energy to jump, by
thermal emission and diffusion, over the barrier to the other side of the interface [87].
Traps usually exist in semiconductors and empty traps in the depletion region can affect
transport at the interface by acting as active recombination sites for electrons and holes.

The different transport mechanisms at the interface are illustrated in figure 2.9.

Thermionic emission is the excitation of charge carriers over the top of the barrier at the
interface [80] as shown by process a in figure 2.9. A carrier is transferred from an
allowed state in one material into allowed states in the second material with no change
in the total energy. Direct tunneling through the barrier is shown by process b. This
process depends on the barrier height and the extension of the barrier region. It is
significant when the internal field is large, and this occurs when the applied voltage is
high or the depletion region is narrow [80]. Tunneling becomes more dominant for

heavily doped semiconductors and/or for operation at low temperature [81].

Thermally enhanced field emission is shown in figure 2.9 by process c. This process
dominates for high doping levels where the space charge region becomes narrow [88].
Field emission is a pure tunneling process that occurs near the Fermi level, while
thermally enhanced field emission is tunneling of thermally excited carriers at energies
between thermionic emission and the Fermi level. Multistep or indirect tunneling (d)

involves tunneling from one defect to another in the barrier region. It can involve
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phonons and occur for a range of barrier thicknesses and doping levels. An electron in
the conduction band can also be trapped by a localized state at or near the interface and
be emitted later. This depends on the population of the carriers and the capture cross-

section.

Evac

Figure 2.9: Mechanisms of electronic transport across a heterojunction interface. Charge carrier
transport across the interface can proceed by thermionic emission (a), tunneling through the
barrier (b), thermally enhanced field emission (c), multiple (indirect) tunneling (d), interface

recombination (e) and minority carrier injection (f).

Trap-assisted interface recombination is denoted by e in figure 2.9. An electron from the
conduction band is trapped in an interface trap where it recombines with a hole from the
valence band. Interface recombination is determined by the density of interface states at
the boundary [77]. Combination of different materials, for example in thin film solar
cells, leads to a high interface density of states, and hence high recombination
velocities. Minority carriers can be injected into gap states in the small band gap
material by process f. The minority carrier diffusion current is much smaller than the
majority-carrier thermionic emission current [81]. At sufficiently high forward bias, the
drift component of minority current increases and therefore it enhances the overall

injection efficiency.
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2.4.3. Interface states and Fermi level pinning

At the surface of a semiconductor, the periodicity of the crystal lattice and symmetry are
destroyed. Electrons on the surface are held by almost half of their bonds and are at
higher energies compared with those in the bulk of the crystal. They induce energetic
levels close to the mid band gap and are referred to as surface states or traps, which are
also deep defects in the band gap [89, 90]. Deep defects act as recombination centers for
minority and majority charge carriers, which lowers the carrier life time. Charge carriers

can also be trapped and released when the applied voltage changes [91].

Interface states, for example, result from a lattice mismatch between two
semiconductors, different morphological phases and chemical compositions [92].
Disordered interfaces contain localized states extending the whole range of the
interface. The density of interface states plays an important role in limiting the
efficiency of current transport in the heterojunction. The presence of interfacial density
of states denotes disorder and atomic intermixing at the heterojunction. Atomic
intermixing at the interface could be responsible for the variation of energy band offsets

and density of states with growth conditions.
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Figure 2.10: Potential and charge distribution at n-type semiconductor/metal interface. @., Er,
E. and E, are the work function, Fermi level, conduction and valence band edges, respectively,
for the semiconductor. Ecn, @ and @,,, are the charge neutrality level, barrier height and the

metal’s work function.
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The energy alignment for an n-type semiconductor/metal interface is given in figure
2.10. The barrier height @5 for electrons (holes) is the difference between the Fermi
level and the conduction (valence) band edge. The surface states are distributed
continuously in energy within the energy gap. They are characterized by a charge
neutrality level (Ecn.) such that states above Ecn. are neutral when empty and
negatively charged when occupied (acceptor-like states) and the states below Ecy. are
neutral when occupied by electrons and positively charged when empty (donor like
states). There is no charge at the interface if Er = Ecn.. A negative (positive) charge
will occur if Eg >(<) Ecni. The position of Ecy, is determined by the distribution of the

surface states [88].

The Fermi level lies between the highest filled and lowest empty energy states. The
states can be donor or acceptor like depending on their energy position relative to the
Fermi level. The density of surface states can be large enough to cause Fermi level
pinning where the states determine the position of the Fermi level. An electric field is
established in the semiconductor normal to the surface causing downward or upward
surface band bending for p-type or n-type semiconductor, respectively [89]. Fermi level
pinning results in barriers heights being almost independent of the contact metal. Fermi
level pinning is more pronounced in semiconductors with covalent bonding like Si, Ge

and less pronounced for polar bonded materials like metal oxides.

Bulk defects comprise of point, line and volume defects in the semiconductor. Point
defects can be intrinsic (vacancies, interstitials and antisites) or extrinsic (impurities)
and can change the bonding and distribution of electronic states with energy and
momentum. Line defects like dislocations disrupt the lattice periodicity and may contain
dangling bonds with associated energetic states in the band gap [91]. They decrease the
carrier mobility by increasing scattering sites. These defects create bands of surface
states and a large density of defect states at the interface which can act as traps for
minority carriers and/or recombination centers. An interface in a heterostructure
develops a contact potential that produces an electric field. The electric field can

enhance trapping of one or both types of charge carriers [91].

The rate of charge carrier recombination at the surface is known as the surface
recombination velocity (S;) and it depends on thermal velocity (v), capture cross-section
(o1) and the density of surface states (N;) [93] as
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St = UO'tNt (216)

Large values of S; denote high recombination rate and hence lower carrier life time. The

minority charge carriers are characterized by a diffusion length,

Lmin = 1/T[D'L'eff, (217 )

where D is the carrier diffusion coefficient and 7./ the effective minority carrier life
time, which is inversely proportional to S;. The diffusion length is the distance a photo-
generated minority carrier can travel in a field-free region before recombining [93].
Trap-assisted recombination reduces the carrier lifetime and hence it limits the
performance of optoelectronic devices [89]. Surface recombination can be reduced by

deposition of a passivation layer on top of the semiconductor.
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3. Experimental methods

In this chapter, the methods employed in the preparation of samples and analyses are
presented. Methods used to deposit In,S3 and CuSCN layers are described followed by
a discussion of the different substrates onto which these layers were deposited. The
second part of this chapter introduces Rutherford backscattering spectrometry (RBS)
used for compositional analysis and depth profiling in diffusion experiments. Surface
photovoltage (SPV) technique is then described and lastly methods for investigating the

structural and optical properties of In,S3 layers are presented.
3.1. Sample preparation

3.1.1. Thermal evaporation of In,S; layers

Thermal evaporation is a physical vapor deposition (PVD) method for depositing thin
films. An evaporation system includes a vacuum chamber with its accessories,
evaporation source and control electronics [94]. The systems include monitors for
thickness control and shutters to expose or block off the source from the substrate. A
typical thermal evaporation system is illustrated in figure 3.1 (a). It consists of the
source material in a crucible with resistive heating and a substrate fixed above and

facing downwards towards the source in the vacuum chamber.

A typical PVD process proceeds as shown in figure 3.1 (b). The solid source material in
the crucible is vaporized by resistive heating and the vapor condenses onto a colder
substrate above to form a thin film layer. The thickness of the layer is monitored in

terms of the amount of material deposited on to a detector consisting of a crystal
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microbalance. The resonance frequency of the crystal is detuned by the increasing mass
during deposition, which allows for precise control of the deposition process. For
thermal evaporation the pressure in the chamber is usually between 10° to 10® mbar
[94].
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Figure 3.1: Set-up for deposition of In,S; layers by thermal evaporation (a) and the sequence of

the deposition process (b).

In,S3 layers were deposited from commercial In,S; powder. In,S3 starts to sublime
when heated in vacuum (10°mbar) at temperatures above 695°C. It has been shown in
literature that maintaining the crucible temperature at about 720°C helps to preserve the
composition of the vapor without preferential evaporation of sulfur [94, 95]. At higher
temperatures, the difference in partial pressures of In and S results in non-stoichiometric
layers with mixed composition. The crucible temperature was therefore set at 720°C
with a ramp time of 30°C. The substrate was not actively heated so its temperature

stayed below 50°C [96, 97]. The distance between the crucible and substrate was 40 cm.

Thermally evaporated In,S3 layers on SnO,:F and c-Si substrates were used for SPV
and Cu diffusion experiments, respectively. For SPV experiments, samples with varying
thicknesses between 5 and 80 nm were prepared. For diffusion experiments, layers of
about 100 nm thickness were used. The thicknesses of the layers were determined
during deposition with the crystal microbalance and confirmed by measurements using
a Dektak step profiler. In the following sections, In,S3 layers deposited by PVD are
denoted by PVD-In,Ss.
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3.1.2. lon layer gas reaction of In,S; layers

lon layer gas reaction (ILGAR®) method is a sequential technique for deposition of
metal sulfide thin films on different types of substrates [98, 99]. A metal salt is first
deposited onto the substrate from a solution and then chemically converted into a
chalcogenide by exposure to a corresponding hydrogen chalcogenide gas. The reaction
at the solid/gas interface ensures homogeneous and nanocrystalline layers [100, 101]. In
the spray-ILGAR process the metal salt is delivered from a precursor solution. The
solution is nebulized to an aerosol and transported onto a heated substrate by a nitrogen
carrier gas [102]. The precursor solvent vaporizes and a very thin layer (1-2 nm) is
deposited. H,S gas is then introduced to convert the metal precursor layer to the
corresponding sulfide. There is a pause between these two steps to clear the aerosol or

reaction gas. These steps are repeated until the desired thickness is reached [102, 101].

heated sample
holder

Reaction
chamber

precursor
solution

gas storage ultrasonic scrubber
bottle generator

Figure 3.2: Spray-ILGAR set-up for deposition of In,S; layers from precursor solutions.

A schematic diagram of the spray-ILGAR set-up is shown in figure 3.2. The spray-
ILGAR setup consists of a glass vessel for holding the precursor solution connected to
an ultrasonic generator. The glass vessel has an inlet for the career gas (N;) and for H,S
gas. Two different concentrations of H,S were available from storage bottles; pure H,S
and H,S diluted in Ar (Ar/H,S mixture with percentage ratio of 95/5). A horizontal tube
connects the glass vessel to the sample holder made of stainless steel with an integrated
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heating plate. The sample is placed on the holder tilted by 45° in order to enable a
homogeneous access of the precursor to the substrate surface. The sample can be heated
up to a maximum temperature of 300°C. As the aerosol comes into contact with the
heated substrate, it decomposes and adheres to the surface forming a homogeneous thin
film [102] in contrast to PVD. The scrubber contains NaOH and collects the waste,
which includes toxic H,S. The height of the liquid column in the scrubber is crucial and
must be maintained constant. A different height results in a different back pressure and

this can change the pressure condition in the reaction chamber.

The spray-ILGAR deposition process proceeds as illustrated in figure 3.3. The standard
process consists of four progressive steps; 1) spraying precursor (4t; = 605s), 2)
pause to purge the system and clear the precursor aerosol (4t, = 10 s), 3) sulfurization
of the deposited precursor layer using H,S (4t; = 20 s), and 4) pause to purge the
system and clear the H,S (4t, = 10 s). These four steps constitute one ILGAR cycle
[99, 102]. Each step can be modified to change the properties of the deposited layer. For
example, in some cases, a continuous background flow of 5% H,S gas was maintained

together with the carrier gas throughout the deposition period.

Ar/H,S continuous background H,S (5%)
9515 ; : : e P,
| t
precursor At,
t
(100%) At
! t

I -
Figure 3.3: A schematic presentation of the spray-ILGAR deposition time for one cycle

InCl5 precursor salt is a white powder. It has a density of 3.46 g/cm®, molecular weight
of 221.18, a melting point of 586°C and boiling point of 800°C [103]. Each In** ion is
bonded ionically to three CI” ions as shown in figure 3.4 (a). In(acac)s is a white powder
with a density of 1.41 g/cm®, molecular weight of 412.14, melting point of 187-189°C
and boiling point of 260-280°C [104]. The crystal structure of In(acac)s; molecule is
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shown in figure 3.4 (b). Metal acetylacetonates are complexes of acetylacetonate ions
and a metal, in this case In. Three oxygen atoms of the acetylacetonate ion bind to one

In** ion. Most metal acetylacetonates are soluble in organic solvents.
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Figure 3.4: Crystal structures for (a) InCl; and (b) In(acac)s precursor salt

To prepare a precursor solution for In,S3 deposition, InCl; or In(acac); salt was
dissolved in ethanol in an ultrasonic bath. For example, to prepare 25 mM precursor
solution of InCl3, 0.553 g of InCl; salt (Alfa Aesar) was weighed on a balance and
dissolved in 100 ml of ethanol. To prepare 25 mM of In(acac)s precursor solution, 1.03
g of In(acac) 3 salt (Sigma-Aldrich) was weighed and dissolved in 100 ml of ethanol.
The precursor solution was nebulized by the ultrasonic generator. The aerosol was then
transported through the glass tube to the heated substrate by the N, gas flow. The
substrate temperature was varied between 150 and 200 °C for various experiments. The
thickness of a layer deposited by one ILGAR cycle is on the order of 1-3 nm depending
mainly on the time At;. The deposition rate depended on the precursor type,

concentration of the solution and on substrate temperature.

The amount of residual ClI in In,S; layers deposited from InCls precursor was
controlled by adjusting the durations of At; (i = 1,2,3,4) steps. For example, increasing
the duration for the spraying step (4t;) produces a thicker precursor layer. With a fixed
sulfurization time (4t3), this would result in incomplete sulfurization of the precursor
layer and hence higher residual Cl. On the other hand, a longer sulfurization period
(4t3;) with a fixed At; will increase the sulfurization time and a lower residual ClI

content would be expected. In the following, In,S; layers prepared from InCl; or
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In(acac)s precursor solutions are denoted by ILGAR(CI)-In,S3 or ILGAR(acac)-In,Ss,

respectively.

3.1.3. Spray-spin deposition of CUSCN

CuSCN is known to be an air-stable Cu (I) source [105] and was deposited onto c-Si /
In,S3 layers by a modified spray-spin method [106]. CuSCN layers have been used as
hole conductors for dye sensitized [107], extreme thin absorber [46] and nanostructured
solar cells [13]. Usually, CuSCN layers are deposited by drop casting from a highly
concentrated solution of CuSCN in propyl sulfide [107]. In our experiments, CUSCN
was sprayed from a diluted solution of CuSCN in propyl sulfide. For thid purpose, a

setup shown in figure 3.5 (a) was made.
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Figure 3.5: Spray-spin setup for the deposition of CuSCN from pyridine solution (a) and SEM
micrograph of a cross section of a CuSCN layer deposited by 10 spray-spin cycles onto a
SnO,:F substrate (b). The sample was tilted at 30°.

The setup consists of a spin coater for holding and rotating the substrate, an infrared
lamp for heating the substrate during deposition, a spray nozzle connected to a reservoir
of CuSCN solution and a computer-controlled gas valve for regulating the nitrogen flow
for spraying. The spray mechanism has a nozzle for spraying the solution from a small
bottle through a narrow tube connected to it. N, gas at a pressure of 2-3 bar was used as
the carrier gas. The nozzle was operated by a valve, which was controlled by a relay

box and computer program.

36



CuSCN is a pale yellow powder insoluble in water and many other solvents. It is
slightly soluble in n-propyl sulfide [107]. Two solutions were prepared with
concentrations of 0.05 M and 0.11 M by dissolving 0.13 or 0.26 g of CuSCN powder in
20 ml of n-propyl sulfide and stirring continuously with a magnetic stirrer for 48 hrs. we
also found that CuSCN well soluble in pyridine. This was important for removal of
CuSCN from 1In,S3:Cu/CuSCN after annealing and before depth profiling with
Rutherford backscattering spectrometry (RBS).

To deposit CuSCN, the substrate was first placed on the spin coater and heated using
the IR lamp for about one minute. The spin coater (SPIN150-NPP) was programed to
run in two steps; first rotating at 1000 revolutions per minute (rpm) for 10 s followed by
2000 or 3000 rpm for 10 s. The valve was opened to spray the solution onto the rotating
substrate for 5 s during the first rotation step, and then left to dry at higher speed in the
second step. This constituted one spray-spin cycle. A scanning electron microscope
(SEM) micrograph of CuSCN deposited onto SnO,:F substrate is shown in figure 3.5
(b) for a CuSCN layer deposited for 10 spin cycles from a 0.11 M solution. Ten spray-
spin cycles resulted in CuSCN layers with average thicknesses of about 1 or 0.5 um for

deposition from 0.11 or 0.05 M solution, respectively.

3.1.4. Sample preparation for investigation of Cu (1) diffusion in In,S;

layers

The diffusion of Cu (I) into In,S3 layers was performed from a CuSCN source. The
copper profiles were measured by RBS. For this purpose, the CuSCN layer had to be
completely removed after the diffusion step. The atomic mass of Si (14) is much lower
than that of In (114), Cu (63.5) and S (32). Therefore, a Si substrate does not disturb the
RBS signals from In, Cu and S.

The diffusion experiments involved several steps from deposition of In,S3 and CuSCN
layers to annealing, etching and finally Rutherford backscattering spectrometry (RBS)
analysis. A scheme of these experiments is illustrated in figure 3.6 (a). First, In,S3
layers were deposited onto c-Si substrates of one inch diameter by either PVD or spray-
ILGAR. For optimal RBS analysis, thicknesses of In,S3 layers of 100 nm were used.
Second, a CuSCN layer was deposited by spin-spray method. Third, diffusion of Cu
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was performed. Most samples were annealed for temperatures between 150 and 250°C
for 5 min. C-Si/In,S3/CuSCN samples were cut into smaller pieces of about 7 x 7 mm
sizes. Three sets of samples were identified by the deposition method for In,S3 layers.
For each set, one reference sample was not annealed.

(a)
deposition of deposition of Cu Removal
In,Ss CuSCN diffusion of CuSCN RBS
; > annealin’g . > analysis
ILGAR spray-spin .T) etching in
/ PVD ’ Pyridine -
c-Si H,O - dry
substrate

200 nm c-Si

Figure 3.6: Scheme of the diffusion experiment involving deposition of In,S; and CuSCN
layers, annealing at different temperatures for 5 min, removal of CuSCN by etching in pyridine
solution and RBS analysis. SEM micrographs for c-Si/In,S3 (b), ¢-Si/In,S3/CuSCN (c) and c-
Si/In,S3:Cu after annealing at 200°C for 5 min and etching away CuSCN (d) are shown.

Fourth, CuSCN was successfully etched away from the annealed c-Si/In,S3/CuSCN
samples in a cyclic process. The sample was first dipped into pyridine solution for 1 sec,
then rinsed in water and dried in a flow of N, gas. This procedure was repeated until
CuSCN was completely removed. Figure 3.6 (b-d) give an impression about the layer
thicknesses and surface morphologies before deposition of CuSCN (b), after deposition
of CuSCN (c) and after removal of CuSCN (d). The thickness of In,S3; remained
constant while the roughness increased after annealing and removal of CuSCN. The
remaining c-Si / In,S3:Cu samples were taken for RBS measurements and analysis.
Details of the RBS analysis are presented in section 3.2 of this chapter.
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3.1.5. Screen printing of nanoporous TiO; layers

Nanoporous-TiO, layers were prepared by screen printing a commercial paste of
nanoparticles on SnO;,:F substrates. Glass substrates coated with SnO,:F were used for
surface photovoltage (SPV) measurements. The substrates were cleaned in acetone
followed by ethanol placed in an ultrasonic bath for 3 min each and then rinsed in di-
ionized water. The substrates were then dried by blowing with N, gas. A commercial
paste containing nanoparticles of 25 nm diameter was placed onto a screen on top of the
SnO,:F substrate and spread over the substrate as shown in figure 3.7 (a). The fresh np-
TiO; layer was first dried at 120°C for two minutes 4 min after printing.

screen

np-TiO,

= SnO,F
glass

paste substrate

Figure 3.7: Setup for screen printing of nanoporous TiO, layers from paste (a) and SEM
micrograph of a cross section of a np-TiO, layer on SnO,:F coated glass tilted at 30°(b).

The SnO,:F/np-TiO, substrates were annealed on a hot plate in the following steps: first
ramping the temperature to 280°C in 10 min, holding it constant at 280°C for 10 min,
followed by ramping up the temperature to 380 °C in 5 min and holding it constant for
15 min, and again ramping the temperature up to 520 °C in 10 min and holding it
constant for 30 min. The samples were then left to cool slowly. The organics in the
paste were burned out during annealing leaving behind a porous layer of interconnected
TiO, nanoparticles. The thickness of the np-TiO, layers was measured using Dektak
step profiler and amounted to about 3um. A SEM micrograph of np-TiO, layer on
SnO,:F substrate is shown in figure 3.7 (b).
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3.2. Rutherford backscattering spectrometry analysis

Rutherford backscattering spectrometry (RBS) is a fast and non-destructive method
which has been used for depth dependent stoichiometry analysis of materials. RBS
utilizes ions scattered by nuclei at a given depth when an incident ion beam penetrates a
sample [108]. It is well suitable for the analysis of elements in a layer that are heavier
than the elements of the substrate. RBS is an absolute method used for determination of
stoichiometry, elemental composition or distribution of an impurity with depth in a
material. In this work, RBS was used to investigate depth distribution and diffusion

parameters of Cu in different In,S3 layers.

3.2.1. Instrumentation for Rutherford backscattering analysis

Typical setups for RBS experiments consist of devices for ion generation and handling,
target system and detection and analyzing system [109] as shown in figure 3.8. An ion
beam is generated by the ion source and accelerated to energies in the order of MeV
before impinging onto the target. Backscattered ions are detected and processed by

linear and digital electronic devices to produce a spectrum on a computer.

The beam generation and the beam handling systems consist of the ion source, the
accelerator, the ion focusing system, the magnet and the collimator [109]. For RBS, ions
beams are typically produced by Van de Graaff accelerators of a few MeV with about
10 relative resolution. Tandem accelerators are more versatile than Van de Graaff
accelerators having a negative ion source outside the accelerator. lons from the
accelerator pass through the analyzing magnets and through the switching magnet
which direct the beam to the appropriate beam line. Electrostatic and /or magnetic
focusing and steering deflectors direct the beam towards the experimental target
chamber [110].

The collimator is a system of diaphragms for shaping the beam, limiting the angular
divergence and protecting the target from scattered particles. lons scattered from the
edges of the diaphragms may cause background signal because they strike the target
outside the beam spot or on the sample holder. This is eliminated by the use of anti-
scattering diaphragms [109, 110].
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The target system consists of the sample holder, the beam measurement devices, the
detector system and other devices within the vacuum chamber [109]. In most
laboratories, several different sample holders are required for routine or specialized

experiments.

Beam generation and handling Target system
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ion ocussing -
source system _| pagasl |_| collimator l current
integrator
multichanel spectroscopic . target chamber
analyzer amplifier _< preamplifier detector sample holder
J

Detecting and analyzing system
Figure 3.8: Block diagram of the experimental arrangement for RBS measurements

The detecting and analyzing system consists of the detector, the preamplifier, the
spectroscopic amplifier and the multichannel analyzer [109]. The detector measures the
energy of the scattered ions [110]. Electric or magnetic detectors use homogeneous
electric or magnetic field of a cylindrical capacitor as energy dispersive elements for
backscattered particles, respectively. Magnetic detectors have better energy resolution
but they require longer data accumulation times [111].

Semiconductor detectors are usually silicon or germanium p-n or p-i-n diodes or surface
barrier diodes operated in reverse mode [109]. lonizing radiation penetrating the
depletion layer generates charge carriers which are collected at the electrodes. The
number of carriers generated by one ion is proportional to its energy. Thus the generated
carriers provide information about the energy of the ionizing radiation and the time of
occurrence. In reverse mode, a thick enough depleted layer is formed at the front side
from which free charge carriers created by the backscattered ions can be extracted and
collected [110].

The output signal from the detector is amplified by the charge-sensitive preamplifier
designed to preserve signal-to-noise ratio [109]. The preamplifier output is shaped and
filtered by the spectroscopic amplifier to improve signal-to-noise ratio and shorten the
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pulse length. The output pulse has a constant shape with amplitude proportional to the

height of the input step pulse.

Multichannel analyzer (MCA) is a set of devices that allow data acquisition, storage,
display and interpretation [109]. They may be connected to a computer for the purpose
of data acquisition, management and storage. An input signal causes an increase of one
register in the memory corresponding to a channel of the spectrum. Suitable software is
needed for energy calibration, energy to depth conversion and computation of depth

profiles and concentrations of atoms in the target.

3.2.2. Fundamentals of Rutherford backscattering spectrometry

In a RBS experiment, a well-collimated mono-energetic ion beam of energy E, and
atomic mass M, impinges on to a target with atoms of masses M% (i = 1,2,3,...). The
detector registers ions backscattered at an angle 6 in a solid angle AQ given by the
detector geometry [109]. The energy of the detected ions gives information about the
identity of the atoms present in the target and about the depth from where the scattering
process took place. The number of detected ions provides information on the quantity of

atoms in the target.

The three main concepts of RBS can be summarized as (i) kinematic factor which
enables analysis of target composition, (ii) differential scattering cross section which
allows quantitative analysis and (iii) energy loss which makes possible depth profiling
[108]. Each of these concepts has analytical ability that makes RBS a method of choice

for material analysis.

Kinematic factor and mass resolution

During a backscattering process, the incident ion of mass M, collides with a stationary
atom of mass M, and some energy is transferred from the incident ion to the target
atom. The energy of the backscattered ion (E) is reduced after collision and can be
expressed as [109, 111],

E = KE, (3.1)

42



where K is called kinematic factor and depends only on the scattering angle and the

ratio of the masses M, /M, according to

2

1
_ ) cos® +[(M;/M;)?*—sin? 0] /2
K—{ T+ M0 (3.2)

The lowest and highest values of K are at & = 180° and at 8 = 90°, respectively. From

equation 3.6 we obtain,

K(8 = 180°) = (M)2 (3.3)

M+ M,

K(6 = 90°) = L=

M;+ M,

(3.4)

Low values of K mean that the energy difference between the incident and
backscattered ions is large. In practice, the detector is placed at angles 8 < 180°;
typically at 6 ~ 160° or 170°. Mostly H* or He" ions are used for backscattering
experiments. Because of the dependence of K on M,, the atoms in a target can be
identified using equation 3.6 by measuring the energy E of the scattered ions, provided
that M; and E, of the incident ion are known [109]. The elemental composition of a

target sample can therefore be determined by RBS measurements.

As an example, figure 3.9 shows simulated RBS spectra of In,S3 layers of different
thicknesses deposited on silicon. Typical RBS spectra for In,S3 layers of different
thicknesses on c-Si substrate are shown in figure 3.9. The spectra were calculated for
ion beam energy of 1.4 MeV, an incident angle 0°, a scattering angle of 170°, a solid
angle of 5 msr and a charge of 5 uC. The measurement geometry is shown as an insert

in figure 3.9.

The position of the peaks depends on the atomic mass of the respective element
detected. The signals from In appear at channel numbers 370 to 440 and S at channel
numbers 250 to 300. The width of the peak corresponds to the thickness of the layer.
The continuous part at low channel numbers refers to the Si substrate. The position of
the Si surface or onset of the signal from Si substrate shifted depending on the thickness

of the In,S3 over-layer. For a thick over-layer, the incident as well as backscattered ions
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will travel a longer distance to and from the Si surface, respectively, thereby losing

more energy due to collisions with atoms in the over layer.
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Figure 3.9: RBS spectra of In,S; layers with different thicknesses on Si substrate. The insert
shows the measurement geometry. S; and S, denote the signals from the front and back surfaces
of the thickest In,S; layer, respectively. Spectra for the different thicknesses were calculated for

an ion energy of 1.4 MeV, a scattering angle of 170°, an incident angle of 0°, a solid angle of 5
msr and a charge of 5 pC.

To differentiate two atom types in a target, the difference in the energy of the ions
scattered by the two atoms M3 and M2 should be as large as possible. To distinguish
between the two atom types whose difference in mass is §M, the energy change

AE, must be greater than the energy resolution §E,; of the detector. The limit is given
by [109],

SEq < A, = Eq (52) 6M, (3.5)

To obtain good resolution, the coefficient of § M, has to be as large as possible. This can
be achieved by (i) increasing the primary energy E,, (ii) using large mass M; and (iii)
measuring at scattering angles very close to 180° [111]. For He" ions with energy

Ey, = 1.4 MeV, the energy resolution of the detector §E; was 14 KeV (FWHM) for the
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measurements performed at the RBS system in the ion beam lab, Institute of solid state
Physics, University of Jena.. Resolution for neighbouring masses with §M, = 1 is only
possible up to target masses M, = 32 amu [109]. Generally, mass resolution

deteriorates for higher target masses.

Scattering cross section

The scattering cross section (o) is the probability of a scattering event to occur and
result in a signal in the detector [111]. If Q is the total number of incident particles
hitting the target and dQ the number of detected particles recorded by the detector in a
solid angle dQ, the differential scattering cross section is defined as,

0 (1)) (55)

N is the volume density of atoms in the target and t its thickness. Nt is the number of
target atoms per unit area also called areal density. The number of scattering events

within a finite solid angle Q is described by the integral scattering cross section Y,

2 =], (5)an (3.7)

The detector angle of a typical detector system with a surface barrier detector is of the
order of 10 msr or less (1 sr = (180°/m)?). The scattering cross section is therefore

given as [111],

o= (%) f (Z—;) dQ (3.8)

The Rutherford cross section is expressed as [111],

241/2 2
2, {[1—((M1/M2)sin9)] +cost9}

do _ (Z]_ZZQZ)
ao 4E sin*0

(3.9)
[1—((M1/M2)sin9)2]1/2

Z, and Z, are the atomic numbers of the incident particle and target atom with mass M;

and M,, respectively. The order of magnitude of the differential cross section is given
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2
by the factor (%) For larger backscattering angles and (M;/M,) « 1, equation

(3.14) can be approximated to [111],

o = 0.02073 (@)2 [Sin_4 (2)-2 (ﬂ)z] (3.10)

4E M,

where E is given in units of MeV and o in b/sr [1b(barn) = 1072* cm?]. e? =
q?/Amey = 1.4398 X 10"3MeV, where g = 8.85434 x 10~ 2Asec/Vm and
q = 1.602 x 107124 sec. Taking an energy of 1 MeV for the incident ion beam, the
ratio  (q%?/4meyE)  becomes  ((1.60206 x 10719)2 /47 x 8.85434 x 10712) =
2.0731 x 1073%m2, This is equal to 0.020731 b. Tables of scattering cross section of
elements for 1 MeV He" ions as a function of scattering angles can be found in literature
[109, 111, 112].

Given the values of ¢ and Q, the number of incident and detected particles can be
counted and the number of atoms per unit area (areal density) can be calculated. The

total number of detected particles is given by,

A=0c-Q-Q-Nt (3.11)

Energy loss and depth profiling

When an incident ion penetrates a target and is scattered at a depth z from the surface,
the energy of the scattered ion will be affected by the energy loss due to inelastic
scattering events with the electrons and small angle elastic collisions with the nuclei of
the target atoms. The energy loss (dE) per unit length (ds) is called specific energy
loss or stopping power and depends on the atomic number of the ion, the composition of
the target and the ion energy [109]. The stopping cross section (&) is therefore defined

as,
- @ (512

During its travel from the surface to the depth z, the ion loses some energy and its
energy just before collision is E;. Its energy just after elastic scattering becomes E; K.

On its way out of the target, the ion losses more energy and eventually leaves the target
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with energy E,. In a RBS experiment the energy of the backscattered ions is measured
but the depth and the identity of the target atom may not be known. To get information
about the depth position of the scattering atom, the energy scale of the RBS spectrum
has to be converted into a depth scale [109]. This is achieved using tabulated values of

€(E) with software developed for this purpose.

The stopping cross section of a compound A,,,B,, is obtained by linear combination of
the stopping cross section values of the elements weighted by their respective amount in

the compound. This is referred to as the Bragg’s law and is expressed as [111],
e =m/(m+n)e +n/(m+n)eg (3.13)

The accessible depth (z,) is the region under the surface which can be investigated.
This is usually of the order of 1 — 10 um but depends mainly on the ion energy, ion
mass and the target properties [109]. The maximum measurable depth is determined by
the lowest energy of the backscattered ions recorded by the detector. General criteria for

determining z, is such that all ions with energy in the range
AE, = 2KE, = [¢]Nz, (3.14)

will be detected. [¢] is the stopping cross section factor. The value of z, depends a lot
on the incidence and exit angles between the beam and normal to the target. Depth
resolution (8z) is given by the uncertainty in E,. For RBS measurements, depth

resolutions of up to 0.5 nm can be achieved [113].

3.2.3. Experimental conditions and analysis of depth profiles

RBS measurements were performed using the 3 MV Tandetron-accelerator named
“JULIA” (Jena University Laboratory of lon Accelerator) with assistance from the ion
beam physics group. A multiple sample holder that holds up to 9 samples was. The
sample to be measured was selected by rotating the sample holder until it was directly
facing the incident ion beam. Rotation could be done in a vertical axis perpendicular to
the ion beam (-180° to +180°) or tilting around a horizontal axis perpendicular to the
ion beam (-10° to +10°) using a precision goniometer.
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A He" ion beam with an energy of 1.4 MeV was used at normal incidence to the sample.
The scattering angle was 168° and the charge of the incident ions was 10 puC. The
measurement time was about 10-12 min per sample. The spectra were recorded and

saved on a personal computer using RUBSODY'*! software.

Nuno’s Data Furnace (NDF) code [114, 115] was used to calculate the RBS spectra
from experimental parameters. The code solves the so called RBS inverse problem by
determining the depth profiles from the RBS spectra. To handle the spectra and control
experimental parameters, SPEWA [116] software was used. A screen shot of the data

handling program is shown in figure 3.10.

Experimental details such as the ion beam energy, scattering angle, incident angle,
charge, energy resolution of the detector, solid angle and measurement geometry are
entered into the program. The elements present in the sample and their atomic densities
were entered. The layer structure for example, an In,S;3 layer on top of c-Si substrate,

was defined in relation to the elemental composition.

For the analysis of Cu diffusion in In,S3 layers, a constant atomic density of In,S; was

used because the amount of diffused Cu was relatively low to cause a significant

influence. The atomic density (N) of In,S3 was calculated from the expression,
p(i).NA(mol_l)

-3\ —_ “\cm3
N(cm™) = o — (3.15)

where pis the density, N, = 6.02 x 1023mol™! the Avagadro’s number and m the
molar mass. For In,S3, p=4.90g/cm3 m,s =2/5m(In) +3/5m(S) =
2/5(114.82) + 3/5 (32.06) giving atomic density of 4.53 x 1022cm™3. The optimal
thickness for analysis of Cu diffusion in In,S3 layer was determined by simulation such
that the signal from Cu is not disturbed by that from In. In,S3 layer of about 100 nm
thickness was chosen after preliminary simulations using SPEWA software for which
the In and Cu signal cannot overlap.

! RUBSODY Software was developed in-house for handling measured data by the ion beam group in
Institute of Solid State Physics, University of Jena, Germany.
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Figure 3.10: Screen shot of the software used for simulation of RBS spectra
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The layer thickness was divided into several sub layers called layer 1, layer 2 and so
on. The thickness and stoichiometry of each layer were adjusted each time and the
theoretical RBS spectra corresponding to the set layer structures calculated and
compared to the measured data in the same window as shown in figure 3.10. The
stopping cross section values were calculated by the program from a database of
tabulated elemental values using Bragg’s law (equation 3.17) [115].

100 |
—1n
—S
—~Cu

[00]
o

(e}
o
N
w
N
[6)]

N
o

Concentration (at.%o)

N
o

0
0O 10 20 30 40 5 60 70 80 9
Depth (nm)

Figure 3.11: Depth profile extracted from simulation of RBS spectrum

An example of depth profiles obtained for a layer of In,S3:Cu is shown in figure 3.11.
The In,S3:Cu was sub divided into five layers as indicated in figure 3.11. The
concentrations of In, S and Cu changed with the depth. The depth scale was converted
from the areal density in units of cm™2 to nm by dividing areal densities by the atomic
density N (see equation 3.19). The total amount of each element was obtained from the

integral of the respective signal in the spectra and/or integrating the depth profiles.

3.3. Surface photovoltage and surface analysis

Surface photovoltage (SPV) spectroscopy is a highly sensitive and nondestructive
method for investigating charge separation in semiconductor materials. Directed photo-
induced charge separation at a surface or interface is detected as a voltage and provides

information about defect states, charge transport and recombination mechanisms. SPV
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has also been applied for the determination of surface band bending and distribution of
surface states [117, 118], charge carrier diffusion length [119], energy band alignments
[120] and formation of charge-selective contacts [106]. It can be applied to thin film

structures, multilayers, bulk semiconductor systems as well as complete devices.

3.3.1. Surface photovoltage principle

SPV can be defined as an illumination induced change the surface work function. This
change can be a result of charge transfer and/or redistribution due to illumination [121].
SPV signal is formed when there is charge generation and separation in space. Non-
uniform generation and recombination of charge carriers can also result into a SPV
signal [121].

When two materials of different work functions are connected electrically, electrons
will flow from the material with the smaller work function to that with higher work
function until the Fermi levels are aligned as shown in figure 3.12 (a) [122]. This
arrangement forms a capacitor configuration. The difference in their work functions is
called contact potential difference (CPD). Under illumination, free charge carriers are
generated and the change in the surface dipole results in a change of the
semiconductor’s work function, shown in figure 3.12 (b). The change in the surface
work function induces a current to flow through a large resistance between the
semiconductor and the reference electrode until the Fermi levels are re-aligned. The
change in the CPD due to illumination is measured as a voltage across a measurement
resistor (R,,). The measurement time is limited by the R,,C time constant, where C is
the capacitance. The SPV signal is equal to the negative change in the CPD (SPV =
—ACPD).

The SPV signal is proportional to the number of charges (Q) separated in space and
the perpendicular distance (d) between the centers of the charges as illustrated in
figure 3.12 (c).

spv =<4 (3.16)

&€&

¢ is the dielectric constant of the semiconductor and &, = 8.85 x 10~ *As/Vcm is the

permittivity of free space. The number of separated charges and charge separation
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distance depend on the wavelength of illumination, absorption properties of the sample,
defects and other material properties [122].

> S Pl Y
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Figure 3.12: lllustration of the SPV principle (a) in the dark and (b) under illumination. The
magnitude of the SPV signal depends on the amount of charges separated and the distance

between the centers of the charges (c).

3.3.2. Spectral dependent surface photovoltage measurements

Modulated spectral dependent SPV measurements were carried out in the fixed
capacitor configuration shown in figure 3.13. In this arrangement, a 10-30 um thick
mica sheet was placed between the sample electrode and a quartz cylinder of about 7
mm diameter coated on the front side with SnO,:F. The quartz cylinder with the
SnO,:F electrode was pressed gently onto the sample using a cardanic spring. The
SnO,:F electrode, the mica sheet and the sample formed a parallel plate capacitor
arrangement. The capacitance of this arrangement was of the order of 100 pF. The
SPV signal generated under illumination was measured across a measurement
resistance R,, = 10 GQ using a lock-in amplifier [122]. Therefore the modulation

period should be shorter than 1 s.

The incident light was chopped at a frequency of 8 hz. A halogen lamp was used as a
light source. A prism monochromator between the halogen lamp and the chopper was
used to select the wavelength for illumination. A reference signal from the chopper
was fed into the lock-in amplifier. The lock-in amplifier measured the signal from the
sample as an in-phase (X) and a phase-shifted by 90° (V) signal with respect to the
chopped light.
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The X signal follows the modulation of the reference signal and contains information
about the direction of charge separation. A positive or negative X signal implies photo-
induced electrons are separated towards the internal or outer surface, respectively. The
Y signal characterizes the phase shift between the SPV signal and the chopped light
[76]. It points to a slow increase or decrease of the SPV signal in relation to the half
period of modulation. The amplitude of the SPV signal is given by

SPVamp = VX2 +Y?2 (3.17)
and the phase angle by
@ = tan"1(Y /X). (3.18)

light
buffer
B L e.Iectrode
< < mica spacer
c sample
Rm

backcontact

Figure 3.13: SPV measurement in the fixed capacitor arrangement

The wave at the maximum of the SPV amplitude cannot be related to an absorption
peak or a peak as in spectroscopy. The SPV signal is given by the absorption and
photon flux as well as the dependence of charge transfer relaxation on the light
intensity and the electronic states involved [123]. The SPV amplitude is only
proportional to the photon flux in the low signal case and if there is only one
mechanism of charge separation and recombination. Therefore the only parameters that
can be reliably extracted from the SPV amplitude are the (i) maximum amplitude, (ii)
the characteristic energy parameter of the tail states and (iii) the SPV onset energy
characteristic of the mobility edge.

For unchanged mechanisms of charge separation and relaxation, the distribution of
defect states below the band gap can be investigated by dividing the normalized SPV
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amplitude by the photon flux. Fitting the leading edge of the normalized SPV divided
by photon flux (SPVa’;,'fp/CD )signal with an exponential function gives a tail energy

parameter (E;) that characterizes the distribution of the tail states.

sPvin, hv
T—A- exp(E—t) (3.19)

For conventional semiconductors, the onset of the SPV signal is a signature of the band
gap in the sense of mobility band gap. This is different from the optical band gap, and
usually lower in value, because it includes contributions to charge separation from
states below the band gap. Further, one has to keep in mind that surface states can also
contribute to the SPV signal.
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Figure 3.14: SPV phase angles with corresponding time response characteristics in relation to

the modulation of the incident light. Description in the text.

The phase angle ¢ of the SPV signal gives information about the direction of charge
separation and the time response of the sample in relation to the period of modulation
and can be explained using figure 3.14. For example, ¢ value of 0° or 180° means fast
spectral response which follows the modulation of the incident light. A value of
¢ between 0° and -90° corresponds to charge separation with electrons separated

preferentially towards the internal surface, respectively [106]. In addition, a positive
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value of X with 0° < ¢ < 90° implies that there is more than one process of charge
separation and relaxation with photo-excited electrons separated preferentially towards
the internal interface [123]. On the other hand, a negative value of X with —180° <
@ < —90°, means that there is more than one process of charge separation and

relaxation with photo-excited electrons accumulating at the surface.

3.3.3. Transient surface photovoltage measurements

Time-resolved SPV measurements were performed with the setup illustrated in figure
3.13. In these measurements, illumination was done using laser pulses of 5ns width and
energy of 3-5 pJ/cm?. The measurements were taken in the time range between 1 ns
and 100 ms. A Nd:YAG laser (ESKPLA) with tunable wavelength between visible to
infrared range was used for illumination. The transients were recorded with a repetitive
rate of 0.2 Hz and averaged over 8 measurements using an oscilloscope (HP 545108,
500 MHz). A part of the light pulse was reflected by a beam splitter to a Si photodiode
with an amplifier for triggering. For each measurement condition, a transient was
measured in the dark and subtracted from the transients under illumination to reduce

noise.

SPV transients allows for investigation of dynamic properties of photo-induced charge
transfer processes. Direct information on generation, separation and recombination of
photo-excited charge carriers can be obtained [124]. A positive (negative) transient
denotes faster separation of photo-excited electrons (holes) towards the internal

interface.

3.3.4. Ultraviolet photoelectron spectroscopy

Photoelectron spectroscopy is a method used for investigating occupied electronic
states of materials. An electron is excited by a photon from a ground state to the
vacuum level and its kinetic energy is measured with reference to the Fermi level [125].
When the energy of excitation is less than 100 eV, the method is called Ultraviolet
photoelectron spectroscopy (UPS). If the excitation energy is > 100 eV then it is x-ray
photoelectron spectroscopy (XPS) [125, 126]. UPS was used to measure the work
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function of ILGAR-deposited In,S3 layers. This was achieved by measuring the kinetic
energy spectrum of the emitted electrons as illustrated in figure 3.15. The kinetic

energy of the emitted is given by Einstein’s photoelectric equation;
K-E=hv—1 (3.20)

where hv is the energy of the incident beam and | the ionization energy.
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Figure 3.15: Energy excitations in ultraviolet photoelectron spectroscopy (UPS).

The work function was determined by first extrapolating the edges of the spectra at
position 1 and 2 to the abscissa as shown in figure 3.15. The difference in the energy
between 1 and 2 gives the width of the spectrum which is equal to the difference
between the energy of the incident photon and the work function. The UPS
measurements were performed in an ultra-high vacuum chamber with base pressure of
10™'° mbar. An incident He | radiation of energy 21.2 eV (SPECS UVS 10/35) served
as an excitation source. The calibration was done by measuring first the Fermi level of
a gold reference sample. The kinetic energy spectra were detected using a Combined
Lens and Analyzer Module (CLAM) analyzer from Thermo VG.
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3.4. Structural and optical properties of 1n,S; layers

3.4.1. Phase analysis by X-ray diffraction

The crystal structure of thin films can be investigated by x-ray diffraction. Atoms in a
crystal are arranged in a regular manner. If a beam of x-rays 1, 2, 3 is incident on a
crystal at an angle 6, the rays will be scattered into 1°, 2, 3 as illustrated in figure
3.16. The scattered rays will interfere depending on the phase relationship between the
incident and scattered rays [127, 128].

Figure 3.16: Schematic of diffraction of x-rays by a crystal

If the incident rays are in phase on a plane A and the scattered rays are in phase on a
plane B, then interference will be constructive if the phase difference is an integer
multiple of the wavelength (1) of the incident x-rays. This relationship is expressed
mathematically by Bragg’s diffraction law as nA = 2d,,,;sinf where d is inter planar
distance in a family of planes with miller indices hkl and @ is the Bragg angle at which

constructive interference occurs. Diffraction can only occur if d > 1/2 [127].

By measuring the x-ray diffraction spectrum, the Miller indices can be identified using
various software and inter planar spacing can be calculated. The size of crystallites (t)
in a sample can be estimated from measured diffraction peak profiles using the Debye-

Scherrer’s equation [128].

0.9-4
- B-cosB (3:21)
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The width of the diffraction peak g is determined at full width half maximum of the

peak’s intensity, where A is the wavelength of the incident radiation.
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Figure 3.17: X-ray diffraction spectra for PVD-In,S;, ILGAR(CL) -In,S; and ILGAR(acac) -

In,S3 layers to compared to that for crystalline silicon.

Figure 3.17 shows x-ray diffraction patterns for three different In,S3 layers together
with that of c-Si substrate. The x-ray diffraction spectra were obtained using Brucker
D8 Advance diffractometer equipped with a CuKa radiation source. The measurements
were performed at grazing incidence of 0.9° with incident wavelength of 0.15406 nm.
The sizes of the crystallites were calculated using the Debye-Scherrer equation 3.21
and amounted to 10.0 nm, 11.0 nm and 11.6 nm for ILGAR(CI)-In,S3, ILGAR(acac)-

In,S3 and PVD-In,S3. The crystallite sizes for all the layers were comparable.

3.4.2. Morphology and thickness analysis of In,S; layers

The morphology of semiconductor thin films and devices can be investigated by
imaging with scanning electron microscopes (SEM). An electron gun generates a beam
of electrons which is collimated onto a sample. The interaction of the beam with the
sample results in emission of signals such as auger electrons, backscattered electrons,

X-rays or secondary electrons, which can be analyzed to extract information about the
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sample [129]. Low energy secondary electrons scattered from the surface of the
sample are detected and analyzed to give an image of the surface.

Figure 3.18 shows the interaction of the incident electron beam with a sample.
Repeated collisions between the electrons and sample atoms create an interaction
volume below the sample surface. The resolution of the SEM is controlled by the size
of the interaction volume. The sampling depth for SEM is 10 to 100nm. Sample
imaging was performed using Zeiss LEO 1530 Gemini SEM equipped with In-Lens

detector. The samples were tilted at an angle of 30° for cross sectional measurements.
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beam
Auger
electrons Secondary
electrons
backscattered
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Figure 3.18: Interaction of electron beam with a sample in SEM measurements

The thickness of the samples was determined using Veeco - Dektak 8 stylus
profilometer. A section of the sample was scratched on the surface up to the substrate.
The stylus was scanned across the scratched region. An example of the scan profile is
given in figure 3.19. The vertical distance between the substrate and the sample surface
gives the thickness (d) of the sample. Information about the surface roughness was
obtained by scanning some distance on the sample surface. The average roughness was
calculated from the scanned profile. The Veeco Dektak profilometer takes 300 samples

per second. The horizontal resolution defined as the scan length/(scan duration x 300).
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Figure 3.19: Scan plot of a rough layer taken with Dektak step profilometer to determine the
thickness (d).

3.4.3. Optical characterization of In,S; thin films

Photon-assisted electronic transitions in semiconductors can occur between different
energy bands, which contain information about the band gap. When light passes
through a semiconductor, some of the light is absorbed and electron-hole pairs are
generated and the intensity of the light reduces with distance [130]. For a layer of
thickness d, the transmitted light is expressed as

T =(1—-R)exp(—ad) (3.22)
R is the reflectance at the top surface at normal incidence,

_ (1-n)?+k?
T (1+n)2+k2"

(3.23)

In the case that light scattering can be neglected, the absorption coefficient can be

determined directly from measured R and T spectra using equation 3.23.

Near the absorption edge, the absorption coefficient is given by

@ o (hv—E)" (3.24)
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where hv is photon energy and m is a constant that determines the nature of the band
gap [130].

v
=~

Figure 3.20: Optical transitions in a semiconductor (a) direct transition and (b) indirect

transition involving phonon emission or absorption.

For allowed or forbidden direct band gap materials, m = 1/2 or 3/2. Direct optical
transitions are shown in figure 3.20 (a). Allowed transitions can occur at all k values
but forbidden transitions can only occur at k # 0. For indirect transitions electron
excitation is accompanied by absorption or release of phonons in order conserve the
momentum as illustrated in figure 3.20 (b). Phonons of energy E,, are either absorbed

or emitted and absorption coefficient is expressed as
m
a « (hv — E; + Ep) (3.25)
m = 2 or 3 for allowed or forbidden transitions, respectively.

Transmittance and reflectance measurement were performed using Perkin Lambda 35
UV-vis spectrophotometer equipped with an integrating sphere. The absorption
coefficient and hence optical band gap of In,S; layers were obtained from the

transmission and reflection data using the above approach.
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4. Copper diffusion in In,S; layers

Incorporation of Cu (I) into the structure of In,S3 is crucial to the properties and
applications of In,S3 thin films. To control Cu diffusion requires knowledge of
diffusion coefficients and their temperature dependence. Results of Cu diffusion from
CuSCN source layers into different In,S3 layers are presented in this chapter. Some of
the results were published in [39]. Diffusion parameters were calculated from Cu depth
profiles obtained from RBS measurements. The first part of this chapter reports the
distribution of diffused Cu in In,S3 layers. The second part contains the analysis of the
results. A discussion of possible diffusion mechanisms of Cu migration in In,S3 with

emphasis on the role of residual Cl is presented at the end of the chapter.

4.1. Copper distribution in In,S; layers

4.1.1. Cu diffusion in thermally evaporated In,S; layers

Figure 4.1 (a) and (b) shows SEM micrographs of as-deposited c-Si/PVD-In,S3/CuSCN
and c-Si/PVD-In,S3:Cu after annealing and etching away CuSCN in pyridine solution,
respectively. The CuSCN layer was relatively thick compared to PVD-In,S3 layer and
served as an infinite source of Cu for diffusion. CUSCN was completely removed by
etching in pyridine solution. The surface roughness was measured by scanning the
sample surface using Dektak step profiler. The surface profiles of c-Si/PVD-In,S;:Cu
layers after annealing and removal of CuSCN are shown in figure 4.1 (c). The surface
roughness increased with increasing annealing temperature. The average roughness
amounted to 2.8, 8.4, 14.7 and 22.8 nm PVD-In,S3:Cu without and after annealing for 5
min at temperatures of 200, 225 and 250°C and removing CuSCN, respectively. The
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change in surface roughness could be associated with a change in surface morphology
and / or crystallinity during annealing.
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Figure 4.1: SEM micrograph (tilted at 30°) of c-Si/PVD-In,S3/CuSCN (a) and c-Si/PVD-
In,S3:Cu (b) before and after etching away CuSCN, respectively. The surface scan with dektak
profilometer (c) and XRD specta (d) of PVD-In,S;:Cu after etching away CuSCN.

64



The crystal structure of PVD-In,S3:Cu after diffusion and removal of CuSCN was
investigated using x-ray diffraction (XRD). The XRD spectra are shown in figure 4.1
(d). The diffraction peaks from bare c-Si substrate are also shown in the figure for
comparison. The peak at 26= 14.38° was assigned to p-In,S3; and increased in height
with increasing annealing temperature. The size of the crystallites was calculated using
the Debye-Scherrer equation. The average diameter of the crystallites amounted to 11.6
nm before annealing and 20.1, 28.2 and 30.2 nm after annealing at 200, 225 and 250°C,
respectively. This means together with the increase of the amplitude, the crystallinity of
the PVD-In,S3 layers improved with increasing annealing temperature. Diffusion of Cu
in PVD-In,S3 was therefore accompanied by some structural changes in the host layer.

As a remark, the strong structural changes occurred after annealing at temperatures
>225°C.
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Figure 4.2: RBS spectra of c-Si/PVD-In,S;:Cu after diffusion without annealing and after
annealing at 175, 200, 225 and 250°C and removal of CuSCN.

RBS measurements were performed on c¢-Si/PVD-In,S3:Cu samples after annealing for
5 min at temperatures between 150 and 250°C and removal of CuSCN. The measured
RBS spectra are given in figure 4.2. The thickness of the PVD-In,S3 layer was about
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100 nm. The signals corresponding to In, Cu, S and Si elements detected in the target
samples are labeled. The position of each signal in the spectrum depends on the atomic
mass of the detected elements. Signals from elements with relatively heavier atoms
appear at larger channel numbers. The signal from In appears at highest channel
numbers followed by Cu, S and then Si in the order of decreasing atomic masses. The
width of the signals contains information about the thickness of the sample.

The RBS signals related to In and S tended to increase in width with increasing
annealing temperature. This was a result of an increase in the effective volume of the
In,S3 layer due to enhanced amounts of diffused Cu. The RBS signal related to Cu
increased in amplitude with increasing annealing temperature. The shape of the signals
related to Cu showed non-uniform distribution of Cu in PVD-In,S3:Cu. This denotes a

concentration gradient in Cu distribution with depth.
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Figure 4.3: Region of the RBS spectra with signals from Cu after diffusion without annealing

and after annealing at 175, 200, 225 and 250°C temperatures and removal of CuSCN.

Figure 4.3 shows the region of the RBS signals related to Cu before and after annealing
at 175, 200, 225 and 250°C temperatures and removal of CuSCN. There was a
systematic increase in the signal height with annealing temperature. The signals from

Cu between channel numbers 380 and 390 represent a high concentration at the surface.
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The decrease in the signal height with decreasing channel numbers signifies a gradient
in the concentration of Cu with depth. Surface roughness leads to broadening of the
RBS signal and increased yield at the lower energy or channel number part [131]. This
effect can be seen as a deviation of the measured from the simulated spectra in figure
4.3 for the RBS signal related to Cu. The influence of roughness was not taken into
account in the analysis of the RBS data.

Depth profiles of the Cu distribution in PVD-In,S3:Cu after annealing at 175, 200, 225
and 250°C temperatures and removal of CuUSCN are shown in figure 4.4. There was a
thin surface layer of about 10 nm whose concentration of Cu was independent of
annealing temperature. For the not annealed sample (not shown in the graph), there was
only the surface layer with increased Cu concentration. Copper did not penetrate

through the entire PVD-In,S3 layer for annealing temperatures below 200°C.
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Figure 4.4: Cu depth profiles obtained by simulating RBS spectra after diffusion without
annealing and after annealing for 5 min at 175, 200, 225 and 250°C and removal of CuSCN.

The integrated amounts of each detected element in the PVD-In,S3:Cu layers were
calculated from the RBS spectra and from the depth profiles. The Cu signals from RBS
spectra of PVD-In,S3:Cu were integrated and used to calculate the areal densities of

each element as described in section 3.2.2 The areal densities (Nt) were divided by the
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layer thickness to get the atomic densities in cm™. The atomic density of each element
was divided by the atomic density of PVD-In,S3 to obtain the concentration of each
element in at. %. The integrated concentrations of In, S and Cu in PVD-In,S3 are
plotted in figure 4.5. The integrated amounts of In and S were almost unchanged while
the amount of Cu increased with annealing temperature. There was no loss of either In
or S during the diffusion experiments. The amount of Cu increased by two orders of
magnitude when annealing temperature was increased from 150 °C (0.01 at.%) to 175
°C (1.0 at.%). The diffusion of Cu into In,S3 was limited at temperatures below 175
°C. The barrier/limiting parameter is overcome when the annealing temperature is
increased to 175 °C.
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Figure 4.5: Integrated amounts of In, S and Cu in PVD-In,S;:Cu.

4.1.2. Cu diffusion in In,S; layers deposited from In(acac); precursor

Figure 4.6 shows a SEM micrograph of ILGAR(acac)-In,S3:Cu after annealing and
etching away CuSCN in pyridine solution (a), surface profiles (b) and XRD spectra (c)
before and after annealing at 200 and 250°C temperatures in comparison to c-Si
substrate and not annealed ILGAR(acac)-In,S3:Cu. Figure 4.6 (a) shows that CuUSCN

was completely removed by pyridine during etching. The crystallites of In,S3:Cu could
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be seen in the SEM micrograph. The step profile scans showed an increase in the
surface roughness after annealing of c-Si/ILGAR(acac)-1n,S3/CuSCN and etching away
CuSCN. Furthermore, the average roughness increased from 16 nm for bare
ILGAR(acac)-In,S3 to 19, 31 and 50 nm for ILGAR(acac)-In,S3:Cu before and after
annealing for 5 min at 200 and 250 °C and removal of CuSCN, respectively. The
average roughness for the not annealed ILGAR(acac)-In,S3; was larger than that of the

not annealed PVD-In,S3 layer.

| (b) 250} 250°C
200
£
= 150t 200°C
S MUUALM.M. e Mo
2 100f
% 0 not annealed
50
bare In,S
ol v 93
0 200 400 600 800 1000 1200
Scan length (um)
(c)
800
Ly | 250°C
600 "™ et ad
=2
7) ‘ o
5 00! 200°C
= | L
200 M 4 not annealed
‘ | | c-Si
O.. kL APl o i ek e, MM
10 20 30 40 50 60 70
20 (°)

Figure 4.6: SEM micrograph of ILGAR(acac)-In,S;:Cu after annealing and removal of CuSCN
(a), step profiles (b) and XRD spectra of ILGAR(acac)-In,S;:Cu after annealing at 200 and

250°C temperatures and removal of CuSCN.

The XRD spectra in figure 4.6 (c) do not show differences in the diffraction peaks and
intensities. The point is that ILGAR(acac)-In,S3 layers were deposited at substrate
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temperature of 200°C. At this temperature, the deposited layers were almost
polycrystalline. The crystallite sizes were 10, 12 and 13 nm in size for as-deposited
ILGAR(acac)-In,S3 and ILGAR(acac)-In,S3:Cu after annealing temperatures of 200

and 250°C, respectively. No significant change in the crystallinity was observed after
annealing at temperatures up to 250°C.

RBS spectra of ¢c-Si/ILGAR(acac)-In,S3:Cu after annealing and removal of CuSCN are
shown in figure 4.7. The signals from In, Cu, S and Si are indicated. The In and S
signals decreased in height but increased slightly in width for higher annealing
temperatures. The introduction of diffused Cu into ILGAR(acac)-In,S3 layers increased
the effective volume of the layer and hence the change in signal width. The amplitude

of the signal from Cu increased with increasing annealing temperature due to enhanced
diffusion.
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Figure 4.7: RBS spectra of c-Si / ILGAR(acac)-In,S;:Cu after annealing at 150, 175, 200, and
225 °C temperatures and removal of CuSCN.

The region of the RBS spectra showing the signal from Cu as detected in c-
Si/ILGAR(acac)-In,S3:Cu is shown in figure 4.8. There was a systematic increase of
the Cu signal height with increasing annealing temperature. The Cu signal between

channel numbers 380 and 390 denotes a high Cu concentration at the surface of
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ILGAR(acac)-In,S3:Cu. The decrease in the signal amplitude with decreasing channel
numbers indicates a decrease of the Cu concentration in the gradients with depth.
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Figure 4.8: Region of RBS spectra with signals from Cu after annealing c-Si / ILGAR(acac)-
In,S3 / CuSCN for 5 min at 150, 175, 200, and 225°C temperatures and removal of CuSCN.

The depth profiles were obtained by simulating the measured spectra and comparing
simulated and measured spectra to get the best fits. Figure 4.9 shows depth profiles for
Cu distribution in ILGAR(acac)-In,S3:Cu layers after annealing for 5 min at
temperatures of 150, 175, 200 and 225°C and removal of CuSCN.

Diffused Cu did not penetrate the entire ILGAR(acac)-In,S3 layer upto the internal
interface after annealing for 150°C. Copper reached the back of ILGAR(acac)-In,S;
layer after annealing at temperatures of 175°C or higher. The thin surface layer with
high Cu concentration was about 10 nm thick independent of annealing temperature.
This means that an interfacial layer with high Cu concentration was formed after
deposition of CuSCN on to ILGAR(acac)-In,S; and annealing. In different
experiments, the formation of In,S3:Cu interfacial layer was observed by transmission
electron microscopy (TEM) [23, 42] and photoelectron spectroscopy (PES) [26] for
CIGSe/In,S3 interfaces after annealing at temperatures of 200°C or higher.
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Figure 4.9: Cu depth profiles obtained by simulation of RBS spectra after annealing c-Si /

ILGAR(acac)-In,S; / CuSCN for 5 min at 150, 175, 200 and 225°C temperatures and removal
of CuSCN
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Figure 4.10: Integrated amounts of In, S, and Cu in ILGAR(acac)-In,S;:Cu.

The integrated amounts of In, S and diffused Cu in ILGAR(acac)-In,S3:Cu layers after
annealing for 5 min at 150, 175, 200 and 225°C and removal of CuSCN are given in
figure 4.10. The integrated amount of Cu increased with annealing temperature as
expected due to enhanced diffusion at higher temperatures. As a remark, there was no
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sharp increase in the amount of integrated Cu when the annealing temperature was
increased from 150 to 175 °C as was observed for IILGAR(CI)-In,S3 layer. The amount
of In and S stayed constant. This means that diffusion of Cu was not accompanied by
loss of either In or S, for example after etching of CuSCN.
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Figure 4.11: SEM micrograph of ILGAR(CI)-In,S;:Cu (a), step profiles (b) and XRD spectra

(c) of ILGAR(acac)-In,S3:Cu before and after annealing at 200 and 250 °C and removal of
CuSCN.
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4.1.3. Cu diffusion in In,S; layers deposited from InCl; precursor

Figure 4.11 shows a SEM micrograph, step profiles and XRD spectra of ILGAR(CI)-
In,S3:Cu after annealing c-Si/ILGAR(CI)-In,S3/CuSCN for 5 min and etching away
CuSCN. CuSCN was completely removed during etching. The scan profiles showed an
increase in the surface roughness with increasing annealing temperature. The average
roughness was a little higher than for c-Si/ILGAR(acac)-In,S3 and amounted to 17, 21,
43 and 66 nm for bare ILGAR(CI)-In,;S3, ILGAR(CI)-In,S3:Cu after removal of
CuSCN without annealing and after annealing for 200 and 250°C, respectively.

The size of the crystallites was calculated using the Debye-Scherrer equation and
amounted to 10, 11 and 12 nm for ILGAR(CI)-In,S3:Cu after removal of CuSCN
without and after annealing at 200 and 250°C, respectively. The crystallites were almost
the same sizes as those for ILGAR(acac)-In,S3 layers. ILGAR(CI)-In,S3 layers were
deposited at 200°C and diffusion experiments were performed in the temperature range
of 150 to 250°C. The crystallinity of ILGAR(CI)-In,S3 layers barely changed after
annealing up to 250°C. There were no new Cu-In-S phases observed from the XRD

analysis. The amount of diffused Cu was below the solid solution limit for the formation
of new phases.
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Figure 4.12: RBS spectra of ILGAR(CI)-In,S5:Cu after annealing for 5 min at temperatures of
150, 200, 225 and 250°C and removal of CuSCN

The RBS spectra of ILGAR(CI)-In,S3:Cu after annealing for 5 min at 150, 200, 225 and
250°C temperatures and removal of CuSCN are shown in figure 4.12. The thickness of
the ILGAR(CI)-In,S3 layer was about 100 nm. The signals from In, Cu, CI, S and Si are
indicated in the graph. The signal from Cu showed non-uniform distribution through
ILGAR(CI)-In,S3:Cu bulk. The signals from CI and S overlapped because the

difference between their atomic masses is much smaller than the mass resolution of the
measurement.
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Figure 4.13: Region of RBS spectra with signals from Cl and S (a) and depth profiles of Cl in

ILGAR(CI)-In,S3:Cu after annealing at 150, 175, 200, and 225°C temperatures and removal of
CuSCN.

Figure 4.13 shows the signals from S and CI and depth profiles of Cl after annealing for
5 min at 175, 200 and 225°C temperatures and removal of CuSCN. It was found that the
distribution of Cl in ILGAR(CI)-In,S3 was not uniform but decreased with depth from
the top. ILGAR is a sequential process involving spray and sulfurization steps with

pauses in between. As more cycles are deposited, the already deposited layer is exposed
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to repeated sulfurization cycles. This way the first layers to be deposited experience
many sulfurization steps and the Cl content decreases. As more and more solution is
atomized and sprayed, the remaining solution in the glass container become more
concentrated. This means that additional cycles will deposit precursor layers that are
more concentrated than the first layers.

The region of the RBS spectra of ILGAR(CI)-In,S3:Cu with signals from Cu after
annealing for 5 min at 150, 175, 200, 225 and 250°C are shown in figure 4.14. The
signal in the region between channels 380 and 390 depicts the presence of a thin surface
layer with relatively high Cu concentration. The change in the signal towards lower

channel numbers signifies a concentration gradient with decreasing Cu content with
depth.

Depth profiles were extracted after simulation of the RBS spectra for the different
annealing temperatures. This was done for ILGAR(CI)-In,S3 with varying CI content.
Different Cl contents were achieved by varying the deposition process parameters as
shown in table 4.1. The time durations of the deposition cycles were varied as illustrated
in figure 3.2.
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Figure 4.14: Region of RBS spectra with signals from Cu after annealing ILGAR(CI)-
In,S3/CuSCN for 5 min at 150, 175, 200, 225 and 250°C temperatures and removal of CuSCN.
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The differences in layer thicknesses given in table 4.1 are caused by differences in the
deposition rates concomitant with the changes in the deposition parameters. The flow
rate of 100% H,S was maintained at 0.0375 Ipm for deposition of all the samples. For
sample E, a background flow of 5% H,S was maintained during deposition. The
samples were labeled by letters A, B, C, D and E corresponding to ILGAR(acac)-1n,S;
(A), ILGAR(CI)-In,S; with residual Cl content of 7.8, 8.5, 11.3 and 13.8 at.%,

respectively.

Table 4.1: Experimental parameters for deposition of ILGAR(CI)-In,S; layers with varied Cl
concentrations. The parameters At; (i = 1,2,3,4) correspond to precursor spray, pause,
sulfurization and pause, respectively. The layer thicknesses (d) and ClI content as obtained from
RBS analysis are shown. Sample was ILGAR(acac)-In,S; while samples B, C, D and E were
ILGAR(CI)-In,S;.

sample At At, At, At, H,S H,S cycles | d (nm) Cl
100% 5% (at.%)

A 60 10 20 10 0.0375 - 20 90 0
Ipm

B 60 10 60 10 0.0375 - 20 65 7.8
Ipm

C 40 10 20 10 0.0375 - 25 100 8.5
Ipm

D 60 10 20 30 0.0375 - 20 150 11.3
Ipm

E 60 10 20 30 0.0375 0.95 20 65 13.8
Ipm Ipm

The depth profiles of Cu distribution in ILGAR(CI)-In,S3:Cu with different ClI content
after annealing for 5 min at 150, 200, 225 and 250°C temperatures and removal of
CuSCN are given in figure 4.15. The CI concentrations were (a) 7.8, (b) 8.5, (c) 11.3
and (d) 13.8 at. %. In all cases, there was a thin surface layer of about 10 nm thick with
relatively high Cu concentration. The concentration of Cu and thickness of the surface

layer was independent of Cl content and annealing temperature.

The quality of the Cu depth profiles was similar for all the Cl concentrations. Cu

diffused through the entire ILGAR(CI)-In,S3 layers after annealing for temperatures of
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200°C or higher. After annealing for 5 min at 150°C diffused Cu did not reach the back
surface of ILGAR(CI)-In,S3 layers.

Figure 4.16 shows the integrated amounts of In, S, Cl and Cu in ILGAR(CI)-In,S3:Cu
after annealing for 5 min at 150, 175, 200, 225 and 250°C temperatures and removal of
CuSCN. The concentrations [In], [S], [CI] and [Cu] were calculated from the integral of
the respective signal from the RBS spectra and from the depth profiles. The integrated
amounts of In, S and Cl remained constant independent of annealing temperature and Cl
concentration. The integrated amount of Cu increased with increasing annealing
temperature independent of the Cl amount. This increase was due to enhanced diffusion

of Cu at higher annealing temperatures.
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Figure 4.15: Cu depth profiles obtained by simulation of RBS spectra of ILGAR(CI)-In,S;:Cu
after annealing for 5 min at 150, 200, 225 and 250°C temperatures and removal of CUSCN. The

values of [CI] were 7.8 at.%, (b) 8.5 at.%, (c) 11.3at.% and 13.8 at.%. Corresponding layer
thicknesses are indicated.
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Figure 4.16: Integrated amounts of In, S, ClI and Cu in ILGAR(CI)-In,S;:Cu with CI
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4.2. Diffusion coefficients and mechanisms

4.2.1. One dimensional diffusion model

The Cu depth profiles were fitted with an error function to estimate the values of the
diffusion coefficients. The thick CuSCN layer served as a semi-infinite Cu source. To
obtain more accurate values of the diffusion coefficient, a one dimensional diffusion
model was used as illustrated in figure 4.17. A recursion expression was developed
from Fick’s second law of diffusion with appropriate initial and boundary conditions to
numerically solve the diffusion equation. Fick’s second law is expressed as

ac(xt) D- 2%C(x,t)

ot 0x2 (4'1 )

where D is the diffusion coefficient and C the concentration of the diffusing species.

The recursion equation was obtained as ,

c/=c/7+p-- (¢l -2+ ) 4.2)

i+1

At and Ax denotes discretization in time and space, respectively, i and j are numbers
starting from 1 of a given space and time interval, respectively. The convergence
condition considered was such that At < Ax?/D . The boundary conditions were

defined by a constant source C, at the source / In,Ss interface (Bs/mm) and a

reflecting boundary at the In,S3 / c-Si interface (B,n253 /C_Sl-) [39] given as,

Bs/1n2535 Clj = Cs (4.3)
BInZSB/c—Si: Ci]max = ernax—l (4.4)

For c¢-Si / ILGAR(CI)-In,S; / CuSCN layer systems a limiting value of the

concentration at the Bj,,s3/.—s; boundary was implemented such that;

Bin2ss/c-si: Ci]max = Cl]im (45)
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Figure 4.17: One dimensional simulation model for depth profiles.

Diffusion of Cu into c-Si starts at 300°C for mirror-polished surfaces and at 650°C for
wafers with a native oxide layer on top [132, 133]. The temperature range used in this
work was below 300°C where c-Si served as a reflecting boundary. The c-Si substrates
were used without polishing and therefore a native oxide layer on the order of 2-3 nm

was on top. Therefore c-Si was treated as a reflecting barrier for Cu diffusion in the
model.
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Figure 4.18: Simulated and measured Cu depth profiles for PVD-In,S;:Cu after annealing at
175, 200, 225 and 250°C temperatures and removal of CuSCN.

82



The Cu concentration profiles were simulated numerically and compared with measured
data until a good agreement was reached. The simulation parameters were modified
until the simulated spectra reproduced satisfactorily the measured data. The relatively
high Cu concentration at the surface was independent of the host In,S; layer and
annealing temperature. The data points corresponding to these concentrations near the
surface of In,S3:Cu were not included in the simulation. Diffusion coefficient values for
Cu in In2Ss (Dcynzss)) Were obtained for the In,Ss layers and at each annealing

temperature.

Figure 4.18 shows simulated and measured concentration profiles of Cu in PVD-
In,S3:Cu layers after annealing for 5 min at 175, 200, 225 and 250°C temperatures and
removal of CuSCN. The concentration profiles could be fitted well with one diffusion
coefficient. This denotes one diffusion mechanism of Cu diffusion in PVVD-In,S3 layers.
The values of D¢y pypy @amounted to 3.1+ 0.5x 1074, 43+ 0.4 x 1074, 8+ 2 x
1071 and 8.8 + 0.3 x 1071* cm?/s at annealing temperatures of 175, 200, 225 and
250°C, respectively. Values of D¢ypypy Of the order of 1071 to 107¢ cm?/s were
reported for Cu diffusion from Cu(InGa)Se, source layer [94]. The concentration
profiles were measured by photoelectron spectroscopy (PES) while the values of

Dcypvp_in2s3) Were estimated from the integral amount of diffused Cu.

Figure 4.19 shows the simulated and measured Cu concentration profiles for
ILGAR(acac)-In,S3:Cu after annealing at 150, 175, 200 and 250°C temperatures and
removal of CuSCN. The profiles were fitted with one diffusion coefficient each,
signifying one diffusion mechanism of Cu diffusion in ILGAR(acac)-In,S3 layers. The
values of  Dcyrcar(acacyy @mounted to 1.04 +0.05 x 107, 5.5+ 0.3 x 1074,
74+04%x107 | 1.0+ 0.5%x 1071 and 1.35+ 0.07 X 1073 ¢m?/s at annealing
temperatures of 150, 175, 200, 225 and 250°C, respectively. Values of D¢y pypy and
Dcw(iLcar(acacy) are of the same order of magnitude. Similar mechanism of Cu diffusion

can therefore be expected.

Simulated and measured concentration profiles for ILGAR(CI)-In,S3:Cu after annealing
for 5 min and removal of CuSCN are shown in figure 4.20. Profiles from four different
ILGAR(CI)-In,S3:Cu layers with residual ClI amounts of (a) 7.8at.%, (b) 8.5 at.%, (c)
11.3 at.% and (d) 13.8 at.% are shown. The relatively high concentration of the thin
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surface layer was not taken into account during simulation of the profiles. The profiles
could be fitted well with one diffusion coefficient especially for temperatures below
225°C.
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Figure 4.19: Simulated and measured Cu depth profiles for ILGAR(acac)-In,S;:Cu after
annealing at 150, 175, 200 and 250°C temperatures and removal of CuSCN

Cu concentration profiles of ILGAR(CI)-In,S3:Cu layers were less steep compared to
those of ILGAR(acac)-In,S3:Cu and PVD-In,S3:Cu layers. After annealing for 5 min at
temperatures of 225°C or higher, the thickness of the surface layer with high Cu content
increased. Two components of the profiles consisting of an additional steeper part near
the surface appeared. This feature was more enhanced for samples with CI content of
7.8 at.% (a) and 8.6 at.% (b) and can be associated with a second diffusion process that

may occur at higher temperatures.
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Figure 4.20: Simulated and measured Cu depth profiles of ILGAR(CI)-In,S3:Cu after annealing
at 150, 175, 200, 225 and 250°C temperatures and removal of CuSCN. . The values of [CI] were
7.8 at.%, (b) 8.5 at.%, (c) 11.3at.% and 13.8 at.%. Corresponding layer thicknesses are
indicated.
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4.2.2. Thermal activation of Cu diffusion

The values of Dcypvpy, Dewarcar(acacy), and Dcu(iL6ar(cry) Were compared in an
Arrhenius plot as shown in figure 4.21. Values of D¢y, pypy and Dey(rrar(acac)) Were
plotted in one graph as shown in figure 4.21 (a). Values of D¢y igar(cy) for different

Cl contents were plotted in one graph as shown in figure 4.21(b). The activation
energies (E,) and diffusion prefactors (D), also called pre-exponential factors, were

obtained from the slopes and vertical intercepts of the graphs, respectively.

The relationship between D, Dy and E is given by the Arrhenius expression;

D(T) = Dyexp (— E—A)

kgT (4.4.)

where kz = 8.617 X 107> eV /K is the Botzmann constant and T the temperature in

kelvin scale.
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Figure 4.21: Arrhenius plot for diffusion coefficient of Cu against temperature in PVD-In,S;
and ILGAR(acac)-1n,S; (a) and ILGAR(CI)-In,S; layers (b) with varying Cl contents.

The values of Ea, Dcypvpy and Deyrgar(acacy) Were comparable. The slopes of

Dcurcarccry for the four Cl concentrations are similar. Values of E, for Cu diffusion
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in PVD-In,S; and ILGAR(acac)-1n,S3 amounted to 0.30 and 0.24 eV, respectively. The
Values of D, for Cu diffusion in PVD-In,S3; and ILGAR(acac)-In,S3 layers were
9.0 x 1071 and 2.7 x 107 cm?/s, respectively. The diffusion barrier for Cu
migration in PVD-In,S3 and ILGAR(acac)-In,S3 layers was of the same order. Similar
values of D, and E, point to a similar diffusion mechanism of Cu diffusion in PVD-
In,S3 and ILGAR(acac)-In,S3 layers. Values of E, and D, for Cu diffusion in PVD-
In,S3, ILGAR(acac)-In,S3 and ILGAR(CI)-In,S3 are given in table 4.2.

Both PVD-In,S; and ILGAR(acac)-In,S; layers are stoichiometric although
ILGAR(acac)-In,S3; may contain very small amounts of carbon from the solvent.
Diffusion of Cu in PVD-In,S3 layers was accompanied by structural changes. On the
other hand, ILGAR(acac)-In,S; layers were deposited at 200°C but no significant

structural changes were observed from XRD analysis.

Table 4.2: Activation energies and diffusion prefactor for Cu diffusion in In,S; layers

IN,S3:Cl | IN,S3:Cl | IN,S3:Cl | IN,S3:Cl | In,Sa: IN,Sj:
13.8at.% | 11.3at.% | 8.5at.% | 7.8at.% |acac PVD
Ear(eV) |0.70 0.72 0.78 0.76 0.24 0.30
Do 6.0x10° | 3.0x10® | 3.2x10° |1.2x10° |2.7x101! | 9.0x101L
(cm?/s)

Values of D, and E4 for Cu diffusion in ILGAR(CI)-In,S3 layers were on the same
order despite changing the CI concentration by a factor of two. There was no systematic
change of either D, or E4 with corresponding change in ClI concentration. The values of
D, for ILGAR(CI)-In,S3 layers were about 5 orders of magnitude higher than values for
both PVD-In,S3 and ILGAR(acac)-In,S3 layers while the values of E, for ILGAR(CI)-
In,S3 layers were more than twice those for PVD-In,S; and ILGAR(acac)-1n,S3 layers.

The diffusion process was faster in the Cl-containing than in Cl-free In,S3 layers.

The presence of Cl in In,S3 layers leads to a broadening of the band gap, to an
increased photosensitivity [134] and to a decrease in the work function [135]. The
average crystallite sizes for as-deposited ILGAR(acac)-In,S; and ILGAR(CI)-In,S;
layers were 9.7 and 10.1 nm, respectively as reported in section 3.4.1. The change in the

crystallite sizes after annealing during diffusion experiments was similar. The effect of
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grain boundary diffusion cannot therefore account for the difference in the diffusion
parameters between Cl-free and Cl-containing In,S layers. The difference in electronic

properties could be the reason for the different diffusion mechanism.
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Figure 4.22: Relationship between natural logarithm of diffusion prefactor and activation

energy.

Figure 4.22 shows a plot of In(D,) against E4 for Cu diffusion in different In,S3 layers
obtained in this work. The relationship between Dy and Ea can be described by the
MNR with E,ny = 40 meV and a diffusion coefficient at the activated state of Dy, =
5 x 1071 ¢cm?/s. The values of E,,y in atomic diffusion processes have been reported
to be in the range of 25 — 200 meV [58]. The value of D, is the same order as
Dcy(imzs3)- The isokinetic temperature Ty = Eyy/kp = 464 K. The temperature range
for the diffusion experiment was between 150 and 250°C, whose average temperature
(Ta) is 473 K, which is close to the value of T, = 464 K. The MN energy can be
associated with the average temperature for the experimental range covered in this work
as discussed in literature [54, 56, 55]. As a remark, a survey of literature values of Eyn

or T shows a close relationship between Ty and Ta.
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4.2.3. The role of Cl on Cu diffusion in In,S; layers

Stoichiometry and local bond configuration

The stoichiometry of the In,S3 layers was obtained from the ratios of the concentrations
of the constituent elements as determined from RBS analysis. The concentrations (in
at.%) [In], [S] and [CI] together with the ratio [S]/[In] are given in table 4.3. The ratio
[S]/[In] for stoichiometric In,S3 is 1.5. The PVD-In,S3 layer (not shown in table 4.3)
had a ratio [S]/[In] = 60.5/39.5 = 1.53. Sample A corresponds to a ILGAR(acac)-In,Ss
layer and a ratio of [S]/[In] = 1.56, which is close to the stoichiometry of In,Ss.
Therefore deviations from stoichiometry caused by incorporation of some carbon from
the solvent can be neglected. Samples B, C, D and E correspond to ILGAR(CI)-In,S;
layers with different [CI] contents. The deviation from stoichiometry increased with
increasing Cl amount. The ratio [S]/[In] amounted to 1.44, 1.43, 1.39 and 1.32

corresponding to Cl concentrations of 7.8, 8.5, 11.3 and 13.8 at.%, respectively.

Table 4.3: Stoichiometry of In,S; layers.

Sample |[In] [S] [CI] [S)/[In] | Formula

A 39 61 0 1.56 IN,S3

B 37.8 54.4 7.8 1.44 IN,Ss 76Clo g3
C 37.6 53.9 8.5 1.43 NS5 73Clo g1
D 37.5 52.2 11.3 1.39 IN,Ss 5,Cly 21
E 37.1 49.1 13.8 1.32 NS5 29Cl4 49

Different bond configurations between In-S-Cl that may exist in ILGAR(CI)-In,S3 were
proposed as illustrated by the schematic in figure 4.23. Figure 4.23 (a) represents the
local bond configuration of stoichiometric In,S3. There are three S atoms for each two
In atoms giving stoichiometric ratio [S]/[In] = 1.5. If the place of S was occupied by
two Cl atoms, the local bond configuration would be as in figure 4.23 (b). The chemical

formula becomes In,S3.,Cloy.

Another case, which may be equivalent to an intermediate stage in the sulfurization
process, is given in figure 4.23 (c). An excess of Cl bonded to either S or In or sitting in
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an antisite position may exist in the intermediate stages with incomplete sulfurization.
The corresponding chemical formula is In,S3Cl,, . A more complex case with excess of
both Cl and / or In may exist in the intermediate stages. This is illustrated in figure 4.23

(d). The chemical formula becomes 1N+, S3Clyy.

Cl ci
s /
S—n In S S— In In S
(@ In,S, (b) In;S5.4Cloy
Cl
S Cl / Cl
\ s — In
S In/ cl \ / \ \
In S S — n cl In S

| | /

(€) InyS3Cloy (d) N2 S3Claxsoy

Figure 4.23: Local bond configuration for ILGAR(CI)-In,S;

The general chemical formula for ILGAR(CI)-In,S3 was obtained as In4Se.xClox+2y. The
subscript X characterizes the Cl not substituted during sulfurization and which occupies
S places in In,S3. The subscript Y characterizes excess Cl found in In,S3. The excess
Cl may be bonded to either In or S. For stoichiometric In,S3 both X and Y are each
equal to zero. The relationship between X and Y is given in figure 4.24. There was a
drop in the value of Y with an increase in X when CI content was increase from 8.5 to
11.3 to 13.8 at.%. Direct dependence of Y on X with change in Cl content was not clear.
The amount of excess Cl does not depend on the amount of unreacted or overall residual
Cl.

Figure 4.25 shows the dependence of activation energy (Ea) on X and Y. There was an
exponential decrease of the Ea with increase in X. The value of Ex decreased from 0.78
to 0.70 eV while X increased from 0.22 to 0.71. An increase in the Cl content within

the range investigated in this work resulted in a decrease in the energy barrier (EA) for
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Cu diffusion in ILGAR(CI)-In,S3. There was no dependence of Ex on Y. Only the ClI
sitting in S places had an influence on the diffusion barrier. This could be related to the
strong ionic In-Cl bond. The amount of excess Cl had no influence on the energy barrier
for Cu diffusion in ILGAR(CI)-In,S3 layers.
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Figure 4.24: Y as a function of X. (B), (C), (D) and (E) corresponds to Cl amounts of 7.8, 8.5,
11.3 and 13.8 at.%, respectively
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Figure 4.25: Activation energy as a function of X (a) and Y (b)
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Figure 4.26: Diffusion prefactor as a function of X (a) and Y (b)

The diffusion prefactor Dy was plotted against X and Y as shown in figure 4.26. The
values of Dy were scattered about 10° cm?/s and showed no particular dependence on
either X or Y values. Dy for Cu diffusion in ILGAR(CI)-In,S3 was 5 or 6 orders of
magnitude higher than in ILGAR(acac)-In,S3; and PVD-In,S3. The presence of Cl in
ILGAR(CI)-In,S; raised the value of Dy independent of the ClI amount.

Cl ions have a radius of 181 pm and may enlarge the interstitial spaces in In,Ss. This
allows faster diffusion of Cu by percolation through the spaces. The diffusion prefactor
(Do) depends on geometrical parameters of the host matrix characterizing the jump
frequency, number of available sites for diffusion and entropy. The different bond
configurations can change the distance between jump sites for diffusion. This accounts

for the large value of Do(;1car(cryy COMpared t0 Do 1car(acacy) @d Docpyp)-

Diffusion mechanisms of Cu migration in In,S;

To understand the role of CI on diffusion of Cu in In,S3, a model was proposed that
helped describe the movement of diffusing Cu in Cl-free and Cl-containing In,S3 host
matrix as shown in figure 4.28. Cu diffuses by vacancy [40] or substitution and

insertion mechanisms [30] as illustrated in figure 4.28 (a).
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Cu occupies some of the cationic vacancies on tetrahedral sites by process 1 and also
substitutes for In on tetrahedral sites by process 2 in figure 4.27 (a). In process 1, Cu
moves to occupy a nearby In vacancy. The activation energy of Cu diffusion by the
vacancy mechanism must be lower than In self-diffusion by the vacancy mechanism for
this to occur. In process 2, Cu diffuses by substituting for In in lattice positions. In
stoichiometric In,S3 such as PVD-In,S3 and ILGAR-In,S3(acac) process 1 and 2 take
place simultaneously [40]. In the presence of Cl, the volume of space in In,S3 structure
increases due to the size of CI ionic radius. Cu diffuses by process 3 involving
percolation through the partially open spaces. Substitution of In by Cu was limited by
the CI bonded onto In and/or S.

Figure 4.27: Model for diffusion of Cu in In,S;

The activation energy of atomic diffusion is influenced by the nature of bonding [136].
Residual Cl can be bonded to either In or S, as discussed earlier. The bond dissociation
energies of In-Cl, In-S, Cu-Cl, Cu-S, S-Cl and In-Cu are 436, 288, 378, 275, 242 and
187 KJ/mol, respectively [137]. The In-Cl bond is the strongest in the In,S3(Cl):Cu
matrix. In general, the activation energy is the energy needed for a migrating atom to

overcome and break surrounding bonds and move to an activated state.

The stronger In-Cl bond can explain the increase in activation energy for diffusion of
Cu in ILGAR(CI)-In,S3 compared to Cl-free ILGAR(acac)-In,S3 and PVD-In,S3. The
presence of Cl reduces the density of vacancies in In,S;. Some Cl may also occupy
cationic vacancies as anti-site defects and limit diffusion of Cu by vacancy mechanism.
Substitution of In by Cu is limited by the relatively strong In-Cl bond compared to Cu-S

bonds.
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Table 4.4 summarizes the dominating diffusion processes for Cu in the different In,S;
layers. Cu diffuses in stoichiometric In,S3 by vacancy or substitution and insertion. In
the presence of Cl, these mechanisms are limited and Cu diffuses by a more complex
mechanism described by process 3 in figure 4.28 (b). Cl was found to play a crucial role

for diffusion of Cu in In,S3 layers.

Table 4.4: Summary of dominating diffusion processes in In,S; layers. process 1 denotes

vacancy diffusion, process 2 is diffusion by substitution and process 3 is percolation.

Process 1 Process 2 Process 3
PVD-In,S, X X
ILGAR(acac)_In,S, X X
ILGAR(CI)-In,S, X

In summary, diffusion of Cu in Cl-free In,S3 layers showed comparable values of the
diffusion prefactor and activation energies. The presence of Cl in the range of 7.8 to
13.8 at.% raised the value of the activation by more than twice from 0.3 to over 0.7 eV.
The ionic bonds between In and residual Cl as well as Cl occupying S and/or vacant
sites in the lattice were responsible for the increased value of the activation energy.
lonic radius of CI is large than that of In, S and Cu ions and hence additional
(interstitial) spaces resulting from the presence of ClI increases the diffusion rate. The
diffusion mechanism in the presence of CI will be different from the Cl-free case and
may require theoretical calculations to verify that, because no significant structural or

morphological differences were observed.
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5. Charge separation at In,S3/CuSCN

Interfaces

Charge separation in semiconductor materials can be investigated using surface
photovoltage (SPV) techniques. A SPV signal is generated when absorption of incident
illumination is followed by separation of photogenerated charge carriers in space. In this
chapter, results of charge separations across In,S3/CuSCN interfaces are presented.
Charge separation across In,S3/CuSCN interfaces was measured as modulated/spectral
dependent SPV or time dependent relaxation of separated charge carriers in the fixed
parallel plate capacitor configuration as a function of In,S3; layer thickness and

annealing time.

5.1. Spectral dependent charge separation at In,S;/CuSCN

interfaces

5.1.1. Role of layer thickness for charge separation in In,S; layers

In,S3 layers of thicknesses 5, 10, 20, 40 and 80 nm were deposited onto SnO,:F
substrates by PVD. Modulated charge separation in PVD-In,S3 layers was measured
for the different thicknesses with incident light modulated at 8 Hz. The SPV amplitude,
normalized SPV amplitude and normalized amplitude divided by the photon flux are

given in figure 5.1. The spectrum of the incident photon flux is shown in figure 5.1 (a).

As shown in figure 5.1 (a), the magnitude of the SPV amplitude increased with
increasing thickness of the PVD-In,S3 layer. The SPV signal increased in amplitude
with increasing layer thickness, the lowest signal coming from the 5 nm sample and the

largest from the 80 nm sample. The increase in SPV amplitude between 20 and 40 nm
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thickness was small. The maximum of the SPV amplitude was 0.03, 0.16, 0.25, 0.30
and 2.17 mV at photon energy of 2.5 eV for PVD-In,S3 layer thicknesses of 5, 10, 20,
40 and 80 nm, respectively. By increasing the layer thickness, light absorption was
increased resulting in an increase in photo-generated charge carriers. In the thinner
layers, the separation length of the photo-induced charges was limited by the layer
thickness. The SPV signal in the near infrared region at energies below 2 eV, is due to

charge separation involving defects below the band gap on In,S;.
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Figure 5.1: Modulated SPV amplitude (a), normalized SPV amplitude (b) and normalized SPV
divided by photon flux (c) for PVD-In,S; layers of thickness 5 (stars), 10 (diamonds), 20

(triangles), 40 (circles) and 80 nm (squares).
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The onset of the SPV signal (Eaps) corresponds to the mobility gap above which there
was a strong increase in the magnitude of the signal. The SPV signal in the near infrared
region comes from contributions from defects below the band gap participating in
charge separation. The values of E,,s were obtained by first normalizing the SPV
amplitude and extrapolating the leading edge of the SPV signal to the photon energy
scale and reading out the energy at the intersection point as shown in figure 5.1 (b). The
values of E,,s amounted to 1.93, 1.78, 1.68, 1.52 and 1.64 eV corresponding PVD-In,S;
layer thickness of 5, 10, 20, 40 and 80 nm, respectively. The onset of the SPV
absorption shifted towards lower photon energies with increasing thickness. The shift in
the SPV onset energy is concomitant with a shift in the band gap with increasing layer

thickness.

The mismatch in the thermal expansion coefficients between the layers and the substrate
results in strain which can affect electronic properties of the layers. The decrease in the
optical band gap with increasing layer thickness was reported for evaporated In,S;
layers [138]. The strain in In,S3 layers below 200 nm thick was tensile and decreased
with increasing thickness. It can be concluded that the nature of strain in PVD-In,S;
layers of thickness between 5 and 80 nm was tensile and it reduced with increasing

layer thickness.

Dividing the normalized SPV amplitude by the photon energy allows for investigation
of exponential tail states below the band gap. The SPV signals are not directly
proportional to the photon flux because the formation of SPV signals may involve more
than one process; some processes may even be in the opposite direction. SPV signals
are only proportional to the photon flux in the low signal regime if dominating
mechanisms of charge separation and relaxation do not change. The values of the
energy parameter of the exponential tail states (E;) were obtained for PVD-In,S3 layers
by fitting the normalized SPV spectra divided by photon flux graph with an exponential

function in the region below the band gap as shown in figure 5.1 (c).

Disorder in materials leads to defect states in the band gap close to the band edge and
results in an exponential drop in the SPV signal towards lower photon energies [139].
The values of E; amounted to 98, 98, 99, 101 and 103 meV for PVD-In,S3 layers of
thickness 5, 10, 20, 40 and 80 nm, respectively. E; is a characteristic of the degree of

disorder in a semiconductor. It is different from the Urbach tail energy in the sense that
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the Urbach energy is characteristic of exponential defect states absorbing light below
the band gap while E; describes the defect states below the band gap that participate in

charge separation.
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Figure 5.2: In phase (X) and phase shifted by 90° (Y) signals for PVD-In,S; layers of thickness
5 (stars), 10 (diamonds), 20 (triangles), 40 (circles) and 80 nm (squares). The signal from the 80
nm layer was divided by 0.2.

Figure 5.2 shows X and Y signals for PVD-In,S3 layers of thickness 5, 10, 20, 40 and
80 nm. The sign of the X signal gives information about the direction of separation of
photo-generated charge carriers [76]. All the X and Y signals from PVD-In,S3 layers
were positive and negative, respectively. Positive values of X signal are characteristic
for charge separation with electrons separated preferentially towards the internal
interface. The amplitude of both X and Y signals increased with increasing layer

thickness, hence the increase in the SPV amplitude signals.

Figure 5.3 shows the phase angles plotted as a function of photon energy and SPV
amplitude. The phase angles were between -20° and -90° for all the PVVD-In,S3 layers
of thickness 5, 10, 20, 40 and 80 nm as shown in figure 5.3 (a). This means that in all

the samples, photo-generated electrons were separated preferentially towards the
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internal interface. The phase spectra shifted towards 0° with increasing absorption in the
region near the band edge. When scanning from low to high photon energies, the onset
of band-to-band optical transitions leads to faster SPV formation processes signified by
a strong amplitude and a shift in the phase towards 0° or +180° for n-type or p-type
semiconductors, respectively [140]. The shift of the phase angles at the band edge
towards 0° confirmed that PVD-In,S3 behaves as an n-type semiconductor. This is in

agreement with what is found in literature [141].

The phase angle below photon energies of 1.6 eV for the 80 nm sample was constant at
-65° but increased strongly towards 0° above 1.6 eV photon energies due to increased
optical absorption near the band edge. This corresponds to the onset energy (Eaps) of
1.64 eV discussed earlier. For PVD-In,S3 layers of thickness 20 and 40 nm, the phase
angles below 1.8 eV photon energies were -55° and -42°, respectively, showing

contribution to SPV formation from defect states below the band gap.
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Figure 5.3: phase angle as a function of photon energy (a) and SPV amplitude (b) for PVD-
In,S3 layers of thicknesses 5 (stars), 10 (diamonds), 20 (triangles), 40 (circles) and 80 nm

(squares).

Figure 5.3 (b) shows the dependence of the phase angle on the SPV amplitude. For all

the samples, the phase was independent of the SPV amplitude at lower photon energies.
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Constant phase angles and hence similar charge separation, transfer and recombination
mechanisms can occur for example if the unmodulated quasi Fermi levels do not change
[139]. The phase angles for the 5 nm thick samples were scattered around -70° due to a
small SPV signal. The phase angle changed towards 0° as the SPV amplitude increased
near the absorption edge for 10, 20, 40 and 80 nm samples. The intensity of the halogen
lamp used for illumination reduced at shorter wavelengths and the SPV signal went
down. This is the reason for the small hysteresis at higher photon energies. Hysteresis is
caused by a difference in charge separation and mechanisms at low and high photon

energies.

5.1.2. Role of annealing temperature for charge separation at
In,S3/CuSCN interfaces

Figure 5.4 shows X and Y signals from PVD-In,S3/CuSCN before and after annealing
at 200°C for 2 and 9 min. The thicknesses of the PVD-In,S3 layers were 80, 20 and 10
nm. For the sample of 80 nm thickness, the X signal was positive and the Y signal was
negative before and after annealing at 200°C for 2 and 9 min as shown in figure 5.4 (a),
(b) and (c). This means that photo-generated electrons were separated preferentially
towards the internal interface. The amplitude of both X and Y signals increased after
annealing at 200°C for 2 min compared to as-deposited signals. After annealing up to 9
min the X and Y signals decreased strongly by almost half the magnitude.

For the 20 nm thick PVD-In,S3/CuSCN sample, the X signal was positive and the Y
signal was negative before and after annealing at 200°C for 2 min. The amplitudes of X
and Y signals reduced by more than one order of magnitude after annealing at 200°C for
2 min. They reduced even further by one order of magnitude after annealing for 9 min.
A new signal was observed in the defects region below the band gap after annealing for
19 min. For the 10 nm thick PVD-In,S3/CuSCN sample, the X signal was positive and
the Y signal was negative only for the as deposited case. After annealing at 200°C for 2
min or 9 min, the Y signal changed to positive. After annealing for 2 min or longer the
X and the Y signals were smaller by two orders of magnitude compared to the signals of

the as-deposited sample.

100



6L i i
e, 80 nm|
4 N ] 3 .,
2 - o.. \ B ... ...'. B
° .\ ... .\\ o
0 O % mmﬁ
OOO o Oodpﬁ °
'2 r % &M B OO Ooooo B
Oo Ooooo ° o
_4 - Oo OOO - OO OOO -
OW Oo Ooo
-6} - % & - C
ngsg/cusen] @ O ©
5 mas-deposited =" Iny,S3/ CUSCN [~ InyS3/ CUSCN p———
] o, [ taryn = 2 Min [ [tann=9min
‘é: N \ ; x10
g 0 %:. M@
S
5 oo OoooO
2 - & | -
& S 20
2 S @) © | 0
s (d)
L L L L . |n253/CUSCN, |n'phase L
O InyS5/CUSCN, phase shifted by 90°
1t i i
oo.\
X100
° Mq%m
0 %‘ - OOO W‘W
Oo éﬁ ‘o) W‘
L o e 10m
InySg/ CUSCN InzS3/ CuSCN IngSg/ CUSCN
as-deposited (6)) tann =2 min (h) tann =9 min 0]
1 2 3 1 2 3 1 2 3
Photon energy (eV)

Figure 5.4: In-phase (filled symbols) and phase shifted by 90° signals (open symbols) for 80 (a,
b, ¢), 20 (d, e, f) and 10 nm (g,h,i) In,S3/CuSCN samples before (a, d, g) and after annealing at
200°C for 2 min (b, e, h) and 9 min (c, f, i).
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The amplitudes of the SPV signals for bare PVD-In,S3, PVD-In,S3/CuSCN before and
after annealing for 2, 4, 9, and 19 min are shown in figure 5.5 for PVD-In,S3 thickness
of 80, 40, 20 and 10 nm. The spectrum for the photon flux is also included in each
graph. For the 80 nm sample, the SPV amplitude increased and shifted towards lower
photon energies after deposition of CuSCN. After annealing at 200°C for 2 min, the
amplitude increased further but started to drop after annealing for longer times. The
amplitude of the PV signals were 2.17 mV for PVD-In,S3, 6.40, 8.74, 1.74, 2.28 and
3.88 mV for PVD-In,S3/CuSCN before and after annealing at 200°C for 2, 4, 9 and 19

min, respectively.
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Figure 5.5: SPV amplitude for PVD-In,S; /CuSCN layers before (squares) and after deposition
of CuSCN (circles) and annealing at 200°C for 2 (triangles), 4 (diamonds) and 9 min (stars).
Thicknesses of the In,S3 layers were 80 (a), 40 (b), 20 (c) and 10 nm (d).
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The onset of the SPV absorption (Eaps) for the sample with layer thickness of 80 nm
was 1.64 eV for bare PVD-In,S3 but shifted to 1.32 eV after deposition of CUSCN. The
value of E4ps decreased further to 1.04, 1.35, 1.16 and 1.05 eV after annealing at 200°C
for 2, 4, 9 and 19 min, respectively. The energy parameter of exponential tails (E;) was
103 meV for bare PVD-In,S3; and 105 meV for as-deposited PVD-In,S3/CuSCN layers.
The values of E; amounted to 136, 110, 125 and 140 meV after annealing at 200°C. The

degree of disorder increased with increasing annealing time.

For the sample of 40 nm thickness, the SPV amplitude signal increased strongly after
deposition of CuUSCN from 0.30 mV for bare PVD-In,S; to 4.4 mV for as-deposited
PVD-In,S3/CuSCN. After annealing at 200°C for 2 min, the amplitude decreased to
0.61 mV and further to 0.20, 0.72 and 0.72 mV after annealing for 4, 9 and 19 min,
respectively. The SPV amplitude decreased strongly after annealing at 200°C for times

longer than 2 min.

The onset of SPV absorption for the 40 nm thick sample shifted from 1.52 eV for bare
PVD-In,S; to 1.29 eV for as-deposited PVD-In,S3/CuSCN layer system. After
annealing at 200°C for 2, 4, 9 and 19 min the value of E,s changed to 1.44, 1.46, 1.35
and 1.39 eV, respectively. The change in E,ps With annealing time was not systematic.
The value of E; for bare PVD-In,S3 was 101 meV but increased slightly to 104 meV
after deposition of CuSCN. E; reduced to 99, 80, 88 and 98 meV after annealing at
200°C for 2, 4, 9 and 19 min, respectively.

For the 20 nm sample, the SPV amplitude increased strongly after deposition of CUSCN
onto PVD-In,S3 layer but decreased sharply after annealing at 200°C for 2 min. a new
SPV signal was observed below photon energies of 1.4 eV after annealing PVD-
In,S3/CuSCN for 2 min or longer. It increased in amplitude while the signal above 1.4
eV diminished with increasing annealing time. The signal below 1.4 eV was due to
charge separation involving a defect band that was formed during annealing. The signal
from the defect band dominated especially after annealing for 4 min. The values of E s
and E; could only be obtained reliably for up to 4 min of annealing time. E,,s amounted
to 1.69, 1.37, 1.43 and 1.43 eV for bare PVD-In,S3, as-deposited PVD-In,S3/CuSCN
and after annealing at 200°C for 2 and 4 min, respectively. The onset of SPV absorption
shifted to lower photon energies and remained almost constant independent of annealing
duration. The value of E; was 99 meV for bare PVD-In,S3 but reduced to 98, meV after
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deposition of CuSCN before and after annealing at 200°C for 2 min and to 80 meV after

annealing for 4 min, respectively.

For the 10 nm sample, the SPV amplitude increased strongly after deposition of CUSCN
onto PVD-In,S3 but diminished after annealing at 200°C for short times of 2 min. the
SPV signal caused by absorption in the defect band was observed immediately after
deposition of CuSCN even before heat treatment and increased with increasing
annealing temperature. The value of E; decreased from 98 meV for bare PVD-In,S; to
89 meV after deposition of CuSCN. The values of E; after annealing were not reliable

because the signal from the defect band was dominant in the SPV spectra.
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Figure 5.6: Onset of SPV absorption (E,s) for all samples and annealing times (at 200°C
annealing temperature) as a function of the exponential tail energy (E) for bare PVD-In,S3,
PVD-In,S3/CuSCN before and after annealing and PVD-In,S;:Cu after removal of CuSCN in
pyridine. The thicknesses of the PVD-In,S; layers were 5 (stars), 10 (diamonds), 20 (triangles),
40 (circles) and 80 nm (squares). Four groups for (i) bare PVD-In,S;, (ii) as-deposited PVD-
In,S3/CuSCN together with PVD-In,S;:Cu after etching away CuSCN in pyridine and (iii)
PVD-In,S;:Cu/CuSCN after annealing at 200°C were obtained.

Figure 5.6 shows the relationship between E.ps and E; for bare PVD-In,S3 layers, as-
deposited PVD-In,S3/CuSCN layers, PVD-In,S3:Cu/CuSCN layers after annealing at
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200°C for 2, 4, 9 and 19 min and PVD-In,S3:Cu layers after removal of CuSCN by
etching in pyridine solution. The relationship shows four groups of values depending on
the treatment of the PVD-In,S3/CuSCN layer system namely (i) PVD-In,Ss, (ii) PVD-
In,S3/CuSCN, (iii) PVD-In,S3:Cu/CuSCN. PVD-In,S3:Cu belongs to group (ii) with
regard to figure 5.6.

Group (i) shows that E,ps for bare PVD-In,S3 layers decreased with increasing layer
thickness against a very small increase in E;. The 40 nm thick layer had the lowest value
of Eaps. According to group (ii) Eaps decreased compared to bare In,S3 and ranged
between 1.2 and 1.5 eV while the E; varied between 70 and 115 meV whereas higher
values of E; correlated with lower values of Eaps. Group (iii) shows a further decrease in
Eaps With an increase in disorder parameter. Increased diffusion of Cu into PVD-In,S3
led to a further shift in Eqs to lower photon energies but increased the defect
distribution below the band gap. After removal of CuSCN, the degree of disorder in
PVD-In,S3:Cu layer systems decreased and the onset energy increased. Removal of
CuSCN reduced the defect band below the band edge of PVD-In,S3:Cu and therefore
group (iv) went to the same range as group (ii).

Figure 5.7 shows the dependence of the SPV amplitude and of the tail energy on the
density of diffused Cu at the internal interface. The diffusion coefficient of Cu in PVD-
In,S3 layers at 200°C temperature was calculated in section 4.2.1 to be 4.3 X
10~1*cm?/s. The concentration of Cu at the internal interface was obtained using the
one dimensional simulation model in section 4.2.1 for the different annealing times and
PVD-In,S3 layer thicknesses of 5, 10, 20, 40 and 80 nm.

For the 5 and 10 nm thick layers, the density of diffused Cu at the internal interface
after annealing at 200°C for 2 min was close to the concentration at the outer surface. It
was discussed earlier that the amplitude of the SPV signal from the 10 nm sample
dropped strongly after annealing for 2 min. This means that the amount of Cu at the
internal interface was above an optimal amount that may give maximum photovoltage.
The density of Cu at the internal interface for the 20 nm sample was close to the

solubility limit on the order of 8 at.% after annealing for more than 4 min.
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Figure 5.7: SPV amplitude and energy of exponential tail states as a function of Cu
concentration at the internal interface for PVD-In,S3;/CuSCN after annealing at 200°C for 2, 4,
9 and 19 min. The thickness of PVD-In,S; layers was 5 (stars), 10 (diamonds), 20 (triangles),

40 (circles) and 80 nm (squares).

The SPV amplitude for the 40 nm sample decreased with increasing Cu density at the
internal interface. The tail energy also decreased with increasing Cu amount at the
internal interface until [C] = 7.7 at.% and then increased. For the 80 nm sample, both
the SPV amplitude and tail energy decreased for [Cu] < 2 at.% and then increased with
increasing Cu amount. For PVD-In,S3 layers of 40 nm or less, the highest SPV
amplitude was reached without annealing while for the 80 nm it was reached after
annealing for 2 min. From RBS experiments reported in chapter 4, the top layer with
high Cu concentration formed at the PVD-In,S3/CuSCN interface was of the order of
10 nm thick. To obtain a high photovoltage in solar cells, an optimal amount of Cu

needed at the internal interface has to be determined.

The phase angles of bare PVD-In,S; and PVD-In,S3/CuSCN layer system before and
after annealing at 200°C for 2, 4, 9 and 19 min for PVD-In,S3 thicknesses of 80, 40, 20
and 10 nm are shown in figure 5.8. For bare PVD-In,S3 with 80 nm layer thickness, the
phase angle below the band edge was constant at -70° but changed towards 0° to -33°

above the band gap due to increased absorption. The change in the phase angle towards
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0° means that charge separation, transfer and recombination processes became faster
with increasing number of separated charge carriers. After annealing for 2 min, the

phase angle was similar to that before annealing except in the defect range.

(@) (b)
0 L
-~ W - ***:(
B .-.Mf: AW”W G
. " . - -
"o::.‘&"".f . ..’\
P o®
lI. A ° " o'.
8oL « L
80 o .
— || din2s3=80nm " ':‘CZSSCN din2s3=40 nm
> 120} °
% . .| a2min o
I ¢ 4min
& 150 - din2s3= 20 nm + 9min . din2s3=10 nm
** 19 min ::"*ﬂ*k******m** ‘ *’***
100} A . * B A.xx‘m,{c‘-;:‘n;}:é:
I e :k ; ? ** **x *e
50 ' * 2 : : i °
0 o i (5 nm) In,S4/CuSCN
“.. 0% ¢
I "g. ““W MM A
[ PITYVVNC o vove oy PAPPIVWIWVIVL N ap
'50.' W r o*”
: _ ..- .-.. -.._‘_—'—
-100F = " -
- (© d
1 2 3 1 2 3
Photon energy (eV)

Figure 5.8: Phase angles for PVD-In,S; (squares) and PVD-In,S3/CuSCN after deposition of
CuSCN (circles) and annealing at 200°C for 2 (triangles), 4 (diamonds), 9 (stars) and 19 min
(open circles). The thickness of PVD-In,S; layers was 80 (a), 40 (b), 20 (a) and 10 nm (d). The
phase angle for 5 nm thick as-deposited PVD-In,S3/CuSCN sample is also sown in (d).

The phase angle shifted to -40° after annealing for 4 and 9 min and was constant

throughout the investigated spectral range. After annealing for 19 min, the phase angle
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was constant at 0°. A phase angle of 0° is characteristic of fast spectral response that
follows the modulation of the reference signal. For the sample with layer thickness of
40 nm, the phase spectrum shifted away from -40° to -60° after deposition of CuSCN.
After annealing for 2 min or longer, the phase spectra shifted to values between -50°
and -40° and were constant independent of the photon energy throughout the spectral

range.

For the 20 nm sample, the phase angle for the bare PVD-In,S; layer and for the as-
deposited PVD-In,S3/CuSCN layer was -50°. Below photon energies of 1.4 eV, the
phase for the bare PVD-In,S3 layer changed from -100 to -50°. After annealing for 2
and 4 min the phase angle shifted from -50° to -35° and to -31°, respectively. The sign
of the phase angles changed to positive after annealing for 9 min or longer. The phase
angles were scattered between +50° and +100° because the SPV signal was small. Phase
angles closer to 90° indicate that the absolute value of the Y signal is closer to

maximum and the X value close to zero.

The phase angle for the bare PVD-In,S; of layer thickness 10 nm was -55° and shifted
to -45° after deposition of CuSCN. The values of the phase angle changed to be
between 90 and 115° after annealing for 2 min or longer and the values were more
positive for longer annealing times. The phase spectrum for the as-deposited PVD-
In,S3/CuSCN with In,S3 layer thickness of 5 nm is shown in figure 5.8 (d). The phase
angle is almost constant at -35° but becomes less negative for higher photon energies.

5.1.3. Modulated charge separation in In,S;:Cu layers

Figure 5.9 shows X and Y signal for PVD-In,S3/CuSCN layers after annealing at 200°C
for 19 min and for In,S3:Cu after removal of CuSCN. For the 80 nm sample, the X
signal was positive and the Y signal negative after annealing at 200°C for 19 min and
after removal of CuSCN but the signals decreased in amplitude after removal of
CuSCN. For the 40 nm sample, the X and Y signals increased in amplitude after
removal of CuSCN. For the 20 nm sample, the X and Y signals were very small after
annealing for 19 min but increased strongly after removal of CuSCN. The signal from

the defect band did not change much.
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Figure 5.9: In-phase (X) (closed symbols) and phse-shifted by 90° () signals (open
symbols) for PVD-In,S3/CuSCN and PVD-In,S3:Cu after annealing at 200°C for 19
min before and after removal of CuSCN, respectively. Thicknesses of PVD-In,S3 layers
were 80 (a), 40 (b) and 20 nm (c).

Figure 5.10 shows the phase angles as a function of SPV amplitude for PVD-In,S3:Cu
layer system after annealing for 19 min and removal of removal of CuSCN. The phase
angles for the 20 nm sample ranged about -40° independent of the SPV amplitude. For
the PVD-In,S3:Cu with layer thicknesses of 40 and 80 nm, the phase angles increased
with SPV amplitude. An increase in the phase angle with corresponding increase in
SPV amplitude can be related to the trap filling effect. As the number of photo-excited
charge carriers increase, more and more deeper traps get filled. Because their release
time is longer than that for electrons trapped in shallow traps, they do not contribute any
more to the SPV. The faster spectral response of the shallow traps to the modulated
light results in a shift of the phase angle to less negative value with increasing SPV

amplitude.
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Figure 5.10: Change in phase angles with SPV amplitude for PVVD- In,S;3:Cu after deposition of
CuSCN, annealing at 200°C for 19 min and removal of CuSCN. Thickness of In,S; layers was
20 (triangles), 40 (circles) and 80 nm (squares).

5.2.  Time dependent relaxation of separated charge carriers
at In,Ss/CuSCN interfaces

5.2.1. Relaxation of photo-generated charge carriers in In,S; layers

Dynamic properties of transport processes of photo-generated charge carriers were
investigated using SPV transients. The PVD- In,S3 layers with varying thicknesses
were photo-excited below and above the band gap using laser pulses of wavelength 700
and 420 nm, respectively. Figure 5.11 shows SPV transients from PVD- In,S3 layers of
thicknesses of 5, 10, 20, 40 and 80 nm. Positive transients mean that photo-generated
electrons (hole) were separated preferentially towards the internal (external) interface
[106, 124].

The 80 nm thick layer gave the transient with the highest amplitude (230 mV) after
excitation above the band gap with a 420 nm laser pulse as shown in figure 5.11 (a).
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The amplitudes of the SPV transients from the 5, 10 and 20 nm thick layers were the
same value of 137 mV while the 40 nm thick layer gave the lowest amplitude of 50 mV.
No thickness dependence of the amplitude of SPV transients was observed for PVD-

In,S3 layers when photo-excited above the band gap.

For excitation of PVD- In,S3 layers below the band gap, there was a clear thickness
dependence of the SPV transient amplitude on the layer thickness. The amplitudes of
the SPV transients increased with increasing layer thickness and amounted to 7, 26, 36,
80 and 124 mV for PVD- In,S3 layers of 5, 10, 20, 40 and 80 nm thicknesses,
respectively. The distribution of exponential tails states increased with PVD- In,S;
layer thickness as discussed in section 5.1.1. The increase in the amplitude of SPV
transient with layer thickness was due to an increase in the states below the band gap
that contributed to the formation of SPV signal.
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Figure 5.11: SPV transients for PVD-In,S; after excitation with a laser pulse of wavelength 420
nm (a) and 700 nm (b).

The time it took a transient to decay to half the amplitude value was taken as a halftime
(74,2) for that transient. The halftime of SPV transients after excitation of PVD- In,S3

layers above the band gap did not correlate with the layer thickness. The values of 7, /,
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were 1.4, 7, 1.4, 24 and 7 ps for PVD- In,S3 layers of 5, 10, 20, 40 and 80 nm
thicknesses, respectively. For excitation below the band gap, the values of 7,,,
decreased from 400, 110, 30 to 0.6 us with increasing thickness from 5, 10, 20 to 40
nm, respectively. This means the SPV transients became faster with increasing layer

thickness. The relaxation half time for the 80 nm thick layer was 80 ps.

5.2.2. Role of annealing temperature for relaxation of separated
charge carriers at In,Sz/CuSCN interfaces

Figure 5.12 shows SPV transients for PVD-In,S3/CuSCN layer systems with a 495 nm
laser pulse before and after annealing at 200°C for 2 and 9 min are shown in figure 5.12.
The PVD-In,S3 layer thicknesses were 5, 10, 20, 40 and 80 nm. The amplitudes of the
SPV transients for the as-deposited PVD-In,S3/CuSCN layers increased with increasing
PVD-In,S3 thickness as shown in figure 5.12 (a). The maximum of the SPV transient

for the 80 nm thick sample was reached sometime after the laser pulse was switched off.

The amplitudes of the SPV transients from as-deposited PVVD-In,S3/CuSCN amounted
to 16, 39, 72, 86 and 40 mV for PVD-In,S3 layers of thickness 5, 10, 20, 40 and 80 nm,
respectively. The half time for the SPV transient was 0.17 ms for the sample of 5 nm
thicknesses but increased to 0.85, 1.1, 1.2 and 0.88 ms for layer thicknesses of 10, 20,
40 and 80 nm, respectively. After annealing for 2 min, the quality of the SPV transients
changed as shown in figure 5.12 (b). A second component of the same transient was
observed for the thin samples after annealing for 2 min. The amplitudes of the transients
were larger than those from as-deposited PVD-In,S3/CuSCN layers. The SPV transient
amplitudes were 138, 173, 365, 291 and 365 mV for PVD-In,S3 layer thicknesses of 5,
10, 20, 40 and 80 nm, respectively. Except for the 40 nm layer, the amplitudes of the

transients increased with increasing layer thickness.

The values of 7,,, amounted to 0,047, 0.047, 0.083, 0.088 and 1.6 ps for the transients
from PVD-In,S3/CuSCN of layer thicknesses of 5, 10, 20, 40 and 80 nm, respectively.
The relaxation times were much shorter than for the corresponding as-deposited PVD-
In,S3/CuSCN. A negative component of the SPV transients was observed for layers of

20 nm thicknesses. The negative part was larger for the thinner layers.
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Figure 5.12: SPV transients for PVD-In,S;/CuSCN before (a) and after annealing for 2 (b) and

9 (c) min. Excitation was done with a laser pulse of wavelength 495 nm.

After annealing PVD-In,S3/CuSCN for 9 min, the amplitude of the negative component
of the SPV transients increased further. The amplitude of the positive component of the
transients decreased except for the 40 nm sample. The amplitudes increased with layer
thickness and amounted to 54, 111, 167, 336 and 394 mV for PVD-In,S; layers of
thicknesses 5, 10, 20, 40 and 80 nm, respectively. The values of 7, ,, were 0.039, 0.040,
0.047, 0.19 and 1.6 ps for PVD-In,S3 layer thicknesses of 5, 10, 20, 40 and 80 nm
respectively. The values of 7/, increased with increasing layer thickness but were

relatively lower than those obtained after annealing PVVD-In,S3/CuSCN for 2 min.

The positive component of the SPV transients decayed faster with annealing time while
the amplitude of the negative component of the same transients increased. A SPV
transient with positive (negative) amplitude characterizes preferential separation of
photo-excited electrons towards the internal interface (surface). Annealing the PVD-

In,S3/CuSCN layer system for 2 min or longer, leads to a fast relaxation of photo-
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generated charges in one direction and a relatively slower relaxation in the opposite
direction.

The amplitudes of the SPV transients after excitation of PVD-In,S3/CuSCN with laser
pulses of 495 and 700 nm are given in figure 5.13 as a function of the density of Cu at
the internal interface. As a remark, after annealing the PVD-In,S3/CuSCN layer system
for 2 min or longer, the onset of SPV absorption corresponding to mobility band gap
shifted to energies below 1.45 eV as discussed in section 5.1.2. Using a laser pulse of
700 nm, PVD-In,S3/CuSCN samples were excited above the band gap of In,S3:Cu.
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Figure 5.13. Amplitude of SPV transients for PVD-In,S;/CuSCN after excitation with laser
pulses of wavelength of 495 nm (a) and 700 nm (b). Thickness of In,S; layers was 5 (stars), 10
(diamonds), 20 (triangles), 40 (circles) and 80 nm squares. The PVD-In,S;/CuSCN layer
system was annealed at 200°C for 2, 4, 9 and 19 min.

For PVD-In,S3/CuSCN with layer thicknesses of 20 nm or less, the concentration of Cu
at the internal interface was close to the solubility limit on the order of 8 at.% after
annealing for 2 min. The SPV amplitude dropped with increasing annealing time. For
the 40 nm thick samples, the SPV amplitude after excitation with a laser pulse of 420

nm was constant, but it increased after excitation with the 700 nm laser pulse with
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higher density of Cu at the internal interface. The SPV amplitude was almost constant
for the PVD-In,S3/CuSCN with layer thickness of 80 nm independent of the

concentration of Cu at the internal interface.

5.2.3. Surface photovoltage transients for PVD-In,S;:Cu

SPV transients for PVD-In,S3/CuSCN after annealing at 200°C for 19 min and for
PVD-In,S3:Cu after annealing for 19 min and removal of CuSCN are shown in figure
5.14 for PVD-In,S3 layer thicknesses of 10, 20, 40 and 80 nm. The wavelength of
excitation was 495 nm. The negative component of the transients disappeared from all
the layers thicker than 10 nm after removal of the CuSCN layer.

For the 80 nm thick sample shown in figure 5.14 (a), the amplitude of the transient
decreased slightly from 387 mV before to 367 mV after removal of CuSCN. The value
of 74/, increased from 0.5 ps before to 1.3 ps after removal of CuSCN. For the 40 nm
thick sample shown in figure 5.14 (b), the amplitude of the transient decreased from 380
mV before to 262 mV after removal of CuSCN while the value of 7, /, increased from
0.12 ps before to 0.5 ps after removal of CuSCN layer. On the other hand, the
amplitudes of the SPV transients increased from 264 and 107 mV before to 300 and 141
mV after removal of CuUSCN from samples of 20 and 10 nm thicknesses shown in figure
5.14 (c) and (d), respectively. For the 20 and 10 nm thick samples, the values of z,/,
increased from 0.044 and 0.037 us before to 0.050 and 0.044 us after removal of
CUuSCN layers, respectively.

In figure 5.15 the SPV transients for PVD-In,S3/CuSCN after annealing at 200°C for 19
min and for PVD-In,S3:Cu after removal of CuSCN for excitation wavelength of 700
nm are presented. The negative component of SPV transients disappeared after removal
of CuSCN. The amplitudes of SPV transient decreased after removal of CuSCN from
all the samples illuminated with laser pulses with a wavelength of 700 nm. The value of
the SPV amplitudes were 323, 263, 78 and 36 mV for PVD-In,S3/CuSCN of
thicknesses and 80, 40 , 20 and 10 nm, respectively. After annealing at 200°C for 19
min, the amplitudes decreased strongly to 214, 70, 50 and 15 mV for PVD-In,S3 layer
thicknesses of 80, 40, 20 and 10 nm, respectively. The values of 7, ,, amounted to 3.00,

0.76, 0.06 and 0.04 us for PVD-In,S3/CuSCN after annealing at 200°C for 19 min but
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increased to 12, 18, 0.24 and 0.06 pus after removal of CuSCN for layer thicknesses of

80, 40, 20 and 10 nm, respectively.
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Figure 5.14: SPV transients for PVD-In,S;/CuSCN after annealing at 200°C for 19 min and for

PVD-In,S;:Cu after removal of CuSCN. The laser excitation wavelength was 495 nm.

After removal of CuSCN, the SPV transients became relatively slow with charge
separation only in one direction — electrons (holes) preferentially towards the internal
(external) interface. It was concluded that the competing charge separation and
relaxation process initiated after annealing PVD-In,S3/CuSCN layer system at 200°C

for 2 min was eliminated or minimized after removal of CuSCN.
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Figure 5.15: SPV transients for PVD-In,S3/CuSCN after annealing at 200°C for 19 min and for

PVD-In,S;:Cu after removal of CuSCN. Laser excitation wavelength was 700 nm.

interfaces with ZnO-nr/In,S;/CuSCN solar cells

According to literature, the maximum value of the open circuit voltage (Voc) for ZnO-
nr/In,S3/CuSCN solar cells based on the concept of extremely thin absorber (eta) was
achieved after annealing at a temperature around 200°C for about 2 min [29]. In these
solar cells, slight intermixing of In,S; with Cu was beneficial for increasing the

photocurrent while the nature of the In,S3/CuSCN heterojunction allowed for high




values of Voc to be reached in the solar cells [47, 29, 13]. Diffusion of Cu to the

Zn0O/1In,S3 interface was considered to be critical and was therefore not encouraged.

The values of Voc obtained from reference [29] for ZnO-nr/In,S3/CuSCN eta solar cells
annealed at different temperatures and times are plotted as a function of the
concentration of diffused Cu at the ZnO/In,S3 interface as shown in figure 5.16. The
concentrations of Cu at the ZnO/In,S3 interface were calculated using the diffusion
constants obtained in section 4.2.1 with a CuSCN source layer and a reflecting
boundary at the ZnO/In,S3 interface.
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Figure 5.16: Correlation between the open circuit voltage from ZnO-nr/In,S3;/CuSCN eta solar
cell after annealing at 150°C (squares), 180°C (open circles) 200°C (open triangles) and 225°C
(stars) and density of Cu at In,S3/Zn0O interface. Values of V¢ were obtained from [29] and the
densities of Cu at the In,S3/Zn0O interface were calculated using diffusion constants obtained in
section 4.2.1.

The highest values of Voc were reached for Cu concentrations of about 4.5 at.% at the
Zn0/1n,S3 interface independent of the annealing temperature. This result confirms that
an amount of Cu on the order of 4.5 at.% is required at the ZnO/In,S3 interface for
optimal performance of ZnO-nr/In,S3/CuSCN eta solar cells, contrary to the suggestion
by Belaidi and colleagues in [29]. The amplitudes of spectral dependent SPV signals
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decreased after annealing PVD-In,S3/CuSCN at 200°C for 2 min or longer for layer
thicknesses of 20 nm or less. The densities of Cu at the internal interface after annealing
for 2 min were close the solubility limit as discussed in section 5.1.2. For layer
thicknesses of 40 and 80 nm, the SPV amplitude corresponding to a Cu concentration of
4.5 at.% was close to the maximum. The energy of the tail states was lower for the 40
nm thick compared to the 80 nm thick sample. An absorber of thickness close to 40 nm
can be considered suitable for the eta solar cells because of the lower disorder and

higher photovoltage.

As a recommendation for improving the efficiency of ZnO-nr/In,S3/CuSCN eta solar
cells, the CuSCN layer should be removed after annealing for short times to diffuse Cu
to the ZnO-nr/In,S; interface. A Cu-free hole conductor, for example an organic hole
conductor, can then be deposited on top of the ZnO-nr/In,S3:Cu layer system to

complete the solar cell.

In summary, it has been shown that the SPV amplitudes increased and the onset of the
SPV absorption shifted to lower photon energies with increasing PVD-In,S3 layer
thickness. By annealing PVD-In,S3/CuSCN heterojunction at 200°C for longer times, a
defect band was formed near the interface which trapped positive charge and resulted in
a drop in the SPV amplitude, a change in the Y signal in the modulated SPV
measurements and a negative component in the SPV transients. The signal from the
defect band dominated the SPV transient for thinner layers. The signal disappeared after
removal of CuSCN in pyridine. The SPV results have been correlated with open circuit
voltage of ZnO-nr/In,S3/CuSCN solar cells from literature. Contrary to what was
reported in literature, we have shown that a Cu density of about 4 at.% is needed at the

internal ZnO-nr/In,S3 interface to attain maximum V. and efficiency.
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6. Charge separation across np-TiO,/1n,S;

Interfaces

In,S3 layers discussed in this chapter were prepared by ILGAR from InCl3 or In(acac)s
precursor salts. The nature of interfaces formed between two materials depends on the
deposition parameters and composition of the materials. The interface between np-TiO,
and ILGAR-In,S3; was therefore investigated using modulated SPV technique to
understand the role of residual Cl in ILGAR(CI)-In,S3; compared to ILGAR(acac)-
In,S; on band alignment with np-TiO, substrate. The ILGAR-INn,S; layers were
deposited at temperatures of 150, 175 and 200°C.

In this chapter, the work functions and optical band gaps of ILGAR-In,S3 layers are
first reported followed by results from modulated SPV measurements. SPV signals from
bare ILGAR-In,S3 and np-TiO,/ILGAR-IN,S3 on SnO,:F substrates were compared to
extract information about conduction band offsets at the interface. The chapter will be
concluded with a model of the band diagram for the np-TiO2/ILGAR-In,S3

nanocomposite. Part of the results discussed here was published in [135].

6.1. Work function analysis and optical band gap

The work functions of ILGAR(CI)-In,S3 and ILGAR(acac)-In,S; were obtained from
the UPS spectra plotted as shown in figure 6.1. The width of the UPS spectrum is
related to the work function as the difference in energy between the incident UV energy
and the work function. The UV source energy is usually known from the experiment

and the width of the spectrum can be obtained from the data.
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Figure 6.1: UPS spectra (a), valence band maximum (b) and secondary cut-off for
ILGAR(acac)-In,S; and ILGAR(CI)-In,S; layers on Mo substrates.

Figure 6.1 (a) shows how the valence band maximum was obtained as the intersection
between the binding energy axis and tangent to the leading edge of the UPS spectra.
The valence band maximum in relation to the Fermi level (the reference) was 1.8+0.1
and 1.9+0.1 eV for ILGAR(acac)-In,S; and ILGAR(CI)-In,S3, respectively. An error

margin of £0.1eV was assumed due to non-linearity of the extrapolated edges and
background signal.
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The work functions were obtained as the difference between the UV incident energy
and the secondary cut-off shown in figure 6.1 (c). The values of the secondary cut-offs
were 16.9+0.1 and 17.1+0.1 eV for ILGAR(acac)-In,S; and ILGAR(CI)-In,Ss,
respectively. Subtracting these values from the UV incident energy (22.1eV) gave work
function values of 4.34+0.1 and 4.14+0.1 eV for ILGAR(acac)-In,S; and ILGAR(CI)-
In,S3, respectively. The difference in the work functions was 0.2 eV.
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Figure 6.2: Optical transmittance and band gap for ILGAR(acac)-In,S; (165 nm thick) and
ILGAR(CI)-In,S3 (180 nm thick) layers.

The optical band gaps of ILGAR(acac)-In,S3 and ILGAR(CI)-In,S3 were determined
from transmittance and reflectance data measured using Parkin Elmer Lambda 35
UV/vis spectrophotometer with integrating sphere. ILGAR(acac)-In,S; and
ILGAR(CI)-In,S3 layers were found to be indirect semiconductors in agreement with
literature [30]. The transmittance spectra for ILGAR(acac)-In,S; and ILGAR(CI)-In,S3
layers are shown in figure 6.2 (a). There was a difference in the position of the
absorption edge. The band gaps (Eg) were obtained from Tauc plot of Va.hv against
photon energy (hv), where « is the absorption coefficient, as shown in figure 6.2 (b).
values of E; amounted to 2.09 and 2.22 eV for ILGAR(acac)-In,Sz and ILGAR(CI)-

In,S3 layers, respectively.
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6.2. Charge transfer across np-TiO,/ILGAR(CI)-In,S;

interface

Charge transport across semiconductor interface depends on the band alignment which
in turn depends on the chemistry and composition of the interface. Twelve ILGAR
cycles of ILGAR(CI)-In,S3; were deposited onto screen printed np-TiO, at substrate
temperatures of 150, 175 and 200°C. Modulated SPV amplitudes measured at a
modulation frequency of 8Hz for bare ILGAR(CID-In,S3 and np-TiO,/In,S3
nanocomposite are shown in figure 6.3. The spectrum of the incident photon flux from a

halogen lamp is also included.
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Figure 6.3: Modulated SPV amplitudes for ILGAR(CI)-In,S; (a) and np-TiO,/ILGAR(CI)-
In,S3 (b). ILGAR(CI)-In,S; was deposited at temperatures of 150 (triangles), 175 (circles) and
200°C (squares).

From figure 6.3 (a) there was no dependence of the SPV amplitude on substrate
temperature. The highest amplitude for bare ILGAR(CI)-In,S3; on SnO,:F was obtained
for 200°C and the lowest for 175°C substrate temperatures. The magnitudes of the SPV
amplitude maxima were 0.074, 0.050 and 0.096 mV for substrate temperatures of 150,
175 and 200°C, respectively. There was apparently no SPV signal detected below
photon energy of 2 eV, an indication of lower defect distribution below the band gap.
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Figure 6.3 (b) shows SPV amplitude for np-TiO,/ILGAR(CI)-In,S;. The SPV
amplitude signal was larger compared to corresponding signals for bare ILGAR(CI)-
In,S3 layers. The values of the SPV amplitude maxima were 0.82, 1.00 and 1.00 mV for
substrate temperatures of 150, 175 and 200°C, respectively. The SPV signal below 2 eV

indicates a shift of the SPV onset energy to lower photon energies.
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Figure 6.4: Normalized SPV amplitudes for ILGAR(CI)-In,S; (a) and np-TiO,/ILGAR(CI)-
In,S; (b). ILGAR(CI)-In,S; was deposited at temperatures of 150 (triangles), 175 (circles) and
200°C (squares).

Values of the SPV onset energies for bare ILGAR(CI)-In,S; layers and for np-
TiO2/ILGAR(CI)-In,S3 nanocomposite were determined by extrapolating the leading
edge of the normalized SPV signal to the photon energy axis as shown in figure 6.4.
The photon energy at the intersection point gave the values of the SPV onset energy for
bare ILGAR(CI)-In,S3 deposited at 150, 175 and 200 °C substrate temperatures as 2.22.
2.17 and 2.11eV, respectively. These values compare well with the optical band gap of
2.21 eV obtained in section 6.1. The SPV onset energies for np-TiO,/ILGAR(CI)-In,S3
nanocomposite deposited at 150, 175 and 200°C were 1.92, 1.84 and 1.78 eV,
respectively. There was a clear shift of the SPV onset energy to lower photon energies
for np-TiO2/ILGAR(CI)-In,S3 compared to ILGAR(CI)-In,S3 nanocomposite.
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The energy parameter (E;) of the exponential tail states describes the degree of disorder.
The values of E; were obtained from the slopes of the normalized SPV divided by the
photon flux in the defect range as shown in figure 6.5. E; values for bare ILGAR(CI)-
In,S3 were obtained from figure 6.5 (@) and amounted to 90, 80 and 80 meV for
substrate temperatures of 150, 175 and 200°c, respectively. The degree of disorder
decreased when ILGAR(CI)-In,S3 was deposited at 175 or 200°C compared to 150°C.
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Figure 6.5: Normalized SPV amplitude divided by photon flux for ILGAR(CI)-In,S; (a) and np-
TiO,/ILGAR(CI)-In,S; (b). ILGAR(CI)-In,S; was deposited at temperatures of 150 (triangles),
175 (circles) and 200°C (squares).

Values of E; were obtained for np-TiO,/ILGAR(CI)-In,S3 from figure 6.5 (b) as 150
meV independent of the substrate temperature. The degree of disorder increased
independent of substrate temperature when ILGAR(CI)-In,S3; was deposited on np-
TiO,. This can be understood by considering charge transport across np-
TiO2/ILGAR(CI)-In,S3 interface. It is known that photo-generated electrons are
injected from In,S3 into np-TiO, [13] therefore defect states in np-TiO, contributed
strongly to charge separation and transport in np-TiO2/ILGAR(CI)-In,S3

nanocomposites.

Figure 6.6 shows the variation of the onset of SPV absorption and energy parameter of
tail states for bare ILGAR(CI)-In,S3 and np-TiO,/ILGAR(CI)-In,S3 nanocomposite as
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a function of substrate temperature. There was a decrease of the SPV onset energy with
increasing substrate temperature for both bare ILGAR(CI)-In,S3; and np-
TiO2/ILGAR(CI)-In,S3 nanocomposite. Furthermore, there was a shift of the SPV onset
energy of 0.30 to 0.33 eV to lower photon energies for np-TiO,/ILGAR(CI)-In,S3
compared to bare ILGAR(CI)-In,Ss.
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Figure 6.6: SPV absorption onset energy and energy of exponential tails for ILGAR(CI)-In,S3
and np-TiO,/ILGAR(CI)-In,S;. ILGAR(CI)-In,S; was deposited at temperatures of 150
(triangles), 175 (circles) and 200°C (squares).

The difference in the onset energy between np-TiO, and ILGAR(CI)-In,S; was
considered as the difference in the conduction band edges and not as a change in the
stoichiometry of ILGAR(CI)-In,S3 because the concentration of Cl remained constant
in the temperature range investigated [135, 99]. A photon energy on the order of 0.33
eV less that the band gap of ILGAR(CI)-In,S3 was enough to excite electrons from the
valence band of ILGAR(CI)-In,S3 into the conduction band or defect states below the
band gap of np-TiO,.

Figure 6.6 (b) shows the energy of tail states below the band gap for bare ILGAR(CI)-
In,S; and np-TiO,/ILGAR(CI)-In,S3 nanocomposite as a function of substrate
temperatures. Values of E; decreased slightly with increasing substrate temperature for
bare ILGAR(CI)-In,S; but were constant at 150 meV independent of substrate
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temperature. The strong increase of E; in np-TiO,/ILGAR(CI)-In,S3 nanocomposite
compared to bare ILGAR(CI)-In,S3 can be explained by the fact the distribution of
defect states below the conduction band of np-TiO, was larger than for ILGAR(CI)-
In,S3 [135]. Photo-generated electrons from the valence band of ILGAR(CI)-In,S3 into

defect states in np-TiO, contributed to SPV signal at lower photon energies.
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Figure 6.7: Phase angles for ILGAR(CI)-In,S; (a) and np-TiO,/ILGAR(CI)-In,S; (b) systems.
ILGAR(CI)-In,S; was deposited at temperatures of 150 (triangles), 175 (circles) and 200°C

(squares).

Information about the direction of charge separation and time response of bare
ILGAR(CI)-In,S3 and np-TiO,/ILGAR(CI)-In,S3 nanocomposite in relation of the
modulation of the incident light was obtained by analysis of the spectra of the phase
angles. Figure 6.7 shows the spectra of the phase angles for bare ILGAR(CI)-In,S3 and
np-TiO,/ILGAR(CI)-In,S3 nanocomposite deposited at 150, 175 and 200°C substrate

temperatures.

The spectra of the phase angles for bare ILGAR(CI)-In,S3 were between -60° and -40 °
and did not show a significant temperature dependence. The phase angles were almost
constant at -43, -50 and -46° for substrate temperatures 150, 175 and 200°C,
respectively, independent of photon energy. In figure 6.7 (b), the phase angles for np-
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TiO2/ILGAR(CI)-In,S3 changed from -60° to -27° for annealing temperatures of 150
and 200°C and to -22° for annealing temperature of 175°C. The change in the phase
angle corroborates a change in the mechanism of charge separation and relaxation in np-
TiO2/ILGAR(CI)-In,S3znanocomposite.
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Figure 6.8: Phase angles as a function of the SPV amplitude for ILGAR(CI)-In,S; (a) and np-
TiO,/ILGAR(CI)-In,S; nanocomposite (b). ILGAR(CI)-In,S; was deposited at temperatures of
150 (triangles), 175 (circles) and 200°C (squares).

The relationship between the phase angle and the SPV amplitude is shown in figure 6.8.
The phase angle was constant at -50° for bare ILGAR(CI)-In,S; independent of
substrate temperature and SPV amplitude a signature of constant mechanism of charge
separation and transport. Accumulation of photo-generated of electrons at the internal
interface and holes at the surface caused by build-in electric field was the dominant
process in ILGAR(CI)-In,S3 layers.

The phase angles were almost constant for lower SPV amplitudes associated with
charge separation in the defect region of np-TiO2/ILGAR(CI)-In,S3 nanocomposite. As
the absorption increased above the band gap, the number of photo-generated charges
increased strongly leading to an increase in the amplitude of the SPV signal. This is
characteristic of trap limited transport as reported for charge transport in np-TiO,.
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Photo-generated electrons are injected from In,S3 into np-TiO,, and therefore transport
in np-TiO, dominated charge separation and relaxation in np-TiO2/ILGAR(CI)-In,S;3

nanocomposite.

6.3. Charge transfer across np-TiO,/ILGAR(acac)-1n,S;

interface

SPV amplitudes for bare ILGAR(acac)-In,S3 and np-TiO,/ILGAR(acac)-In,S;
nanocomposites for 150, 175 and 200°C substrate temperatures are shown in figure 6.9.
Figure 6.9 (a) shows that the SPV amplitude for bare ILGAR(acac)-In,S3 increased
from 0.10 to 0.42 to 0.78 mV with increasing substrate temperature from 150 to 175 to
200°C, respectively. There were SPV signals up to photon energies close to 1 eV due to
charge separation involving defect states below the band gap of ILGAR(acac)-In,Ss.
ILGAR(acac)-In,S3 showed increased defect distribution below the band gap compared
to ILGAR(CI)-In,S3 [135].

The SPV amplitude signal increased with substrate temperature as shown in figure 6.9
and amounted to 0.53, 1.22 and 2.07 mV for substrate temperatures of 150, 175 and
200°C. The increase in the SPV amplitude signal for np-TiO,/ILGAR(acac)-In,S;
nanocomposite was almost three times that from bare ILGAR(acac)-1n,S3. There was a
small change in the SPV amplitude signal at photon energy of 3.2 eV related to
absorption in the np-TiO, layer whose band gap according to literature is 3.3 eV [142].

The SPV onset energies were determined by extrapolating the leading edge of the graph
of the normalized SPV signal as shown in figure 6.10. The onset energy of the SPV
signal from bare ILGAR(acac)-In,S; was at 1.87 eV photon energy independent of the
substrate temperature as shown in figure 6.10 (a). For comparison, the optical band for
ILGAR(acac)-In,S3 was obtained in section 6.1 as 2.09 eV. The difference was due to

the broader distribution of defects states below the band that contributed to SPV signal.

For the np-TiO,/ILGAR(acac)-In,S3 nanocomposite, values the onset of SPV
absorption were 1.89, 1.81 and 1.71 eV for substrate temperatures of 150, 175 and
200°C, respectively. The onset energy shifted to lower photon energies with increasing
substrate temperature. As a remark, the difference in the behavior of np-
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TiO,/ILGAR(acac)-In,S3 and np-TiO2/ILGAR(CI)-In,S; nanocomposites lie in the
difference in chemical composition and the nature of interfaces formed.
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Figure 6.9: Modulated SPV amplitudes for ILGAR(acac)-In,S; (a) and np-TiO,/ILGAR(acac)-
In,S3 (b). ILGAR(acac)-In,S; was deposited at temperatures of 150 (triangles), 175 (circles)
and 200°C (squares).

The energy parameters of exponential tail states were determined from the slopes of graphs of
normalized SPV signals divided by the photon flux as shown in figure 6.11. The values of E, for
bare ILGAR(acac)-In,S; were obtained as 120 meV for substrate temperatures of 120 and
175°C and 143 meV for substrate temperature of 200°C. This means that disorder increased for
higher substrate temperatures. ILGAR(acac)-In,S; showed a broader distribution of defect
states below the band gap than did ILGAR(CI)-In,S3. The lowest disorder, characterized by E;,
of 80 meV was realized for ILGAR(CI)-In,S;. For np-TiO,/ILGAR(acac)-In,S; nanocomposite
values of E; were 135 meV after deposition at 150 and 175°C and increased to 170 meV after
deposition at 200°C. The values of E; increased for np-TiO,/ILGAR(acac)-In,S;
nanocomposite compared to bare ILGAR as well as after deposition at higher temperature of
200°C [135].
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Figure 6.10: Normalized SPV amplitudes for ILGAR(acac)-In,S; (a) and np-
TiO,/ILGAR(acac)-In,S; (b). ILGAR(acac)-In,S; was deposited at temperatures of 150
(triangles), 175 (circles) and 200°C (squares).
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Figure 6.11: Normalized SPV amplitude divided by photon flux for ILGAR(acac)-In,S; (a) and
np-TiO,/ILGAR(acac)-In,S; (b). ILGAR(acac)-In,S; was deposited at temperatures of 150
(triangles), 175 (circles) and 200°C (squares).
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Figure 6.12: SPV absorption onset energy and energy of exponential tails for ILGAR(acac)-
In,S; and np-TiO,/ILGAR(acac)-In,S;. ILGAR(acac)-In,S; was deposited at temperatures of
150 (triangles), 175 (circles) and 200°C (squares).

Values of the SPV onset energy and E; are shown as a function substrate temperature in
figure 6.12. SPV onset energy was constant for bare ILGAR(acac)-1n,S3 but decreased
with increasing substrate temperature for np-TiO,/ILGAR(acac)-In,S3; nanocomposite.
On the other hand, E; was constant for 150 and 175°C substrate temperatures but
increased after deposition at 200°C. Et increased for np-TiO,/ILGAR(acac)-In,Ss;

nanocomposite compared to bare ILGAR(acac)-1n,Ss.

Figure 6.13 shows the spectra of phase angles for bare ILGAR(acac)-In,S3 and for np-
TiO2/ILGAR(acac)-In,S3 nanocomposite, after deposition at 150, 175 and 200°C
substrate temperatures. The spectra of the phase angles for bare ILGAR(acac)-In,S3
showed no dependence on substrate temperature as shown in figure 6.13 (a). The phase
angles increased towards -0° with increasing photon energy above the band gap due to
increasing absorption and generation of electron-hole pairs. The phase angles were in
the range between -70° and -20° an indication that photo-generated electrons were

separated preferentially towards the internal interface.
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Figure 6.14: Change of phase angle with SPV amplitude for ILGAR(acac)-In,S; (a) and np-
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For np-TiO,/ILGAR(acac)-In,S3 nanocomposites, the quality of the spectra of the
phase angles was similar to those for bare ILGAR(acac)-In,S3. Photo-generated
electrons were injected into np-TiO, [13]. A signal onset due to absorption in the np-
TiO, was observed at a photon energy of about 3.2 eV. The change in the phase angle
with photon energy for np-TiO,/ILGAR(acac)-In,S; nanocomposite was stronger than
for bare ILGAR(acac)-In,S3; concomitant with the strong increase in the SPV amplitude

above the absorption band edge.

The phase angle for bare ILGAR(acac)-In,S3 increased with SPV amplitude as shown
in figure 6.14. For np-TiO,/ILGAR(acac)-In,S; nanocomposite, the phase angles

increased with SPV amplitude.

6.4. Band diagram of TiO,/In,S; interface

The strong shift in the SPV onset energy and changes in E; can be understood by
considering charge transport across the np-TiO,/ILGAR-In,S3 interfaces. The
ionization energy and band gap of TiO, are known from literature to be 7.4 eV [143]
and 3.3 eV [142], respectively. The conduction band of np-TiO, will be 0.3 eV below
that of ILGAR(CI)-In,S3 or 0.1 eV above that of ILGAR(acac)-In,S3 taking into
account the mobility band gap of 2.2 and 1.9 eV, respectively, as obtained from

modulated SPV measurements.

The conduction band offset of 0.3 eV for np-TiO,/ILGAR(CI)-In,S3 interface was
equal to the shift in SPV onset energy. There was therefore an overlap of wave
functions of occupied electronic states on the ILGAR(CI)-In,S3 side and unoccupied
electronic states on the np-TiO; side of the interface [135]. Electrons could therefore be
excited with photon energies below the band gap of ILGAR(CI)-In,S3 across the

interface into empty states in np-TiO,.

The shift in the SPV onset for np-TiO,/ILGAR(acac)-In,S3; compared to ILGAR(acac)-
In,S3 was about 0.05 eV but the difference in the conduction band edges was -0.1 eV or
0.1 eV taking into account the optical or mobility band gap, respectively. Considering
the accuracy of the UPS measurement, the conduction band offset at the np-
TiO2/ILGAR(acac)-In,S3 interface was neglected [135].
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Figure 6.15: Band diagram for np-TiO,/ILGAR(acac)-In,S; (a) and np-TiO,/ILGAR(CI)-In,S;
(b) heterostructures. E: and E denote the band gaps of ILGAR(acac)-In,S; and ILGAR(CI)-
In,S;, respectively and E, and E. are the valence and conduction band edges, respectively.
x(T10,), x(In,Sz(acac)) and x(In,S3(Cl)) are the electron affinities for np-TiO,, ILGAR(acac)-
In,S3 and ILGAR(CI)-In,S3, respectively.

In SPV experiments, the equilibrium voltage that depends on the rate of charging and
discharging during modulation is usually measured while in UPS, the density of states is
measured with reference to the Fermi energy [135]. The information depth differs but
SPV has the advantage that it can measure directly charge transfer at interfaces to
provide information about band alignment. There can be differences in the values of

band offsets depending on the methods used.

A model of the band diagram for np-TiO,/In,S3 heterostructures was developed as
shown in figure 6.15. Process (i) represents photo-excitation of electrons from the
valence band to the conduction band of ILGAR-In,S3, and process (ii) represents
excitation with photon energies less than the band gap of ILGAR-In,S3 into states in
np-TiO,. Charge transfer across the np-TiO,/ILGAR-In,S; interface is shown by

process (iii) and (iv).
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In modulated SPV measurements, photo-excited electrons move back and forth across
the np-TiO,/ILGAR(acac)-In,S; as shown by process (iii) due to the negligible
conduction band offset. In the np-TiO,/ILGAR(CI)-In,S3; nanocomposite the back and
forth motion is of photo-excited electrons is limited by the energy barrier of 0.3 eV at
the interface as shown by process (iv). The interface dipole is indicated as the difference
in the vacuum level at the np-TiO,/ILGAR(CI)-In,S3 interface in figure 6.15 (b).
Current transport at heterojunctions depends on the composition and nature of the
interface as well as the band alignment. Charge transfer across np-TiO,/In,S3 interface

is influenced by residual ClI which increases the band offset.

In summary, the results of charge separation in np-TiO,/ILGAR-IN,S; nanocomposite
have been presented. UPS measurements showed similar position for the valence band
maximum for both ILGAR(acac)-In,S3 and ILGAR(CI)-In,S3 although the optical band
gap of ILGAR(CI)-In,S3 is larger by 0.2 eV. The degree of disorder was minimum for
ILGAR(CI)-In,S3 compared to ILGAR(acac)-In,S; pointing to a reduction of the
distribution of band tail states due to residual Cl. A model for the energy band
alignment was developed and the role of Cl discussed. The conduction band offsets
amounted to 0.05 and 0.3 eV for ILGAR(acac)-In,S3 and ILGAR(CI)-In,S3,
respectively. It can be remarked that residual Cl shifted the conduction valence band
upward, thereby increasing the band gap size. The nature of interfaces formed differs

from each other due to difference in stoichiometry and composition.
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/. Summary and outlook

Model experiments to investigate Cu diffusion from CuSCN source layer into different
In,S; layers and charge separation across interfaces in np-TiO,/In,S3/CuSCN
nanocomposite have been reported in this thesis. Diffusion experiments were performed
in the temperature range between 150 and 250°C using RBS depth profiling method.
Comparative analysis was performed to obtain activation energies and diffusion
prefactors for Cu diffusion in PVD-In,S3, ILGAR(acac)-In,S; and ILGAR(CI)-In,S3
layers. On the other hand charge separation across PVD-In,S3/CuSCN and np-
TiO2/ILGAR(Cl/acac)-In,S; was investigated by modulated and transient SPV

techniques.

The RBS signals from diffused Cu increased with increasing annealing temperature due
to enhanced diffusion of Cu into all the In,S3 layers. The depth profiles of Cu in In,S;3
were extracted from the measured spectra by simulation and fitting using SPEWA
software developed by the lon beam analysis group at the Institute of Solid State
Physics, University of Jena, Germany. To obtain values of the diffusion coefficients, the
depth profiles were simulated using a one dimension diffusion model with a reflecting

boundary.

The diffusion coefficients for Cu migration in PVD-In,S3 and ILGAR-In,S3 layers
fitted well in Arrhenius plots from which the activation energies and diffusion
prefactors were extracted. The diffusion prefactors of 9.0 x 107! cm?s and 2.7 X
10711 ¢cm?s were obtained for Cu diffusion in PVD-In,S3 and ILGAR(acac)-In,Ss;

layers with activation energies of 0.30 and 0.27 eV, respectively.

For the ILGAR(CI)-In,S3 layers, with CI content of 13.8 at.%, 11.3 at.%, 8.5 at.% and
7.8 at.%, the diffusion prefactors amounted to 6.0 x 107¢, 3.0 x 107%,3.2 x 10™°, and
1.2 X 1075 cm?s, respectively. The values of the activation energies were 0.70, 0.72,

0.75 and 0.78 eV, respectively.
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The values of Ex and Dg for Cl-free PVD- In,S3; and ILGAR(acac)-In,S; were the
same order of magnitude. Ex and Dy values for Cl-containing ILGAR(CI)-In,S3 were
more than twice and five orders of magnitude higher than for Cl-free In,S3 layers,
respectively. The relationship between E, and Dy satisfied the Meyer-Neldel
compensation law with the Meyer-Neldel energy (40 meV) in the range of 25 -250 meV
reported in literature. This corresponds to the isokinetic temperature of 191°C, which is

close to the average temperature for the experimental range covered in this work.

The onset of the modulated-SPV absorption for PVD-In,S3 layers decreased to lower
photon energies while the amplitude of the SPV signal increased with increase in layer
thickness. After deposition of CuSCN, the onset of SPV absorption shifted to lower
photon energies and the amplitude increased by almost twice for all layer thicknesses.
After annealing PVD-In,S3/CuSCN heterostructures the amplitude of the SPV signal
increased for short annealing times but decreased for prolonged annealing. The decrease
was stronger for thinner In,S3 layers. SPV transients were positive, denoting charge
separation with photogenerated electrons separated preferentially towards the internal
interface. The SPV transients showed a negative component of the same transient after
annealing for longer than 2 min. This means that a second process of charge separation
in the opposite direction was initiated after annealing due to the formation of a defect

band where hole are trapped.

The density of diffused Cu at the internal (ZnO-nr/In,Ss3) interface of a ZnO-
nr/In,S3/CuSCN solar cell with absorber thickness of 30 nm was calculated as a
function of annealing times. Comparison of the SPV results with open circuit voltages
of the solar cell led to the conclusion that the optimal layer thickness for these kinds of
solar cells is in the range of 30 — 40 nm. A density of Cu of 4 - 4.5 at.% is necessary at
the ZnO/In,S3 interface of the solar cell for optimal performance contrary to what is
found in literature. This is achieved after annealing the complete solar cell at 200°C for

about 2 min.

It is therefore recommended that, to achieve higher conversion efficiencies, the CUSCN
layer should be removed after annealing the ZnO-nr or TiO,/In,S3/CuSCN solar cells at
200°C for about 2 min and a Cu-free hole conductor, for example an organic
semiconductor, is deposited onto the ZnO-nr or TiO,/In,S3:Cu heterostructure. The

ZnO-nr/In,S3/CuSCN remained stable for close to about two month when stored in air
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after moderate annealing [144]. In this time the efficiency of the solar cells increased
and started to drop after about two months. The stability of the solar cells will be
enhanced because the continuous diffusion that eventually degrades the solar cells will

be eliminated by removal of the CuSCN layer after annealing.

The band alignment at np-TiO,/ILGAR-In,S3 interface was investigated by modulated
SPV technique as a function of the ILGAR precursor salt. Cl-free and Cl-containing
In,S3 layers from In(acac)s and InCls precursor salts, respectively, were deposited on
SnO;:F and np-TiO, substrates by ILGAR method at substrates temperatures of 150,
175 and 200°C. The optical band gap of ILGAR(CI)-In,S3 and ILGAR(acac)-In,S3 was
2.22eV and 2.09 eV while the work function amounted to 4.14 and 4.34 eV,
respectively. ILGAR(acac)-In,S3; showed the highest degree of disorder with higher
energy parameter of tail states (E;) compared to ILGAR(CI)-In,S3. The shift in the
onset of the SPV absorption to lower photon energies for np-TiO,/ILGAR-IN,S;
compared to SnO,:F/ILGAR-In,S3; was interpreted as the difference in the conduction
band edges between np-TiO, and ILGAR-In,S3. The conduction band offsets for np-
TiO2/ILGAR(CI)-In,S3 and np-TiO,/ILGAR(acac)-In,S3 were 0.30 eV and 0.05 eV,

respectively.

Charge transport in the np-TiO,/In,S3 nanocomposites showed characteristics of a trap
limited mechanism. This means that the photogenerated electrons were injected into np-
TiO, and therefore electron transport in the np-TiO, layer was the dominant process. It
is known that electronic transport in np-TiO, is predominantly trap assisted, and it is
explained using the trap filling concept. A model for the energy band alignment was
proposed based on the band offsets, work function and band gap values. The difference
on the conduction band offsets at the np-TiO,/ILGAR(acac)-In,Ss and np-
TiO2/ILGAR(CI)-In,S3 interfaces points to different interface properties and band line
up. Cl ion carries a negative charge which modifies the interface dipole different from

the Cl-free case.

First principle calculations of the structural and electronic properties of Cl-containing
In,S3 will be helpful in understanding the role of CI for interface formation and for Cu
diffusion mechanisms. Understanding the role of Cl for the formation of charge
selective contacts in np-TiO,/In,S3/CuSCN requires systematic variation of Cl content

in the In,S3 layers starting with very small amounts. This requires the optimization of
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deposition parameters in the ILGAR process. This knowledge is beneficial also for the
chalcopyrite solar cell community, which use In,S; as a buffer layer between the
chalcopyrite absorber and window layer. Extended investigations of charge separation
in complete np-TiO,/In,S3/CuSCN nanocomposites are required to understand

processes of electronic transport in the whole system.
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