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INTRODUCTION

The development of cost-effective, high-performance solar cells is required to
achieve grid parity with fossil fuels [1]. For decades, polycrystalline thin-film
solar cells have been recognised as important sources of low-cost and
environmentally friendly energy for the future [1, 2]. It has been argued that
inexpensive, large-area deposition methods could be developed to yield high-
efficiency devices and that monolithic integration methods could lower the cost
of module fabrication [2]. Because it meets many of these goals, CdTe is today
the most commercially successful thin-film photovoltaic (PV) material, with a
major commercial impact on solar energy technology and an estimated market
share of 5-6% [2, 3]. CdTe is a favourable material for PV applications because
of its nearly ideal bandgap (£, = 1.5 eV) and high optical absorption coefficient
(>10°/cm) [4], as recognised in the early 1980s when devices with efficiencies of
~10% were demonstrated [5, 6]. Three decades of research and development
have resulted in the present record efficiency of 22.1% [7]. A breakthrough in
the open-circuit voltage was reported in February, 2016, which increased the
decades-old record of 800—900 mV to more than 1 V [1, 8]. The goal of all these
efforts was to increase the efficiency, reliability, and lifetime of PV devices.
However, despite these improvements, additional effort is needed in order to
reach the theoretical limit of 30% [9]. Despite the high PV performance of CdTe
solar cells, there are still several technology-related issues such as back-contact
strategy, junction activation, and chloride treatment that require better
understanding [2].

Irrespective of the CdTe film deposition method, CdCl, activation treatment
in the presence of oxygen is a standard and vital step for the production of highly
efficient CdTe solar cells [2, 4]. During the fabrication of a cell, this processing
step is more important than back-contact fabrication because it has a significant
impact on the surface composition and chemical nature of the interfaces. CdCl,
treatment promotes grain growth by recrystallisation in the CdTe and CdS layers
and passivates and reduces the density of the grain boundaries (GBs) [4, 10-14].
It is accepted that CdCl, treatment promotes p-type doping of CdTe via complex
interactions between Cl and the native defects present in CdTe [4, 15-17].
However, such treatment causes segregation of CdCl, and CdCl,-2CdO residual
phases on the GBs and a high CI concentration (over 10" ¢cm™) in the lattice
[18-21]. High concentrations of residuals limit the density of charge carriers in
p-type CdTe and cause hygroscopicity of the cells, both of which have a strong
impact on cell performance [19, 22]. Thus, controlled thermal annealing in
ambient conditions of chloride-activated CdTe films could be a way to remove
residual phases, thus improving the optoelectronic properties of the CdTe films
[22-24].
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Developing an efficient device with a very thin CdTe absorber layer (<1 um
thick) is important for the future growth of CdTe technology. Although a
submicron-thick CdTe layer could be beneficial in terms of reducing the cost of
materials and manufacturing, there are challenges related to reduced light
absorption in thin absorber layers [2, 10, 25, 26]. Therefore, adoption of various
light-trapping techniques is required. Employment of the plasmonic effect
caused by metallic nanoparticles (NPs) has been found to be effective for
enhancing light absorption in ultrathin semiconductor layers in thin-film solar
cells [27-31].

In the current thesis, we systematically investigated the influence of different
processing variables such as the substrate temperature for CdTe deposition, post-
deposition CdCl, activation treatment, and subsequent multi-step thermal
annealing on the structural and optoelectronic properties of close-spaced
sublimated CdTe thin films and CdTe/CdS thin-film solar cells. In addition, we
studied a novel approach for facilitating the plasmonic effect via incorporation
of Au NPs into the CdTe absorber layer for increased light absorption and
efficiency of the solar cell.

This thesis is composed of three main chapters. Following the Introduction,
Chapter 1, “Literature overview,” provides a short review of PVs, followed by a
general overview of CdTe/CdS thin-film solar cells. Further, the properties that
make CdTe a favourable material for PVs, as well as the technical challenges
associated with development of CdTe/CdS thin-film solar cells, are highlighted.
Chapter 2 describes the experimental details of thin-film processing, as well as
those of device fabrication. The techniques used to characterise the properties of
thin films and solar cells are also introduced. Chapter 3 is divided into three
sections and contains original experimental results and a discussion of those
results. The first section reports the formation of CdTe/CdS solar cells whose
properties are a function of the deposition conditions and post-deposition CdCl,
activation treatment. The second section comprise systematic investigation of
the influence of multi-step thermal annealing on the properties of CdCls-
activated CdTe single layers. The third section is devoted to the plasmonic effect
of Au NPs on the properties of the CdTe layers and on the performance of
CdTe/CdS solar cells. The thesis concludes with a summary of the main goals
achieved during the course of this study.
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1. LITERATURE OVERVIEW

1.1. Photovoltaics

The development of sustainable energy sources remains essential in order to
respond to increased demand caused by greater consumption and population
growth [32, 33]. In addition to wind and hydropower, solar energy is one of the
most important renewable energy sources [33]. Energy from the sun can be
made available either by collecting the energy in the form of heat (solar thermal
technology) or by directly converting the sunlight into electricity (PVs). PVs are
one of the fastest growing renewable energy technologies, with an annual
growth rate of 44%, and it is expected that PVs will play a major role in any
future global electricity generation mix [34]. In 2014, the cumulative
photovoltaic capacity increased by 40.1 GW, or 28%, and it reached at least 178
GW by the end of the year, which is sufficient to supply 1% of the world’s
current total electricity consumption of 18,400 TWh [34]. According to
GlobalData’s latest report, the global installed capacity of solar PVs will
increase from 271.4 GW in 2016 at a compound annual growth rate of 13.1% to
756.1 GW in 2025 [35].

There is a wide range of PV cell technologies on the market today using
different types of materials, and an even larger number will be available in the
future [3, 32]. Crystalline silicon (c-Si) is the most commonly material used in
the PV industry, and wafer-based c-Si PV cells and modules dominate the
current market, comprising approximately 90% of the annual PV production [32,
33]. This is a mature technology that utilises the accumulated knowledge
developed within the electronics industry, with well-developed mass production
on a GW-scale. The record laboratory cell efficiencies are 25.6% and 20.8% for
mono- and multi-crystalline silicon wafer-based technology, respectively [36,
37]. Although silicon technology is well developed, its potential for cost
reduction is limited and the energy payback time is rather long. Thus, thin-film
solar cells could be superior to silicon solar cells by lowering production costs
and minimising material consumption. Thin-film solar cells comprise successive
thin layers 1-4 pum thick deposited onto inexpensive substrates such as glass,
polymers, or metals [33]. Thin-film cells require as much as 99% less material
than crystalline solar cells while absorbing the same amount of sunlight. In
addition, thin films can be used in flexible and lightweight structures, and thus
they can be easily integrated into building components [building-integrated PVs
(BIPVs)] [33]. Apart from numerous new application possibilities, this
flexibility means production could be carried out using a roll-to-roll process,
further reducing the production cost. The main thin-film materials commercially
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available are amorphous silicon (a-Si), cadmium telluride (CdTe), copper indium
diselenide (CIS), and copper indium gallium diselenide (CIGS).

Amorphous silicon (a-Si) is the most attractive commercially available
material because existing silicon solar-cell technology can be used for
manufacturing. However, the known drawbacks of a-Si, i.e., poor absorption and
degradation, are roadblocks for this technology [38]. Direct band gap
semiconductor materials with high light absorption ability such as CIGS and
CdTe are effective alternatives because of their rapidly increasing efficiencies
and long-term stability. CdTe and CIGS PVs show world-record efficiencies of
22.1% and 22.3%, respectively, for small-area cells [7]. Although CIGS-based
solar cells are the most efficient thin-film technologies, so far manufacturers
have not been able to produce CIGS solar panels at prices competitive with
CdTe solar panels. There is growing concern by some that the cost of fabricating
CIGS products will make it difficult to compete with current grid prices [39].
There is a wide range of other PV cell technologies, such as concentrating PVs
(CPVs), dye-sensitised solar cells, and organic solar cells, and novel and
emerging solar-cell concepts, but these technologies and concepts are still being
researched or they have not yet been widely commercialised [32, 33]. Figure 1.1
shows the highest efficiencies achieved to date with various materials.
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Fig. 1.1. Highest solar-cell efficiencies documented by the U.S. Department of Energy’s
National Renewable Energy Laboratory [7].
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1.2. General overview of CdTe/CdS thin-film solar cells
1.2.1. History and milestones of CdTe solar cells

The development of CdTe solar cells was initially motivated by their potential
for application in space-based communication satellites [40]. The first thin-film
solar cell of the type n-CdTe/p-Cu,Te, which had an efficiency of ~7%, was
demonstrated by General Electric Research Laboratory in 1963 [41]. Difficulty
in controlling the Cu,Te formation process, poor device stability (caused by Cu
diffusion), and lack of a transparent p-type conductor led to the quest for an
alternative heterojunction partner for CdTe [40]. In 1972, Bonnet and
Rabenhorst presented a paper at the 9th European Photovoltaic Specialists
Conference describing the fabrication of a CdS/CdTe/Mo substrate structure
using chemical vapour-deposited CdTe and vacuum-evaporated CdS films. The
proposed structure had an efficiency of 5-6% [42]. Ten years later, Tyan et al.
[5] presented a superstrate thin-film cell with more than 10% efficiency that was
grown by close-spaced sublimation—the leading method of later high-efficiency
devices. The realisation of a cell in a superstrate configuration was the first
milestone of CdTe development. Intermixing between CdS and CdTe, which can
easily happen during processing, was believed to be the reason for the superior
performance of this configuration [40]. The most important milestone for thin-
film CdTe cell performance, with a collateral benefit for processing tolerance,
was the post-deposition air heat treatment of CdTe/CdS structures coated with
CdCl, [4, 43]. During the 1990s, optimisation of the CdCl,
treatment/contact/doping processes yielded an impressive cell efficiency of
15.8% [44]. In 2001, there was another important milestone when the National
Renewable Energy Laboratory (NREL, USA) achieved 16.7% efficiency [45] as
a result of high-temperature absorber film growth, the use of a highly transparent
cadmium stannate (CTO) layer as the transparent conductive oxide (TCO), and
successful implementation of zinc stannate (ZTO) as a high-resistivity
transparent (HRT) layer [46] at the TCO/CdS interface. The most successful
technologies for absorber preparation were close-spaced sublimation (CSS) [45]
and vapour transport deposition (VTD) [47]. During the decade following these
developments, the effects of post-deposition processes on device performance
were better understood, and the VTD technique, which can form films on fast-
moving substrates, was further optimised by First Solar, eventually becoming
the most commercially successful approach [2, 4]. First Solar is a leading global
provider of comprehensive photovoltaic (PV) solar energy solutions, with solar
cells generating over 10 GW of energy installed worldwide [48]. This company
holds the current records for the cell and module efficiency of CdTe PVs: 22.1%
and 18.6%, respectively [7, 49].

14



1.2.2. Device structure

CdTe thin-film solar cells are multilayer structures consisting of semiconductor
and metal layers. The primary p—n junction occurs between the p-type CdTe
absorber and the n-type CdS layer. The electric field between the p- and n-type
semiconductors allows separation of electron—hole pairs, which are generated
when a photon is absorbed in the solar cell. The current is collected through
electric contacts. One of the contacts needs to be transparent to allow sunlight to
enter the solar cell. CdTe solar cells can be fabricated in superstrate or substrate
configurations [2]. Devices with the superstrate configuration are processed by
forming a transparent TCO/junction-partner/CdTe/back-contact stack on a
transparent sheet, i.e., a superstrate, through which light enters the device (Fig.
1.2a) [2]. In the substrate configuration, the deposition sequence is reversed and
the stack is formed on a substrate that does not have to be transparent (Fig. 1.2b)
[2]. The highest-efficiency devices and commercialised modules are typically
fabricated using the superstrate configuration.

a) b)

Front contact
n-CdS

n-CdS
Front contact Backcontact  ih

Substrate

Substrate

Fig. 1.2. Schematic of CdTe/CdS solar cells fabricated in (a) superstrate and (b)
substrate configurations. The yellow arrows indicate the direction of illumination [50].

A crucial step in superstrate cell design is the choice of an appropriate
substrate material. The substrate has to withstand high temperatures during
subsequent processing steps and be transparent. Commonly used substrates are
soda-lime glass and borosilicate glass, which have strain points at approximately
515 °C and 660 °C, respectively. For high efficiency, the junction is formed at
temperatures close to 600 °C, limited by the strain point of the glass and the
impurity diffusion from the glass into the CdTe absorber [2]. There is typically a
diffusion barrier layer (a thin SiO; film) at the glass/TCO interface to control
such diffusion [2]. The principle requirements for a TCO are that it must be
optically highly transparent and highly conductive. A material whose optical
transmission is higher than 80% and whose sheet resistance is 5-15 Q/sq is
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considered suitable. Commonly used TCOs for PV applications are fluorine-
doped SnO, (FTO) [51], tin-doped In,O; (ITO) [52], aluminium-doped ZnO
(AZO) [53], and Cd>SnO4 [54], all of which can be applied using different
deposition techniques such as sputtering [53, 54], chemical vapour deposition
[44], and spray deposition [55]. All high-efficiency CdTe cells utilise a highly
resistive thin film (HRT) [46] as a buffer layer between the TCO and CdS layers.
This layer reduces leakage current and improves CdS film quality. The most
commonly used materials for this purpose are undoped tin oxide (SnO;) [56],
In,O3 [57], and zinc-doped tin oxide (ZTO) [53, 54].

Low-temperature growth processes (<450 °C) enable the growth of CdTe on
flexible substrates. The choice of flexible substrates is very limited because of
the restrictions on the transparency of the substrate. The highest efficiencies
achieved on flexible substrates were 16.2% on flexible Corning Willow glass
[58] and 13.8% on transparent polyimide foil [59].

1.2.3. Relevant component layers and processing of CdTe solar cells

1.2.3.1. CdS layer and thin-film fabrication methods

High-efficiency CdTe solar cells generally use a CdS-based semiconductor as
the n-type layer [54]. CdS crystallises in cubic zinc blende and/or hexagonal
wurtzite structures [60], and it intrinsically grows as an n-type semiconductor
[17]. For CdS thin films, there are widespread reports of E, values that vary
from 2.2 eV [61] to 2.6 eV [62] as a function of the deposition technique,
deposition parameters, and post-deposition treatments [63]. The use of CdS as a
buffer layer has advantages such as the reduced concentration of interface defect
states at the p—n junction and proper energy band alignment with the CdTe layer
[64]. Because CdS typically does not contribute photocurrent to the cell, its
relatively narrow bandgap causes parasitic absorption at wavelengths lower than
500 nm; for this reason, its thickness needs to be reduced as much as possible
[2]. However, a very thin CdS layer is more inclined to show pinhole formation,
leading to shunting between the CdTe layer and the TCO. The use of an HRT
layer on the TCO can prevent the formation of these shunts. The incorporation
of oxygen into the CdS [54] film during deposition improves its durability when
it is exposed to high CdTe deposition temperatures. The presence of oxygen
reduces the vapour pressure and diffusivity, allowing ultrathin CdS films (<50
nm) to be fabricated [2]. The possible methods for depositing CdS onto a
substrate include chemical bath deposition (CBD) [54, 65], sputtering [66], high-
vacuum evaporation (HVE) [53, 67], CSS [54, 68], and metal organic chemical
vapour deposition (MOCVD) [69].
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1.2.3.2. CdTe absorber layer and thin-film fabrication methods

CdTe is a group II-VI compound semiconductor with a direct optical band gap
of E;= 1.49 eV and a high absorption coefficient (>5 x 10°/cm), making it an
ideal absorber-layer material for thin-film solar cells [4]. Figure 1.3 compares
the theoretical efficiencies of solar cells and the optical absorption coefficients
as a function of the band gap for CdTe and other materials commonly used in
PV cells. The high CdTe absorption coefficient for photons with £ > E,
translates into 99% absorption of the absorbable AM1.5 photons within a 2-pum-
thick film [4]. The theoretical efficiency limit of CdTe-based solar cells is
approximately 30% [9].
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Fig. 1.3. Theoretical solar-cell efficiency (dotted line) for AM1.5 spectral irradiance as
a function of the band gap and the absorption coefficient (solid line) as a function of
energy for selected semiconducting photovoltaic materials [4].

CdTe is unique among the II-VI compounds in that it exhibits the highest
average atomic number, the least negative formation enthalpy, the lowest
melting temperature, the largest lattice parameter, and the highest ionicity [4].
The large negative formation enthalpy (AH; = —22.4 kcal/mol) and the
correspondingly low vapour pressure (pw = 107 at 400 °C) facilitate the
synthesis of CdTe compounds. The phase diagram of CdTe [70] indicates a very
narrow stability region (~107® at%) with perfect stoichiometry at temperatures
below 500 °C (Fig. 1.4a). At temperatures higher than 500 °C, this region
widens and becomes asymmetrical on the Cd-rich side up to 700 °C, becoming
Te-rich at temperatures higher than 700 °C [4, 71]. The CdTe melting
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temperature, 7y = 1092 °C, is significantly higher than that of the individual
elements, Cd (7, = 321 °C) and Te (T, = 450 °C) [4, 71]. Figure 1.4b presents
the saturated vapour pressures for CdTe, Cd, Te, CdS, and CdCl, over the
temperature range employed for the fabrication of the solar cells, i.e., from 100
to 600 °C. The high ionicity (72%) and strong chemical bonding (5.75 eV) of
CdTe results in high chemical and thermal stability against electron/proton
irradiation [4, 10].
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Fig. 1.4. (a) CdTe T — x phase diagram [87] and (b) vapour—solid psa.: versus 1/T
diagram for CdTe, CdS, CdCl,, Cd, and Te [54].

CdTe crystallises in a cubic zinc blende structure and allows both n- and p-
type doping [17]. The defects controlling the electronic properties include native
defects and defects caused by chemical impurities and their respective
complexes. Native defects and impurity defects can occur substitutionally or
interstitially. Cd vacancies (Vcq) give rise to shallow acceptor states, whereas Cd
substitution on a Te site (Cdre) gives rise to shallow donor states. Interstitial Cd
(Cdi) gives rise to relatively shallow donor states, whereas interstitial Te, Tei,
gives rise to deep donor states [4, 17, 40, 72]. Intrinsic p-type doping requires a
Cd-poor preparation. The hole concentration is limited by the large defect
transition energy of Vca® [40]. In CdTe solar cells, p-type CdTe is used and the
desired acceptor doping is obtained using different post-deposition treatments,
one of which is chloride activation. In this process, impurities such as CdCl, and
oxygen are incorporated into the CdTe layer, where they may activate or
passivate native defects [4, 73]. The effects that take place during chloride
activation will be discussed in Section 1.2.3.3.

Using the simple phase diagram of CdTe and its congruent evaporation
characteristics, high-rate deposition can be carried out using various techniques.
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These techniques can be divided into high-temperature physical deposition
methods (substrate temperature >500 °C), such as CSS [45] and VTD [47], and
low-temperature deposition methods (substrate temperature <450 °C), such as
MOCVD [69], sputtering [66], electrodeposition (ED) [74] and HVE [67]. The
most widely used techniques for commercially manufacturing CdTe solar cells
and modules are VTD and CSS. Figure 1.5 presents schematic views of these
techniques, including nominal temperatures and pressure conditions, film
thicknesses, and growth rates.

Vapor transport deposition Close space sublimation
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Fig. 1.5. Schematic representations of VTD and CSS CdTe deposition techniques. The
rectangular cross section represents the substrate. The film thickness, d, and the
growth rate are shown at the bottom of each panel [54].

Vapor transport deposition

VTD works by convective transfer of a vapour stream saturated with Cd and
Te to the substrate, where supersaturation of the Cd and Te vapours results in
condensation and a reaction to form CdTe [4, 47]. The CdTe source consists of a
heated chamber containing solid CdTe. The carrier gas mixes with the Cd and
Te vapours and is exhausted through a slit over or under the moving substrate at
a distance of ~1 cm. The geometrical configuration of the source influences the
uniformity and utilisation of the vapours in the carrier gas. The carrier-gas
composition can be varied to include N, Ar, He, and O,. The as-deposited VTD
CdTe films exhibit nearly random orientation and grain sizes comparable to the
film thickness [4]. VTD provides a very high deposition rate onto moving
substrates and is currently the most successful technology used by First Solar for
large-scale production of CdTe PV modules [47].
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Close-spaced sublimation

The principle of CSS is very similar to that of VTD. The transport of species
from the source to the substrate is controlled by diffusion. The distance between
the source and substrate is 2-20 mm. The deposition rate can be in the
micrometres per minute range. The CdTe source material (typical purity of SN)
is supported in a holder having the same area as the substrate. The source holder
and substrate cover serve as susceptors for radiative heating and conduct heat to
the CdTe source and the substrate, respectively [4, 40]. The ambient conditions
for deposition can be varied to include nonreactive gases such as N, Ar, or He.
A small partial pressure of O, appears to be crucial for obtaining good film
density and good solar-cell junction quality [4]. The CSS process has been
intensively investigated by groups at Kodak [5], USF [65, 75], NREL [45], and
Antec [68, 76]. The CSS technique is commercially employed by Antec,
Germany [76].

1.2.3.3. CdCl; treatment

Irrespective of the CdTe film deposition method, CdCl, treatment is an
indispensable technique for producing efficient CdTe/CdS solar cells. As
originally established, CdCl, treatment consists of immersing a
CdTe/CdS/TCO/glass stack into CdCl,—-CH3;OH or CdCl,—H»>O solutions [76-
79]. When the stack is removed from the solution and dried, CdCl, forms on the
surface of the CdTe layer. The subsequent activation treatment is performed in
air at 380-450 °C, typically for 15-30 min [77-79]. For mass production, this
process has been improved by using a CdCl, thin film deposited by vacuum
evaporation [80] or CSS [76]. As alternative sources of Cl activators, several
groups have applied different gases such as Freon® (HCF,Cl) [81, 82] and HCI
[11] and different salts such as MnCl, [79] and NaCl [83]. The activation heat
treatment in different ambient gases (vacuum, inert gas, varying oxygen
contents) was also investigated [84].

Structural effects and chemistry of the process

Irrespective of the employed method, CdCl, treatment has a strong influence
on the structure of the CdTe and CdS layers and their interfaces. The treatment
promotes grain growth and sintering by recrystallisation in the CdTe and CdS
layers, and it passivates and reduces the density of GBs [10-14, 79, 81, 82, 84].

The recrystallisation of CdTe during CdCl, activation treatment depends on
the initial grain size. The smaller the grain size, the more significant the grain
growth [10-14]. CdTe films deposited by CSS at high substrate temperatures
(=500 °C) do not show any significant grain growth during the activation step [4,
12, 85], and it is likely that the treatment initiates densification of the layers by
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sintering. The deposition of CdTe films at high temperatures, CdCl, activation,
and grain boundary diffusion are thought to be responsible for promoting
interdiffusion at the CdTe/CdS interface and converting this interface into a
CdSi-,Te,/CdTe-S; junction [2, 4, 86, 88]. The values of x and y depend on the
temperature: typical values are x = 0.05 and y = 0.03 [86, 87]. The alloy
formation at the CdTe/CdS interface reduces the lattice mismatch at the junction
from ~11 to ~9% and decreases the energy gap slightly on each side of the
junction because of the optical bowing parameter induced by non-ideal mixing
[2, 4, 86].

The mechanism of the CdCl, treatment is not yet fully understood. For the
CdTe—CdCl; system, enhanced mobility of CdTe in the recrystallisation process
can be expected for temperatures higher than the eutectic (~505 °C, Fig. 1.6). At
these higher temperatures, melted solutions of CdTe in CdCl, with high
concentrations of CdTe will form [88, 89].
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Fig. 1.6. Phase diagram of the CdTe—CdCl, system [89].

It is understood that solid CdCl, has little influence on the properties of the
CdTe layers [88]. The direct reaction (Eq. 1.1) between CdTe and CdCl, upon
formation of active Cd and TeCl, vapours is not thermodynamically favourable,
although some authors have used this reaction to explain the recrystallisation
activity of CdCl, [90].

CdCl,(s) + CdTe(s) « 2Cd(g) + TeCl,(g), AG (400 °C) =76.4 kcal/mol
(1.1)
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Only strong oxidants such as oxygen and halogens can oxidise Te’ ions and,
by the formation of active TeCl, in the gas phase, promote intensive vapour-
phase transport of CdTe. The reactions in a system containing CdTe, CdCl,, and
oxygen were described by McCandless et al. [88] as follows:

CdCl,(s) + CdTe(s) + 0,(g) « TeCl,(g) + CdO(s), AG (400 °C) =—-32.9

kcal/mol (1.2)

CdTe(s) + TeCl,(g) « CdCl,(g) + 2Te(s), AG (400 °C) = —14 kcal/mol
(1.3)

CdTe(s) + 0,(g) < CdTe0;(s), AG (500 °C) = —66.3 kcal/mol (1.4)

According to the thermodynamically favoured reactions (1.2—1.4), volatile TeCl,
species, free Te, and a solid CdO phase are produced. The formation of a
gaseous TeCl, phase at the GBs provides for enhanced surface mobility of both
Cd and Te atoms, which promotes CdTe grain growth [88].

For junction activation with Freon® gas [80, 81] during heat treatment at
approximately 400 °C, CHF,Cl decomposes and releases Cl gas, which acts as a
catalyst for the chemical vapour-phase transport of CdTe according to the chain
reaction:

CdTe(s) + 2Cl,(g) — CdCl,(s) + TeCl,(g) - CdTe(s) + 2Cl,(g) (1.5)

This process favours CdTe film recrystallisation and grain growth by vapour-
phase chemical transport, enhances the film crystalline quality, and reorganises
the CdS—CdTe interface [80, 81].

The aforementioned processes do not account for the formation of liquid flux,
which is required in order to explain the sintering and densification of the CdTe
grains, as previously demonstrated by the authors [80, 81, 88, 90]. According to
differential thermal analyses, the melting point of the CdTe—CdCl,—CdTeOs
system is lower than the eutectic temperature of CdTe—CdCl,, and the melting
point of the CdTe—CdCl,—CdTeOs system decreases as the molar portion of
CdTeO; increases [91]. This observation justifies the application of liquid-phase
recrystallisation and sintering rules to explain the processes going on during the
CdCl,:0; activation treatment step.

Electronic effects and doping

CdCl, treatment promotes p-type doping and increases the minority carrier
lifetime. The ionised acceptor density is on the order of 10°~10" ¢cm™ [1, 51,
92], and the minority carrier lifetime increases from 50-100 ps to 1-15 ns [12,
40, 92, 93]. The limitations of p- and n-type doping via CdCl, treatment are
believed to be caused by compensation effects in defect chemistry [1, 16, 17]. A
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Cl atom is thought to substitute for a Te atom in CdTe and act as a shallow
donor related to the formation of Clr.", with an energy level of E. = 0.014 ¢V
[17, 22, 94]. The Cl solubility on substitutional Te sites at 505 °C is
approximately 10'7 cm™ [95]. With Cd vacancies, Cl forms defects, shallow
acceptors or so-called A centres [(Vcd °Clre) ] at Ey = +0.12 eV, and a neutral
complex (Vcg® 2Clre") [22, 94]. Cd vacancies are deep acceptors at Ey = 0.47 eV
[96]. Castaldini et al. enumerated 12 defect trap levels for Cl dopants in CdTe
and showed the role of A centres [(Vcd °Clre’) ] and mid-gap traps in the
compensation process [94].

High concentrations of CI (up to 10 mol% CdCl,) are required for optimal
recrystallisation and sintering in the CdCl, air treatment process [91]. The
process results in segregation of CdCl, and CdCl,-2CdO residual phases on the
GBs [18-21] and high Cl concentrations in the CdTe lattice [22, 23], with a total
concentration of more than 10" cm™ [20]. Terheggen et al. demonstrated by
transmission electron microscopy the distribution of precipitates containing Cl,
Cd, Te, and O at the CdTe/CdS interface [18]. Gessert et al. found that residuals
are spatially discrete, located primarily along GBs, and likely comprise cadmium
oxychloride [19]. They also demonstrated that the residuals penetrated deeply
into the CdTe polycrystalline layer; ion-beam etching could not remove the
residuals completely [19]. Presumably, high concentrations of residuals limit the
density of charge carriers in p-type CdTe and cause hygroscopicity of the cells.
They therefore have a strong impact on the cell performance [19, 22].

Controlled thermal annealing in relevant ambient of Cl-activated CdTe films
could be a way to remove residuals, thus improving the optoelectronic properties
of the CdTe films. Systematic studies of this were carried out by Valdna et al.
[22, 23], who achieved high p-type conductivity in CdTe films without any
acceptor dopant, but the concentration of Cl in the films was decreased by
vacuum annealing. In the current investigation, the CdCl, treatment was carried
out in closed evacuated quartz ampoules at 507 °C in the absence of oxygen.
Although oxygen was not expected to form a shallow dopant, there are several
reports on the doping effect of O, used as ambient during CdTe deposition [5,
40, 97]. By oxygen doping, the hole concentration can reach 10'> cm ™, whereas
without oxygen, it is one order of magnitude lower [40, 98]. So far, the best solar
cell, which was made without intentional oxygen incorporation, showed an
efficiency of 12.8% [99]. However, all high-efficiency CdTe solar cells (>15%)
are fabricated in the presence of oxygen. Still, it is not clear which effect of
oxygen in CdTe films is responsible for superior device performance [40].

1.2.3.4. Back contact

Back-contact formation is an important process step for fabricating high-
efficiency devices. Generally, the formation of a low-resistance and stable
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electrical contact to the CdTe layer is challenging because of the formation of a
Schottky barrier at the CdTe/metal interface, which is caused by the high
electron affinity (y = 4.5 eV) of the CdTe layer and Fermi-level pinning at the
CdTe/metal interface [10, 14]. Most of the approaches used to obtain good
contact to CdTe thin films rely on the introduction of a buffer layer with an
electron affinity higher than that of the p-type CdTe and the formation of a
heavily doped region at the back surface of CdTe. This heavily doped region
either reduces the height of the barrier or moderates its width adjacent to the
contact to promote tunnelling prior to back-contact formation [100, 101].
Chemical etching and the deposition of an additional Te layer on top of the
CdTe layer are commonly used methods for producing a Te-rich p*-doped layer,
which effectively increases the conductivity, thus aiding the formation of
tunnelling junctions with more reliable contact [102-104]. A Cu source layer is
also deposited onto the clean surface, allowing Cu atoms to diffuse into the
CdTe layer through moderate annealing [2, 4]. Cu source layers include Cu-
doped graphite paste and low-resistivity compounds such as Cu,Te [4] and Cu-
doped ZnTe [105], which form low-resistance primary contacts with contact
potential barriers below 0.3 eV [2, 4]. Traditionally, Cu is believed to be a p-
type dopant in CdTe. After the doping step, high-efficiency devices are reported
to have an ionised acceptor density in the 0.5-1 x 10'cm?® range [50, 93]. Other
buffer layers used include SboTe; [106], As;Tes:Cu [107], and MoO, [108].
After deposition of the buffer layer, a robust secondary contact is deposited on
top of the CdTe layer in order to facilitate lateral current collection. The
secondary contact in laboratory devices may be a single metal film such as Au,
Ni, or Mo, which is usually deposited by vacuum evaporation or sputtering [2,
4].

1.3. Challenges associated with CdTe/CdS thin-film solar cells

The performance of CdTe/CdS solar cells strongly depends on the formation of
the interface structure during thin-film deposition and any subsequent
processing. In spite of significant tolerance to the deposition technique, there are
some technology-related issues such as back-contact strategies and chloride
activation treatment that require better understanding. The major issue
associated with p-type CdTe is the difficulty in achieving low resistance and a
stable electrical contact. This problem could be solved by incorporation of an
optimal amount of Cu at the back contact. However, this requires delicate
control as Cu deficiency can lead to non-ohmic behaviour, whereas excess Cu
can affect the junction because of fast diffusion into the CdTe matrix. A full
understanding of the role of Cu and other possible contact metals for back-
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contact chemistry and their behaviour within the device structure is required in
order to optimise the device performance.

During the fabrication of solar cells, the CdCl, treatment step prevails over
the back-contact formation because CdCl, treatment has a significant impact on
the surface composition and the chemical nature of the interfaces, as well on the
p-type conductivity in CdTe. The mechanism by which chloride treatment
promotes structural and optoelectronic changes in CdTe and CdS is still
ambiguous. Lack of a common understanding of the physicochemical processes
behind this treatment step represents an impediment for further development of
this promising device.

One critical issue in CdTe technology is reduction of the PV active layer
thickness in order to lower production costs and reduce the use of Te. Devices
with absorber thicknesses in the 0.8—1.15 pm range have been fabricated by low-
temperature CSS [25] and sputtering [26] techniques, yielding efficiencies of 9.5
and 12.9%, respectively. However, there are two main challenges in processing
cells with submicron-thick CdTe layers: increased recombination losses and
reduced light-absorbing ability [2, 26]. In this sense, theoretical solutions such as
electron back-reflectors [109] and plasmonic NPs [31] have been proposed for
new CdTe solar-cell designs with extremely thin absorbers (ETAs).

1.3.1. Plasmonic absorption enhancement for CdTe solar cells with
extremely thin absorbers

One of the promising solutions for enhancing the broadband light absorption of
ETA solar cells is the use of the plasmonic effect via the incorporation of metal
NPs [31]. When metallic NPs absorb light, the oscillating electromagnetic field
of the light triggers polarisation of the conduction-band electrons on the surfaces
of the NPs. The polarised electrons go through collective coherent oscillations
with respect to the positive ions in the metallic lattice; these oscillations are
called surface plasmon oscillations (Fig. 1.7a) [31, 110]. Because surface
plasmon oscillation has the same frequency as the incident light, it is also known
as surface plasmon resonance (SPR) [110]. Resonance between the oscillations
of the surface electron plasma and the incident light results in a strong
concentration of light energy and the electric field, enhancing light absorption
and light scattering near metal NPs in a certain resonance spectral range [111,
112].

By placing metal NPs at the interface between two media, more light is
scattered from the medium with the higher refractive index (Fig. 1.7b). Thus,
metal NPs placed on top of the solar-cell absorber layer can provide more light
scattering and harvesting inside the material [112]. Improved light absorption
can also be realised through the incorporation of NPs within the active layer of
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the solar cell (Fig. 1.7c). Because the cross section of the plasmonic light
absorption of the metal NPs is larger than its geometrical cross section, plasmon
resonance in the metal could enhance light absorption in the semiconducting
host within a certain spectral range [112].
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Fig. 1.7. (a) SPR of spherical metal NPs. (b) Light trapping in the medium with higher
refractive index, where n; and n; are the refractive indices of the layers. (c)
Enhancement of light trapping by plasmonic particles placed within the absorber layer.

Improved light absorption and photocurrent by the plasmonic effect of NPs
have been demonstrated for thin-film Si solar cells [27], polymer cells [113],
dye-sensitised cells [114], and ETA solar cells such as CulnS, [29, 30] and
Cu(In, Ga)Se; [28]. Metal NPs have been made by various techniques, such as
vacuum evaporation [115], spin coating [116], electrodeposition [117], and
spray pyrolysis [29, 30]. However, no experimental results have yet been
reported on the application of plasmonic NPs in CdTe solar cells.

Gu et al. theoretically demonstrated that combining periodic metal
nanostructures on top of ultrathin CdTe layers can be an effective approach to
enhancing broadband optical absorption by the CdTe absorber [31]. Among the
various metals (Ag, Al, Au, Cu) and geometries investigated, i.e., nanodiscs
(NDs) and nanospheres (NS), Al NDs tend to provide the maximum
enhancement over the spectral absorption range of interest. The plasmon
resonance wavelength of Al NDs leads to an optimal localised SPR spectrum
that maximally matches the intrinsic CdTe absorption profile weighted with the
solar spectrum [31].

Recently, Repan et al. theoretically showed for a CdTe/CdS solar cell the
additional effect of metal NP placement with respect to the Te back contact
[111]. The geometry used to simulate the effects of particle size, interparticle
distance, and Te back contact on the plasmonic resonance is depicted in Fig. 1.8.
Plasmon NPs were embedded or placed on top of the Te layer, into the CdTe
material. To avoid spurious reflections from the simulation boundary, a perfectly
matched layer boundary region was used.
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Fig. 1.8. (a) The considered solar-cell structure. (b) Simulation geometry of two NPs
immersed in CdTe with a particle distance d. (c) Geometry used for simulations on the
influence of CdTe—Te on Au NP effectiveness [34].

According to this theoretical study, the absorption in CdTe could be locally
enhanced up to two-and-a-half times in the vicinity of noble metal NPs. Ag or
Au NPs with diameters of 45-50 nm in particular provided theoretical
enhancement of the light absorption in the 650-900 nm range, with a maximum
at 815 nm. Interaction of plasmons induced in neighbouring NPs became
significant only when the distance between them was quite small (<50 nm),
allowing for incorporation of the NPs into the CdTe material without strong
broadening or redshifting of the plasmon resonance spectral band. These results
suggest the technological feasibility of placing NPs in the CdTe layer close to
the Te back contact to enhance the efficiencies of solar cells. This approach
would significantly reduce the thickness of thin-film solar cells, thus decreasing
demand for scarce semiconductor materials such as Te, the supply of which
limits upscaling of CdTe solar cells.

1.4. Summary of the literature overview and aims of the study

The literature review can be summarised as follows:

1. CdTe is a group II-VI compound semiconductor that makes an
excellent absorber for thin-film solar cells because of its nearly ideal
direct band gap (E,=1.5 eV at 300 K), high absorption coefficient (>5
x 10°/cm), zinc blende or wurtzite structure in binary solids, and
tuneable electrical properties. The theoretical limit to the efficiency
of CdTe-based solar cells is approximately 30%.

2. Congruent evaporation characteristics enable high-rate deposition
using various deposition techniques. The most widely used
deposition techniques that have demonstrated viability for the
commercial manufacture of CdTe solar cells and modules are VTD
and CSS.

3. The performance of CdTe/CdS solar cells strongly depends on the
formation of the interface structure during thin-film deposition and
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any subsequent processing. Systematic investigation is necessary to
understand the relationship between CSS deposition conditions and
layer morphology and to identify the mechanisms leading to the
different growth regimes and possible routes to controlling the film
morphology and resulting efficiency.

CdCl, treatment is required for the fabrication of highly efficient
CdTe/CdS solar cells. The treatment promotes grain growth by
facilitating recrystallisation in CdTe and CdS layers and passivates
and reduces the density of GBs. High concentrations of chloride (up
to 10 mol% CdCly) are required for optimal recrystallisation and
sintering in the CdCl, air treatment process. The process results in
segregation of CdCl, and CdCl,-2CdO residual phases on the GBs
and high chlorine concentrations in the CdTe lattice, with a total
concentration of more than 10" cm .

High concentrations of residuals limit the charge-carrier density in p-
type CdTe and cause hygroscopicity of the cells, which strongly
impacts cell performance. Controlled thermal annealing in relevant
ambient of chloride-activated CdTe films could remove the residuals,
thus improving the optoelectronic properties of the CdTe films.

CdTe technology is attractive in terms of its limited life-cycle
greenhouse gas and heavy metal emissions, small carbon footprint,
and short energy payback times. Limited Te availability limits the
growth of this technology unless Te utilisation rates can be greatly
enhanced along with device efficiencies.

Use of the plasmonic effect via the incorporation of metal NPs could
boost the absorption of CdTe, making it possible to decrease the
thickness of the PV active layer.

Based on the literature overview, this thesis has the following aims:

1.

To design and develop a CSS system for the deposition of CdTe thin
films and CdTe/CdS thin-film solar cells.

To investigate systematically the influence of different processing
variables such as the substrate temperature for CdTe deposition, post-
deposition CdCl, activation treatment, and subsequent multi-step
thermal annealing on the structural and optoelectronic properties of
CSS CdTe thin films and CdTe/CdS thin-film solar cells.

To describe the physicochemical processes responsible for the
changes in the CdTe thin film and CdTe/CdS solar-cell properties
with respect to different processing conditions

To study use of the plasmonic effect to increase light absorption and
solar-cell efficiency via the incorporation of Au NPs into the CdTe
absorber layer.
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2. EXPERIMENTAL

2.1. Close-spaced sublimation system for thin-film deposition

A home-made CSS system was designed and built for this study. The main
design requirement for the equipment was that it had to provide a high-purity
deposition environment. A schematic diagram of the system is shown in Fig.
2.1a. The system consisted of two cylindrical graphite blocks stacked vertically
on top of each other supported by sets of stainless steel cylindrical tubes and
holders. A quartz tube was positioned within a cylindrical hole in one of the
graphite blocks, which is referred to as the source graphite block. A substrate
block was placed on top of the source block; a quartz crucible was used to hold
the source material and to provide separation between the source and the
substrate graphite blocks. Heating for both the source and substrate blocks was
provided by tungsten coil heaters. Thermocouples were inserted inside the
graphite blocks to control the temperature. The temperatures recorded for the
substrate and source graphite blocks were assumed to be the actual temperatures
of the substrate and the source material, respectively. The heaters were
individually controlled. Two separate CSS chambers were set up for CdTe and
CdS deposition, respectively. The deposition of the films was carried out using a
specially designed vacuum system, also shown in Fig. 2.1b.
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Fig. 2.1. (a) Schematic representation of CSS and (b) picture of vacuum
systems.
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2.2. Fabrication of CdTe thin films and CdTe/CdS solar cells

Glass/FTO substrate

FTO-coated soda-lime glass substrates (Sigma-Aldrich) were used for the
fabrication of CSS CdTe/CdS solar cells in a superstrate configuration. The
typical sheet resistance of the FTO layer was 13 €/sq, with a nominal film
thickness of 200 nm. Prior to the deposition of the thin films, the 100 x 100 x 2
mm glass/FTO substrates were cleaved into smaller substrates with dimensions
of 20 x 20 x 2 mm and cleaned. The cleaning procedure consisted of
successively washing the substrates with water and soap, degreasing in a 10 g
K>Cr;07 + 10 mL H>O + 100 mL H»SOj solution for 2—3 h at room temperature
(RT), washing again in a series of ultrasonic baths containing deionised water,
and final air drying.

CdS deposition

CdS thin films were deposited onto the FTO layer by CSS. The source was a
powdered material with SN (99.999%) purity (Alfa Aesar). The deposition time
and source and substrate temperatures were kept constant for all CdS layers and
were established at 10 min, 650 °C, and 400 °C, respectively. In a standard
deposition cycle, the CdS thickness was approximately 150 nm.

CdTe deposition

The CSS CdTe absorber layers were deposited from CdTe source materials
with 5N (99.999%) purity (Alfa Aesar). The source temperature and deposition
time were kept constant at 610 °C and 5 min, respectively, whereas the substrate
temperature was varied from 250 °C to 500 °C. The CdTe absorber layers were
typically approximately 3—5 pum thick. A series of CdTe films were also directly
grown onto chemically and thermally etched 20 x 20 x 1 mm roughened glass
plates at substrate temperatures of 250 and 500 °C. Roughened glass plates with
a root mean square roughness, Rq, of 2.66 nm (O. Kindler) were used to ensure
better adhesion of the CdTe layers.

Post-deposition CdCl, treatment

The wet method was used for CdCl, treatment. A saturated solution was
prepared by dissolving CdCl, powder (5N purity, supplied by Alfa Aesar) in
methanol. The CdTe thin films and CdTe/CdS structures were soaked in the
saturated solution for 1 h. After allowing the methanol to fully dry in ambient
air, the samples were transferred to a furnace for activation heat treatment at 420
°C in air. The activation duration was set for 20 min. After cooling to RT, the
activated samples were rinsed with deionised water and etched in a standard NP
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(H3PO4:HNO3:H,0) solution to remove the CdCl, residue and to provide a
suitable Te-rich surface. Samples were immersed in the solution for 30 s before
being rinsed with de-ionised water and dried. The CdTe/glass samples were
cleaved into smaller samples with dimensions of 5 x 5 mm and subjected to a
series of thermal treatments under different conditions, which are described
below.

Secondary thermal annealing of CdTe films in H> atmosphere

Thermal annealing of the CdTe-activated samples was carried out in a closed
process tube in H, atmosphere. First, air in the process tube containing the
samples was evacuated; the tube was then filled with 1 atm H, gas at room
temperature, closed, and introduced into a cylindrical furnace. The annealing
temperature was varied in the 250-570 °C range and the annealing time was
fixed at 1 h. The furnace was slowly heated to the set temperature, allowing the
residual precipitates to outdiffuse to the CdTe surface. The H, pressure in the
process tube was maintained using a standard gas reduction system and was not
influenced by the expansion of the gas at high annealing temperatures. The large
diameter (55 mm) and volume (1500 mL) of the process tube ensured an excess
of H, and gas convection flow so that the reaction products were transported to
the colder part of the tube. After thermal annealing in H», the sample passed
through two more treatments: vacuum and isothermal treatment.

Vacuum and isothermal annealing

Vacuum annealing of the samples was carried out in the same process tube
described above at 470 °C for 1 h. Isothermal annealing was carried out with the
CdTe samples in sealed-off evacuated (<1 Pa) quartz ampoules at 600 °C for 1 h.
The ampoule volumes were typically approximately 10 cm®. Prior to loading, the
ampoules were etched in HF/HNO;3, followed by annealing at 1000 °C under
dynamic vacuum.

Contacting

Different types of back contacts (Au, Ni, In, and Te) were formed by vacuum
evaporation using source materials supplied by Sigma-Aldrich or Alfa Aesar.
For the solar cells, Te/Au or Te/Ni back contacts with different geometries were
deposited through an evaporation mica mask placed between the evaporation
source and the sample. In and Au with dot contact geometries were used for
measuring the resistivity of the CdTe single layers. Prior to the application of the
metal contact, a thin layer of Te was deposited on top of the CdTe layer.
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2.3. Incorporation of plasmonic Au nanoparticles into CdTe thin-
film absorber

CdTe thin films with thicknesses of ~300 nm were deposited onto soda-lime
glass substrates and coated with Au NPs using three different methods: spin
coating, spray pyrolysis, and sputtering.

Au nanoparticles by spin coating

The spin coating of Au NPs was carried out using HAuCls-:3H,O ethanol
solutions at concentrations of 0.05, 0.075, and 0.1 M at RT using two spin ramp
rates: 600 rpm for 5 s and 1200 rpm for 20 s. After coating, the samples were
dried in air at 85 °C for 40 min and air annealed on a hot plate at 380 °C for 1 h.

Au nanoparticles by spray pyrolysis

In the case of spray pyrolysis, the Au NPs were deposited using the same
HAuCl, solution described above on preheated CdTe/glass substrates placed in a
molten Sn bath. The substrate temperature was maintained at 360 °C with an
accuracy of £2 °C. The volume of the spray solution was varied from 2.5 mL to
15 mL, whereas the solution concentration of Au’" and the flow rate were kept
constant for all CdTe/glass samples: 2 mM and 1 mL/min, respectively. After
coating, no drying or annealing was applied because the temperature was high
enough to decompose the AuCls.

Au nanoparticles by sputtering

A thin film of Au was sputtered for 40—70 s onto a glass substrate, which was
then air annealed at 500 °C for 30 min, causing coalescence of the nanoparticles
into compact Au grains. The Au grains were then coated with a CdTe film via
CSS.

2.4. Characterisation of thin films
Scanning electron microscopy

Surface and cross-sectional views of the samples were obtained using
scanning electron microscopy (SEM) to evaluate the CdTe surface morphology
and CdTe/CdS solar-cell structure. We used a Zeiss EVO-MA15 microscope and
a Zeiss HR FESEM Ultra 55 system. Analysis of the SEM images was carried
out by Dr. Valdek Mikli at Tallinn University of Technology.
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Energy dispersive X-ray spectroscopy

Energy dispersive X-ray (EDX) spectroscopy was used to evaluate the
elemental composition of the CdTe films. An Oxford Instruments PentaFet x3
spectrometer with an INCAEnergy EDS system and a Zeiss EVO-MAI1S5
scanning electron microscope operated at an accelerating voltage of 7 kV were
used in this analysis. Quantitative results were obtained with the help of a
factory-defined standard using the PAP correction-a method for light elements.
The EDS analyses were carried out by Dr. Valdek Mikli at Tallinn University of
Technology.

X-ray diffraction

The phase composition and crystallographic properties were analysed by X-
ray diffraction (XRD). XRD patterns were recorded at Tallinn University of
Technology on a Rigaku Ultima IV system using monochromatic Cu Ka
radiation (A = 1.5406 A, 40 kV at 40 mA) and equipped with a D/teX Ultra
silicon line detector in the 20 (Bragg—Brentano) regime using a 20 step of 0.04°,
a counting time of 2-10 s/step, and sample rotation. Crystal phases were
identified using data issued by the Joint Committee on Powder Diffraction
Standards (JCPDS). The crystallite sizes and lattice constants were calculated
using Rigaku PDXL Version 1.4.0.3 software. The Debye—Scherrer formula was
used to calculate the crystallite size (L).

KA
B(26) = —— 2.1)

where B is the peak width, K is the Scherrer constant, 4 is the wavelength of the
X-ray radiation, and € is one-half of the diffraction angle.

Photoluminescence and ultraviolet—visible spectroscopy

RT photoluminescence measurements were performed with a high-resolution
micro-Raman spectrometer, Horiba Jobin Yvon HR800, equipped with a
multichannel charge coupled device detection system in backscattering
configuration. An incident Nd-YAG laser light with a wavelength of 532 nm
(green laser) and a spot size 10 pm in diameter was used for excitation.

For steady-state photoluminescence (PL) measurements, the samples were
mounted in a closed-cycle He cryostat and cooled to 8 K. A 441 nm He—Cd laser
line with a maximum output of 80 mW was used for PL excitation. The spectra
were recorded via a 400-mm focal length grating monochromator system and
detected with an InGaAs detector.

The total optical transmittance and reflectance spectra of the CdTe films were
measured in the 2002500 nm wavelength range on a Jasco V-670 ultraviolet—
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visible—near-infrared (UV—vis—NIR) spectrophotometer equipped with an
integrating sphere.

Hall measurements

The resistivity, charge-carrier concentration, and mobility of the CdTe films
were measured at RT using MMR’s Variable Temperature Hall System and a
Hall and van der Pauw Controller H-50. For Hall measurements, contacts were
made through the CdTe layers by the evaporation of Au or In through a mask.
The mica mask had openings for four-point contact van der Pauw geometry. The
in-plane resistivity and hole densities were calculated for thicknesses of 2—3 um,
which were estimated from the SEM analysis. Each measurement was carried
out ten times and the mean value was taken.

2.5. Characterisation of solar cells

Current—voltage characteristics and external quantum efficiency

For cell characterisation, we used the current—voltage characteristics (J—V)
and the external quantum efficiency (EQE). The J-V curves were measured
under a standard white light with an illumination intensity of 100 mW/cm?
(AML.5) using the four-point-probe technique on the AUTOLAB PGSTAT 30
and Oriel class A solar simulator 91159A at Tallinn University of Technology.
The EQE was measured in the spectral region of 300-1000 nm using a
computer-controlled SPM-2 monochromator (Carl Zeiss-Jena) and a 300 W Xe
lamp as the excitation light source. The dispersed light from the Xe lamp
incident on the solar cell as monochromatic light was optically chopped at 30
Hz.
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3. RESULTS AND DISCUSSION

The following sections, 3.1-3.3, report the results of a systematic study of the
structural, electrical, and optical properties of the CdTe thin films and CdTe/CdS
solar cells as functions of CSS processing conditions, post-deposition thermal
treatment, and the plasmonic effect of Au nanoparticles. Mechanisms of the
physicochemical processes responsible for the changes in the properties of the
CdTe thin films and CdTe/CdS solar cells are proposed. These results have been
published in papers [-V.

3.1. Influence of substrate temperature and post-deposition CdCl.
activation treatment

3.1.1. Effect of substrate temperature

CdTe thin films were deposited by CSS onto CdS/FTO/glass substrates, the
experimental details of which were presented in Section 2.2. To investigate the
influence of substrate temperature on the structural and morphological properties
of the CdTe thin films, the temperature was varied from 250 to 500 °C while the
source temperature and deposition time were kept constant at 610 °C and 3 min,
respectively [II]. The changes in the structural and morphological properties of
the films were studied by SEM and XRD.

The SEM investigation showed that the shape and size of the CdTe grains
deposited onto the CdS/FTO/glass substrates greatly depended on the substrate
temperature during deposition. Figure 3.1 shows the top- and cross-sectional-
view SEM images of the CdTe/CdS/FTO/glass structures with CdTe deposited
at substrate temperatures of 250-500 °C. The CdTe films deposited at 250 °C
exhibit a highly porous structure with a wide grain-size distribution varying from
approximately 0.1 um to 1 um. The grains have faceted shapes with sharp edges,
and the surfaces form an ordered series of step terraces. By increasing the
substrate temperature to 300-350 °C, the grain size increased to 1.5 pm and the
size distribution was more homogeneous. Moreover, a change in the growth
direction is observed at 300-350 °C, i.e., the films begin to form columnar-type
structures normal to the CdS/FTO/glass substrate surfaces. This columnar-type
growth was more pronounced in the films obtained at 350 °C, in which columns
approximately 1-1.5 um in diameter and either pyramidal or faceted in shape at
the CdTe free surface extended through the layer (~4 um). Further increasing the
substrate temperature to 450-500 °C increased the grain size to 3—4 pum. These
larger CdTe grains had irregular shapes and smooth crystal facets. In addition to
increasing the grain size, the increased substrate temperature decreased the
density of voids, resulting in films with a close-packed morphology.
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Fig. 3.1. SEM images (30,000 % magnification) of CdTe/CdS/FTO/glass structures with
CdTe deposited at substrate temperatures of 250-500 °C. Left: top view; right: cross-
sectional view showing CdTe layer thickness [1I].

Figure 3.2 displays the XRD patterns of CdTe/CdS/FTO/glass structures with
CdTe deposited at substrate temperatures of 250-500 °C. The diffractograms
show the main peaks from the (111), (220), (311), (400), (331), (422), and (551)
planes of the cubic phase. At low substrate temperatures of 250-350 °C, strong
orientation along the (111) direction is observed. With increasing substrate
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temperature, the preference for the (111) orientation decreased, as shown for the
films deposited at 400 °C, and the intensities of the (220) and (311) peaks were
as much as 40% of the (111) intensity (much higher than that of films deposited
at 250-350 °C). Upon increasing the substrate temperature to 450 °C, the (111)
preferred orientation was lost and the film exhibited a slight preference for the
(220) orientation. At a substrate temperature of 500 °C, the orientation of the
grains became more random.
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Fig. 3.2. XRD patterns of CdTe/CdS thin-film structures with CdTe deposited at
substrate temperatures of 250-500 °C [1I].

The differences in the grain size, shape, and orientation of the CdTe films can
be explained by differences in the nucleation density and coalescence rates at the
different substrate temperatures [118-120]. In the case of CSS, nucleation takes
place via a vapour—solid-phase transition [119]. The atoms or molecules
condense onto the surface of the substrate (called adatoms) and an initial set of
nuclei is formed by deposition from the vapour phase. The adatoms, which are
assumed to migrate across the surface by diffusion, may bind with other
adatoms, undergo capture and be incorporated into an existing nucleus, or
simply re-evaporate from the surface [118]. According to the thermodynamic
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theory of nucleation [118, 121], the critical radius, 7., at which a spherical
nucleus becomes stable enough to re-evaporate is given by the equation:

2yV
T, =—— ,
kTin(p/pe)

3.1)

where y is the surface energy, k£ is Boltzmann’s constant, J is the volume of an
adatom of deposited material, 7 is the temperature, p is the vapour pressure and
Pe is the equilibrium vapour pressure. The equilibrium vapour pressure, pe, is
given by the Clausius—Clapeyron relation [121].

e = Aexp (%), 3.2)
where AH,q, is the change in molar enthalpy for vapourisation, R is the universal
gas constant, and 4 is a constant. It can be observed that the equilibrium vapour
pressure increases exponentially with increasing temperature, leading to an
exponential decrease in the supersaturation ration p/p.. Thus, the critical radius
and its dependence on the temperature and supersaturation ratio determine the
nucleation density. Those nuclei that are stable enough to re-evaporation
continue to grow by the addition of material from the vapour and by the surface
diffusion of adatoms, thus forming islands [118, 119]. Further, the coalescence
process, in which such islands come into contact with other islands and merge
together, thus reducing the total surface area of the islands and their coverage of
the substrate, is also determined by the substrate temperature [119]. Ostwald
ripening and coalescence by growth are assumed to be the dominant coalescence
processes in thin-film formation [119]. Following this theory, we can describe
the growth mechanism of the CdTe films at different substrate temperatures.

At a low substrate temperature of 250 °C, adatom mobility and surface
diffusion are low, and because of the supersaturation of the gas phase, the initial
in-plane grain sizes are set by the saturation nucleation density, resulting in a
wide distribution of grain sizes and hence a highly dispersed structure. The
orientation of the grains is given by the orientation of the initial nuclei. For cubic
CdTe, the densely populated (111) plane is the initial orientation.

At moderate substrate temperatures of 300-350 °C, adatom surface diffusion
is significant, resulting in local epitaxial growth on individual grains. The grain
coarsening occurs during the coalescence of small islands with large surface-to-
volume ratios, whereas GBs become immobile in continuous layers [120]. A
pronounced columnar structure develops, in which the columns are actually
elongated grains. The faceted column tops increase the surface roughness, which
increases with increasing thickness, giving rise to open column boundaries. The
columns preserve the same (111) orientation of the initial nuclei.

At high substrate temperatures of 450-500 °C, adatoms are more mobile on
the surface, leading to fewer nucleation sites. Therefore, complete coalescence
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will occur for relatively large islands because the rate of material transfer
between islands is high. GB migration takes place not only during coalescence
but throughout the film-thickening process. Orientation selection during the
coalescence stage is more pronounced, and it is driven by a decrease in the total
GB area, as well as by minimisation of the interfacial and surface energies [120].
Thus, large grains with low surface energies grow in both perpendicular and
lateral directions, leading to the formation of a dense, continuous, and pore-free
CdTe thin film with a random orientation.

The impact of substrate temperature on the microstructure of CdTe has been
investigated by many groups [122-126]; however, only two studies, one by
Luschitz et al. [125] and the other by Kosyak et al. [126], are comparable to our
research in terms of the range of substrate temperatures used (200-550 °C) in
CSS. Their investigations confirm our results as they show the same pattern of
three different growth regimes as a function of the substrate temperature.
However, the fact that these studies report some contradictory conclusions and
one of them was not applied to solar cells motivated us to clarify the relation
between substrate temperature, post-deposition treatment, and solar-cell
performance.

3.1.2. Effect of post-deposition CdCl; activation treatment
Recrystallisation, grain growth, and sintering

Figure 3.3 shows the top and cross-sectional SEM views of CdCl,-activated
CdTe/CdS/FTO/glass structures with CdTe deposited at 250-500 °C. After the
activation step, the surface of the CdTe film deposited at 250 °C consisted of
rounded grains with penetrating boundaries and an average grain size of 2 pm.
The film also exhibited a high inner porosity and a large number of voids. CdTe
films deposited at 300 and 350 °C had relatively large grains (2-3 pm) with
undetermined forms, traversing holes, and neck regions between the coalesced
grains. Moreover, the cross-sectional images indicate that the grains lost their
columnar structure. The surface layer was 1 pm thick with significant porosity.
In the case of the CdTe films deposited at 450-500 °C, it appears that CdCl,
activation did not influence the grain size of the CdTe films, but it did induce a
sintering mechanism that decreased the number of intergranular pores.
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Fig. 3.3. SEM images (30,000 magnification) of CdTe/CdS/FTO/glass structures with
CdTe deposited at substrate temperatures of 250-500 °C after CdCl; activation. Lefi:
top view, right: cross-sectional view showing CdTe thickness [1I].

Figure 3.4 shows the XRD patterns of CdCl,-activated CdTe/CdS structures
with CdTe deposited at 250-500 °C. As a result of CdCl, activation treatment,
the preferential (111) orientation decreased for all deposition temperatures, in
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agreement with results reported in the literature [11-17]. For the films deposited
at 250-300 °C, the intensity of the (111) peak was still higher than those of other
peaks, but the (111) orientation was not as predominant as it was for the as-
deposited CdTe films (Fig. 3.2) and the layers exhibited nearly random
orientation. The preferential (111) orientation significantly decreased, however,
for CdTe films deposited at 350—400 °C. In this case, the films exhibited a
predominantly (220) orientation. CdCl,-activated CdTe films formed at 450-500
°C exhibited random orientation.

L T T T T T T T T T T T ]
2socl L
300 °C ) e

=i ]

& 1350 °c| | .

Sk

z L .

C

g+ i
| o

ERUTIRY D B e
_' ¢+ CdTe’]
L + CdS |

o «FTO |
fsJo | D B
C (T, (220) ]
L (311) ]
B (331)(422 Il
'_SM:L J . 0BV E2)s )
" 1 " 1 " 1 " 1 " 1 " 1 "
20 30 40 50 60 70 80
20, deg.

Fig. 3.4. XRD patterns of CdTe/CdS thin-film structures with CdTe deposited at
substrate temperatures of 250-500 °C after CdCl; activation and NP etching [1I].

The XRD patterns of the CdCl,-activated CdTe/CdS structures show a set of
peaks corresponding to the CdCl,, CdTeOs;, CdO, and TeO, phases (Fig. 3.5).
The appearance of such phases in the XRD patterns indicates oxidation on the
surface of the CdTe layer during CdCl, activation. NP etching removed the
oxidised products and residual CdCl, from the surfaces of the CdTe films (Fig.
3.4); however, the residual oxychlorides in the GBs could not be eliminated
completely [18-20].
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Fig. 3.5. XRD patterns of CdClr-activated CdTe/CdS structures without NP etching [I].

The crystallite sizes before and after CdCl, activation are listed in Table 3.1.
The crystallite size increased from 13 nm to 94 nm when the substrate
temperature was increased from 250 to 500 °C, in agreement with the SEM
results (Fig. 3.1). As a result of CdCl, activation, the crystallite size of the CdTe
films deposited at 250 °C increased considerably from 13 nm to 110 nm. This
effect was less pronounced, however, in CdTe films deposited at 500 °C, in
which the crystallite size increased only marginally from 94 nm to 110 nm
during the same activation process.

Table 3.1. The average crystallite size (L) of CdTe layers deposited at 250-500 °C on
CdS/FTO/glass substrates before and after CdCl; activation [1I].

T, °C L, nm L, nm
as deposited | CdCl; activation
250 13 110
300 23 106
350 32 111
400 73 113
450 86 100
500 94 110

Based on the obtained results, we claim that CdCl, activation induces the
formation of liquid flux and mass transport through the melted phase, promoting
grain growth by recrystallisation and sintering in the CdTe films. Evidence for
this is particularly provided by the extensive grain growth in the CdTe films
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deposited at low substrate temperatures. The formation of a liquid phase was
facilitated by the formation of CdO, TeO,, and CdTeOs oxide species (Fig. 3.5),
which lowered the melting point of the CdTe—CdCl, eutectic to 380—400 °C
[91]. The reactions in a system containing CdTe, CdCl,, and oxygen were
described by McCandless et al. [88] (Section 1.2.3.3). It is also important to
consider the low diffusion coefficients of Cd and Te in the CdTe lattice (D =
107" cm?/s) [95] and the small partial pressure of CdTe at 420 °C [4], which
does not promote mass transport through the vapour phase.

The liquid-phase recrystallisation of CdTe films during CdCl, activation
treatment in air at 420 °C can be explained as follows. When the process quartz
tube with CdTe samples coated with CdCl; is placed into the preheated furnace,
it takes some time to reach the equilibrium composition of the flux solution and
achieve uniform distribution of the liquid phase in the intergranular spaces. In
the first step of the process, the intergranular capillaries are filled with the
formed liquid phase of flux, which promotes grain growth by Ostwald ripening
[119]. Because of the fast evaporation of CdCl,, the volume of the flux decreases
and the grains are compressed by the capillary contracting force created by
surface tension on the liquid-phase meniscus between the contacting grains.
Because annealing is carried out in open air at 420 °C, the volume of the liquid
phase decreases because of the evaporation of CdCl,, which leads to sintering of
the grains and the creation of good contact between them. The degree and rate of
liquid-phase sintering is inversely proportional to the dimensions of the initial
CdTe particles. Thus, CdTe films deposited at low substrate temperatures have a
highly dispersed structure with smaller grains (and thus respectively smaller
crystallite sizes) and high surface energies. These grains are therefore more
active for recrystallisation by mass transport through the CdCl, liquid flux.
Because of the high solubility of CdS and CdTe in the CdCl, flux, the grain
growth is accomplished by full recrystallisation, and the newly recrystallised
lattice is randomly oriented. Similarly, CdTe films deposited at high substrate
temperatures have large initial grain sizes (and thus respectively larger crystallite
sizes) and low surface and interfacial energies. Therefore, little measurable grain
growth occurs during CdCl, activation, suggesting that the recrystallisation
occurs only on the surface/interface region of the initial CdTe grains. Under
these conditions, the activation process induces a sintering mechanism, which
decreases the number of intergranular pores. It has been widely found that CdTe
films deposited by CSS at high substrate temperatures do not undergo strong
recrystallization during the CdCl, activation process [12, 87, 125]. However, the
number of structural defects is reduced, which affects the grain boundaries,
resulting in a higher effective acceptor concentration [13, 106]. Thus, we
succeeded in showing that CdCl, activation induces recrystallisation and grain
growth as a function of the growth history of the film and the initial grain size.
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Intermixing at the CdTe—CdS interface

To study the intermixing at the CdTe—CdS interface, the evolution of the
CdTe lattice parameter was analysed before and after CdCl, activation for
CdTe/CdS/FTO structures with CdTe deposited at substrate temperatures of
250-500 °C. The lattice parameter values are listed in Table 3.2. The lattice
parameter of non-activated CdTe films systematically increased from 6.484 to
6.486 A with increasing substrate temperature from 250 °C to 500 °C. Similar
results were obtained by Rigana [127], where the phenomenon was explained by
the development of internal stress in the film grains, and by McCandless [11]
and Moutinho [12], where the phenomenon was explained by compressive strain
due to the lattice mismatch between CdTe and CdS. In contrast to these previous
explanations, we claim that this phenomenon is related to the highly defective
structure of CdTe films grown at 250 °C. The small lattice parameter indicates
the presence of vacancy-type defects, whose concentration decreases with
increasing substrate temperature. Additionally, the increased lattice parameter at
a substrate temperature of 500 °C indicates the absence of sulfur diffusion into
CdTe in accordance with the low solid-state diffusion rate (D ~ 107> cm%/s) at
this temperature [128].

As a result of CdCl, activation, the lattice parameter decreased for all CdTe
films, in agreement with the results reported in [11, 12, 67, 86]. Romeo et al.
explained this as being the result of relaxation of the compressive stress
generated by the lattice and thermal mismatch between CdTe and the underlying
substrate [67].

Table 3.2. Values of the lattice parameter (ag) and the CdS weight fraction, x, in
CdTe; S after CdCL; activation [11].

T,, °C a, A a, A X in
as deposited CdCl, activation CdTe.«Sx
250 6.484 6.477 0.013
300 6.484 6.479 0.009
350 6.485 6.481 0.008
400 6.485 6.484 0.003
450 6.486 6.485 0.002
500 6.486 6.485 0.002

The decrease of the lattice parameter as a result of CdCl, activation has also
been explained as being due to the formation of CdTe;-.S, and CdS,-,Te, alloys
in the absorber layer, which occurs by interdiffusion [11, 12, 86, 88]. Figure 3.6
shows a broad and asymmetric XRD (511) peak with a tail, which is shifted
toward a higher 20 angle (lower d-spacing), indicative of alloy formation. The
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shift of the (511) peak position is more pronounced in the CdTe film deposited
at 250 °C, and it corresponds to the decrease of the lattice parameter from 6.484
to 6.477 A, indicating a significant degree of alloy formation. The high degree of
alloy formation in the CdTe films with small grains and high GB densities was
explained by McCandless et al. [4, 88] as being due to the “high partial pressure
or concentration of CdCl,, together with O,, during CdCl, treatment.” For
structures with CdTe films deposited at 500 °C, the shift of the (511) peak with a
decrease in the lattice parameter from 6.486 to 6.485 A is insignificant,
indicating a negligible degree of alloy formation. For the CdTe;-.S, alloy, the
weight fraction, x, was calculated using Vegard’s law [129]; the values of x are
included in Table 3.2. For the CdCl,-activated structure with CdTe formed at
250 °C, the alloy formation indicates that x = 0.013, which is in agreement with
results reported in [12]. Generally, it is reported that the formation of a
CdTe-Sy alloy at the interface results in x not exceeding 0.06, which represents
an equilibrium solubility limit for sulfur in CdTe, although a layer with a higher
sulfur content might grow under non-equilibrium conditions [10, 86, 87].
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Fig. 3.6. High-resolution (511) XRD profiles of CdTe/CdS structures with CdTe
deposited at 250 and 450 °C before and after CdCl; activation [II].

Based on the above results, we claim that the intermixing at the CdTe—CdS
interface also takes place by liquid-phase recrystallisation, as described above,
and not as a result of solid-state interdiffusion between the CdTe and CdS
phases. In the case of solid-state interdiffusion, the amount of sulfur penetrating
the bulk of CdTe from the grain boundary is dictated by the bulk diffusion
coefficient of sulfur in CdTe, the value of which was estimated to be D ~ 107"
cm?/s at 400 °C [128]. Considering such low diffusivity, the intermixing at the
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CdTe—CdS interface can be explained by the mass transport of CdS and CdTe
through the melted phase. Solid-phase diffusion in the bulk and at the GBs
cannot explain the high concentration (approximately 10* cm™) of sulfur,
oxygen, and chlorine detected by secondary ion mass spectrometry at the CdTe—
CdS interface [20]. In CdTe/CdS structures with highly dispersed CdTe grains
deposited at 250 °C, the activation process caused heightened recrystallisation
and grain growth. For the same structure, we observed a high degree of alloy
formation at the interface. These effects were minimal in CdTe/CdS structures
obtained at high temperatures of 450-500 °C. Thus, the smaller the initial grains
of CdTe, the more intense the recrystallisation and grain growth by mass
transport through the liquid phase and the greater the extent of intermixing at the
CdTe-CdS interface. With significant intermixing, a region with a saturated
concentration of flux components (CdCl,, CdTe, and CdS) will abruptly form at
the CdTe—CdS interface, which can affect the quality of the junction and hence
the performance of the solar cell.

CdTe/CdS solar-cell performance

Figure 3.7 shows the current—voltage (J-V) characteristics measured under
AM1.5 conditions for CdTe/CdS solar cells with CdTe obtained at substrate
temperatures of 250-500 °C. The corresponding photovoltaic parameters are
included in Table 3.3. All photovoltaic parameters, including the open-circuit
voltage (Voc), fill factor (FF), short-circuit current density (Js), and efficiency,
systematically decreased as the substrate temperature decreased from 500 to 250
°C. The solar cell with the CdTe film deposited at 250 °C showed the lowest
efficiency, only 2.3%. For this solar cell, the J-V curve exhibited a pronounced
roll-over effect (photocurrent saturation at high forward bias). Such an anomaly
in the J-V response of CdTe solar cells was well explained by Fahrenbruch
[130] as resulting from the interaction of three effects: the low density of the
electronically active p-type dopant, the similar densities of the compensating
recombination centres, and the Schottky barrier between CdTe and the metal
back contact. Because the structure obtained at 250 °C showed excessive
recrystallisation and intermixing during CdCl, activation, the most evident roll-
over in Fig. 3.7 would likely be due to a reduction in the acceptor density in
CdTe. We assume that this reduced carrier density was generated by the self-
compensation effect at high concentrations of chlorine incorporated into the
CdTe lattice. When the CdTe absorber was obtained at 450 °C, the
recrystallisation, intermixing, and chlorine incorporation took place in a more
balanced manner, promoting an optimal acceptor density and the highest device
performance (Table 3.3).
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Fig. 3.7 Current—voltage characteristics of the CdTe/CdS solar cells with CdTe
deposited at different substrate temperatures [II].

Table 3.3. Photovoltaic parameters of CdTe/CdS solar cells with CdTe deposited at
different substrate temperatures [I1].

Ts, °C Vo, mV Joe, mA/cm? FF, % M, %
250 525 14.8 29.0 2.3
300 630 18.1 32.5 3.7
350 630 19.8 353 44
400 766 21.2 55.2 9
450 810 23.0 62.0 11.6
500 790 22.8 60.1 10.8

The above conclusions are supported by simultaneous changes in the short-
and long-wavelength regions of the EQE (Fig. 3.8). The solar cell with the CdTe
film deposited at 250 °C showed the highest EQE response in the short-
wavelength region (400-500 nm) because of the thinning of CdS as a result of
excessive intermixing, as previously indicated by XRD (Fig. 3.6). Although this
enhancement 1is beneficial for window transmission, non-uniform CdS
consumption may lead to the formation of parallel junctions between the
absorber and the front contact, and hence to the reduction of solar-cell
performance. In the long-wavelength region, the best EQE response was
exhibited by the solar cell with a CdTe film obtained at 450 °C, implying better
collection efficiency.
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Fig. 3.8. EQE measurements of solar cells with CdTe films deposited at 250 and 450 °C
1]

To summarise, different structural and morphological properties of CdTe
films obtained at distinctive regions of temperature (250-500 °C) are explained
in terms of nucleation and growth theory. We claim that the subsequent CdCl,
activation promotes the formation of melted flux, which induces
recrystallisation, grain growth, and intermixing in the CdTe/CdS structures via
mass transport through the liquid phase. The extent of recrystallisation and
intermixing increased with decreasing substrate temperature from 450 to 250 °C,
whereas the solar-cell efficiency decreased from 11.6 to 2.3%, respectively.
Such a systematic reduction of the solar-cell efficiency was the key question that
directed us to the investigation of single CdTe layers.

3.2. Properties of CdTe single layers modified by multi-step thermal
annealing in various ambient conditions

3.2.1. Approach of multi-step thermal annealing

CdCl; activation treatment is complicated by the high vapour pressure of CdCl,
and the presence of oxygen. The process results in the segregation of CdCl, and
CdCl,-2CdO residual phases on the GBs [18-21] and in incorporation of high
chlorine concentrations into the CdTe lattice [22, 23]. As we have shown, grain
growth takes place by mass transport through the liquid flux. The equilibrium
between the liquid flux and solid CdTe determines the rate of chlorine doping
according to the distribution coefficient (k;) between the liquid and solid phases
at the processing temperature (Eq. 3.3) [131].
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ky = i—i : (3.3)
where Cs = 10" cm™ [20] and C;, =~ 10> cm® are the chlorine concentrations in
the solid and liquid flux, respectively. Such a high value of k; = 10~ indicates
the incorporation of high chlorine concentrations in the lattice of growing CdTe,
which is assured by the limitless supply of chlorine in the liquid flux.

A high concentration of incorporated chlorine, as well as residuals from GBs,
strongly limit the density of charge carriers in p-type CdTe by self-compensation
and cause hygroscopicity of the solar cell. One solution for gettering these
residual impurities from CdTe films and hence improving their optoelectronic
properties is to apply controlled thermal annealing in relevant ambient
conditions. In paper [V], we showed that thermal annealing in the presence of
hydrogen can be a convenient and appropriate method for controlling the oxygen
content, which tends to retain excess CdCl; on the GBs as 2CdO-CdCl,. We
assumed that the reaction with hydrogen removes oxygen by water evaporation.
Excess Cd and free CdCl, can be removed by evaporation at higher
temperatures, especially in vacuum. The thermodynamically favoured reaction
between hydrogen and solid CdO [132] is given as:

HZ(g) + CdO(S) - H,0 + Cd(s,l)v AG (250 °C) = —2.6 and at 570 °C —
6.5 kcal/mol 34

The reaction between hydrogen and solid CdCl, is not thermodynamically
favoured [132], shown as follows:

Hy(g) + CdCly(s ) < 2HCI + Cd(spy, A G (250 °C) =
27.4 and at 570 °C 14.4 kcal/mol (3.5)

Thus, by subsequent thermal annealing, we can control the residuals in
polycrystalline CdTe thin films. By optimisation of the chlorine concentration in
the lattice, we can approach the ideal electroneutrality condition, given as
[(VcdClre) ] = p', implying high p-type conductivity in CdTe [22]. Valdna et al.
showed low-resistance p-type conductivity in CdTe films, which was achieved
with no acceptor dopant. However, the concentration of chlorine in the films was
decreased by vacuum annealing and heat treatment under Te vapour pressure
[22, 23]. These arguments substantiate the systematic investigation of changes in
the structural and optoelectronic properties of CdCl,-doped CdTe films induced
by subsequent multi-step thermal annealing in H,, vacuum, and closed
isothermal conditions.

Two sets of CdTe films were used for these treatments. The first set was
deposited at a substrate temperature of 250 °C and the second set was deposited
at 500 °C. For reference, the CdTe films deposited at 250 °C were labelled as
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LT, whereas the ones deposited at 500 °C were labelled as HT. A detailed
description of the annealing process was presented in Section 2.2.

3.2.2. Structural properties

Similar to the XRD patterns of CdTe deposited onto CdS (Fig. 3.2), untreated
LT CdTe films had a strong (111) preferred orientation, whereas the HT films
exhibited a random orientation. However, after the CdCl, activation and
treatment processes, all the films exhibited random orientation. The values of the
lattice parameter and the average crystallite size after each treatment step are
shown in Table 3.4.

Table 3.4. Values of average crystallite size (L) and lattice parameter (ay) for LT and
HT CdTe films after all treatment steps [IlI].

Sample Treatment Ta4, °C L, nm ag, A
conditions
LT CdTe as deposited - 85 6.484
CdCl, - 134 6.477
H, 250-500 144-148 6.480
570 99 6.471
Vacuum 250-500 120-130 6.481-6.482
570 90 6.474
Isothermal® 250-500 110-120 6.472
570 95 6.468
HT CdTe as deposited - 144 6.486
CdCl, - 150 6.484
H, 250-500 153-159 6.485
570 144 6.485
Vacuum? 250-500 139-149 6.486-6.487
570 138 6.485
Isothermal® 250-500 120-137 6.486-6.487
570 95 6.484

@ Hydrogen annealing temperatures 250-570 °C, 1 h.
b Vacuum annealing at 470 °C, 1 h of CdTe films which passed H: annealing step.
¢ Isothermal anneal at 600 °C, 1 h of CdTe films which passed H> and vacuum annealing steps.

The crystallite size of the LT CdTe films increased dramatically from 85 nm
to 134 nm as a result of CdCl, activation. For the HT films, this effect was less
pronounced because the crystallite size increased only from 140 nm to 150 nm.
These changes in crystallite size after CdCl, activation are in good agreement
with our observations of the CdTe/CdS structures and confirm once again our
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statement regarding the formation of a liquid phase that induces recrystallisation,
grain growth, and sintering (Fig. 3.9).

Subsequent H, annealing at 250 °C slightly increased the crystallite size of
both the LT and HT CdTe films from 134 nm to 144 nm and from 150 nm to
153 nm, respectively. A gradual increase in the temperature of H, annealing
from 250 to 500 °C assured an additional increase in the crystallite size of both
films (Table 3.4). An additional interesting effect was observed for films
annealed in Hy at 250 °C. The surfaces of both the LT and HT films were
covered by needle-shaped particles (Fig. 3.9c). Based on EDX analysis (not
shown), these particles showed a significantly higher concentration of Te as
compared to the remaining film surface.

Fig. 3.9. SEM top-view images of the CdTe surface: (a) after CdTe deposition, (b) after
CdCl; activation, and after H, thermal annealing at (c) 250 °C and (d) 300 °C [111].

We assumed that during H, annealing, a uniform Te film (which is usually
formed on the CdTe surface and also at the GBs after NP etching) would start to
agglomerate on the surface in the form of needle-shaped particles. Due to the H,
contra pressure and low partial vapor pressure of Te at 250 °C the needle-shaped
particles are stable and apparently located on the extended defects (like GB and
dislocation loops). This experimental fact also indicates to the out diffusion of
Te which is formed in result of reaction between TeO, and H; at 250 °C, AG=-42
kcal/mol [132]. At an increased temperature gradient (300 °C), these Te needles
evaporated from the CdTe surface, leaving behind a dimpled surface. The
appearance of these dimples, which had diameters of ~20 nm, might have been
due to the solubility of CdTe in the Te solid phase. At higher H, treatment
temperatures (350-500 °C), the surface of the CdTe layer remained clean, as it
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did for H; treatment at 300 °C (Fig. 3.9d). This Te from the surface and the GBs
of CdTe, as well as CdO and TeO; residuals (Fig. 3.5), actively reacted with H»
already at 250 °C, contributing to the growth of additional crystallites (Table
3.4). As the temperature of H, annealing increased from 500 to 570 °C, the
crystallite size significantly decreased, indicating intensive sublimation of CdTe.
This was confirmed by the decrease in CdTe thickness from 2 pm to 1 pm.

The evolution of the lattice parameter values for both the LT and HT films
after treatment are reflected in the displacement of the main (111) XRD peak
(Fig. 3.10).
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Fig. 3.10. Displacement of the (111) peak vs. thermal annealing conditions for (a) LT
and (b) HT CdTe thin films [I11].

After CdCl, activation, high-resolution analysis demonstrated a shift of the
(111) peak toward higher 20 values. This shift was more pronounced in the LT
CdTe films (Fig. 3.10a) and corresponded to the decrease in the lattice parameter
from 6.484 to 6.477 A (Table 3.4). For the HT films, the shift of the (111) peak
was less significant, with a corresponding decrease in the lattice parameter from
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6.486 to 6.485 A. A similar effect was observed for the (511) peak in the
CdTe/CdS activated structures (Fig. 3.6) and is explained by the formation of a
CdTe; S, alloy at the CdTe—CdS interface. Considering the incorporation of
CdCl; into the CdTe lattice, we explain the shift of the (111) peak shown in Fig.
3.10 by the presence of chlorine on Te sites, the formation of Cd vacancies, and
probably the incorporation of oxygen on Te sites. The atomic sizes of chlorine
(102 pm) and oxygen (66 pm) are smaller than the atomic size of Te (138 pm)
[133], and thus together with Cd vacancies, they cause a contraction of the CdTe
sub-lattices and hence a decrease of the lattice parameter (Table 3.4). On the
other hand, the slight displacement of the (111) peak toward a lower 20 region is
accompanied by lattice relaxation as a result of the removal of oxygen and CdCl,
impurities by H» and vacuum annealing. It should be mentioned that subsequent
thermal annealing in vacuum at 470 °C showed the same trend as in the H»
annealing in terms of the changes of lattice parameter.

The last treatment of the multi-step approach was the subsequent isothermal
annealing in ampoules at 600 °C. For LT films that passed H, and vacuum
annealing, this isothermal step ensured a strong shift of the (111) peak toward
higher 26 values (Fig. 3.10a), corresponding to a considerable decrease in the
lattice parameter (Table 3.4). As compared to H, and vacuum annealing, the
higher solubility of CdCl, in CdTe at 600 °C resulted in a stronger decrease of
the lattice parameter for the LT films. At the same time, a significant decrease of
crystallite size was observed for both the LT and HT films. Because of the high
temperature used (600 °C) and the large volume of the ampoule (~10 cm?) as
compared to the small volume of the CdTe film (5 x 5 x 0.2 mm), a remarkable
amount of CdTe and CdCl, may sublimate into the gas phase as a function of the
decrease of crystallite size. Moreover, homogeneous chlorine doping through the
volume of the layer is assured by the thermodynamic equilibrium between the
solid and vapour phases.

3.2.3. Optoelectronic properties

The deposited LT and HT films were characterised as having high dark
resistivity, indicating that intrinsic defects electrically compensate, resulting in a
semi-insulating CdTe material. Table 3.5 shows the resistivity values for both
the LT and HT CdTe films after all thermal annealing steps. After CdCl,
activation, the p-type resistivity of both samples decreased significantly. The LT
CdTe film had a dark resistivity of 10’ Q-cm, which was approximately ten
times higher than the resistivity of the HT film (7 x 10° Q-cm). The
photoconductivity of the LT film was poor, with a dark-to-light resistance ratio
of Kr = 12.5, whereas the HT film exhibited prominent photoconductivity, with
a high dark-to-light resistance ratio of Kr = 70 (Table 3.5).
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Table 3.5. Resistivity values vs. annealing conditions for LT and HT CdTe films [II1].

Sample | Treatments | Ta4, °C Rp, Q/o Ry, Q/o Kk pp, Q-cm
LT CdCh - 5%1010 4107 125 107
CdTe I, 250 =101 1on 8 1.6<10°
300-500 | (5-8)x10'1 | (1-1.8)x1010 | 35<Kr<50 | (1-1.6)x10¢
570 1012 2.8x101! 3.6 2x108
Tsothermal’ | H250 15<10° | 1x10° 15 3%10°
H300 15x10° | 1.3x108 115 3x10%
H350 8x107 7.5%107 1.05 1.6x10%
H400 22x107 | 2.1x107 1.04 4.4x10%
H450 7x10° 6.9x10° 1.01 1.4x103
H500 5%10 5%10° 1 10°
H570 5x10° 4.8%10% 1.04 105
AT CdcCh - 35%10° | 5%107 70 7x105
CdTe 250 1010 1.5%10° 66 2106
300-350 | 4x10° 3x107 130 8105
400-500 | (7-9)x1010 | (1-2)x10° | 35<Ke<90 | (1.4-1.8)x107
570 25%10' | 1.2x10° 208 5%107
Tsothermal’ | H250 5x107 7x10° 71 10°
H300 13x107 | 6x10° 2.16 2.6.x10°
H350 1.6x107 | 4x106 4 3.2¢103
H400 4x107 1x107 4 8x10°
H450 25%107 | 4.5x106 55 5%10°
H500 13x107 | 1.1x107 1.18 2.6x10°
H570 5%107 2.5%109 20 10*

“ Hydrogen annealing temperatures 250-570 °C, 1h. Rp and Ry - resistance under dark and light
conditions; Kr is dark to light resistance ratio; p is resistivity.

b Isothermal annealing at 600 °C for 1 h of CdTe films which passed H> and vacuum annealing
steps.

The high resistivity and poor photoconductivity of the LT film suggest that
CdCl, activation left too high a concentration of chlorine in the CdTe film,
which promoted an increase in the concentration of neutral complex defects
(Vcd* 2Clre"). As a result, the p-type resistivity increased and the
photoconductivity decreased. In the HT film, the chloride concentration seemed
to be more balanced with the concentration of native defects (Vcq). Because of
the lower amount of chloride incorporated in the HT films, the concentration of
shallow acceptor centres [(Vca® Clre') ] increased and the p-type properties and
photoconductivity improved.

In order to confirm these statements, we measured the photoluminescence
spectra at 9 K of both the LT and HT CdTe films before and after CdCl,
activation (Figs. 3.11a and b). The PL spectrum of the as-deposited LT CdTe
film exhibited a very weak and broad emission in comparison to the as-deposited
HT CdTe film, which revealed a very intense emission band around the 1.478
eV spectral region. It also exhibited a weak emission near the band gap region
(1.598 eV). The weak and broad emission of the as-deposited LT film can be

54




explained by the high concentration of defects and the density of the GBs, which
provided an effective channel for non-radiative recombination [134] (Fig.
3.11a). In the as-deposited HT film, the weak emission around the 1.59 eV
spectral region (Fig. 3.11b) is related to the ground-state acceptor-bound exciton
decay (A’X) [135]. This acceptor-bound exciton feature prevailed in the PL
spectrum observed for the range of as-deposited CdTe films, which were usually
p-type [135, 136]. Usually, the presence of excitons is an indication of low
defect concentration and high crystalline quality.
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Fig. 3.11. Photoluminescence spectra of CdTe films: (a) LT CdTe and (b) HT CdTe
before and after CdCl; activation.

For the as-deposited HT film, the broad emission band at approximately
1.478 eV (Fig. 3.11b, black band) is known as the Y-band. It has been observed
in single crystals and epitaxial and polycrystalline films of CdTe by many
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authors [137-140]. This emission band is characterised by some rather unusual
features for a deep-level emission band having a weak phonon coupling and a
relatively broad zero-phonon line [135]. Different recombination mechanisms
have been proposed to explain this emission. Dean et al. [137] and Seto et al.
[138] showed that this luminescence feature was due to the recombination of
excitons bound to extended dislocations. Leipner et al. [139] showed by
cathodoluminescence studies that the emission at 1.478 eV is caused by point
defects that are probably vacancies. In our study, the latter mechanism seems to
be more probable because in as-deposited CdTe films, Cd vacancies represent
the main native defects.

After CdCl, activation, the intensity of the 1.478 eV PL band increased
significantly in both the LT and HT CdTe films (Figs. 3.11a and b, red bands),
with the PL intensity of the LT CdTe film higher than that of the HT one.
Moreover, the spectrum of the HT CdTe-activated film exhibited a very
prominent phonon structure. There was also an emission near the band gap
region (~1.59 eV), which is represented in both the LT and HT films. The
feature at 1.59 eV is related to the recombination of excitons localised at the
chlorine A centre [(Vca® Clre") ] and/or excitons bound at a different acceptor
complexes consisting of a Cd vacancy and two Cl donors (Vcg> 2Clre") [135,
141]. The spectral profile of the broad 1.478 eV PL band suggests the presence
of more than one transition. According to Hofmann [140], there may be at least
three independent emission bands in this spectral region. One band, located at
1.45 eV and exhibiting phonon replicas, arises from donor—acceptor
recombinations between a shallow CI donor and a Cucq acceptor. Usually this
band is detected in CdTe doped with Cu and CI. The second band has a zero-
phonon line at 1.478 eV, which is believed to be due to a donor—acceptor
emission between a Clr." donor and an A centre [(Vcd® Clre")]. There is also a
third band, which is of unknown origin and has a strong line at 1.475 eV. These
three bands, which have almost the same energies, are totally mixed in many
crystals and have, therefore, caused considerable confusion [140, 142]. In this
study, considering that the main dopant is chlorine, the 1.478 PL emission band
is most probably related to the donor—acceptor recombination between the Clre"
donor and the [(Vcs® Clre") ] shallow acceptor. In this emission band could also
be involved different chlorine neutral complex defects, such as (Vca® 2Clre") or
(Tei* 2Clr."), which usually form in chlorine-doped CdTe [22, 94]. Valdna [22,
23] observed a strong correlation between the intensity of the 1.4 PL band and
the concentration of these defects in chlorine-doped CdTe films. He showed that
a high chlorine concentration increases the intensity of the 1.4 PL band and
decreases the p-type conductivity of CdTe layers due to the formation chlorine-
based neutral complexes. Our results support the conclusions arrived at in [22,
23]. Thus, in the LT CdTe-activated film, the broad and very intense 1.478 eV
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PL band with no noticeable phonon replicas and very weak exciton emission
indicates that the activation step left too high a chlorine concentration in the
CdTe lattice. As the chlorine concentration increased, the concentration of the
Clr." donors compensated the shallow acceptor; as a result, the p-type
conductivity of the LT CdTe film decreased. Similarly, in the HT-activated film,
the presence of a prominent phonon replica structure and excitons resulted in
better crystallinity and a lower concentration of neutral complex defects,
yielding better p-type conductivity. Thus, the PL results of the LT and HT films
before and after CdCl, activation are in good accordance with the changes in the
electrical properties from the same processing steps.

We next investigated the changes in the optoelectronic properties induced by
subsequent multi-step thermal annealing in H,, vacuum, and isothermal
conditions. Subsequent thermal annealing in H, at 250 °C increased the dark
resistivity of both the LT and HT CdTe films by nearly one order of magnitude,
from 107 to 10® Q-cm and from 7 x 10° to 2 x 10° Q-cm for LT and HT,
respectively. At the same time, the value of Kr remained practically unchanged
(Table 3.5). The abrupt increase in resistivity of both the LT and HT films can
be explained by the increased activity of H, at 250 °C, which provided excess
Cd from CdO, decreasing the concentration of Cd vacancies (Vca), thereby
increasing the resistivity of CdTe. Further increasing the H, annealing
temperature from 300 to 500 °C did not change the dark resistivity of LT CdTe;
nevertheless, the film exhibited relatively high photoconductivity, suggesting the
partial removal of CdCl, and excess Cd and the stability of the acceptor—donor
concentration ratio in H, atmosphere. Considering the higher concentration of
residual components on the GBs in LT CdTe, more time is needed for their
outdiffusion. The ration of the donor—acceptor defect concentration in LT CdTe
was also determined by the constant ratio of the Cd and Te partial pressures in
H, atmosphere. In comparison to LT films, different features were found to be
characteristic for HT films for a distinct H, annealing temperature range. At
annealing temperatures between 300 and 350 °C, the resistivity of the HT films
sharply decreased by nearly half an order of magnitude, from 2 x 10° to 8 x 10°
Q-cm, accompanied by increasing photoconductivity (Table 3.5). In this case,
the evaporation of excess Cd occurred over a shorter period of time because of
the lower concentration of residual components on the GBs. In this region of
temperatures, characteristics similar to those of the initial activated films were
revealed. A further increase in the H, annealing temperature from 400 to 500 °C
increased the resistivity of the HT samples by nearly one order of magnitude,
from 8 x 10° to 10’ Q-cm, thus showing the same photoconductivity as the
activated films (Table 3.5). At the same time, the resistivity was approximately
one order of magnitude lower than that of the LT films, indicating a lower
concentration of dopant impurities in HT CdTe. With H, annealing at 570 °C,
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the resistivity of both the LT and HT CdTe films increased considerably,
suggesting that this was the critical temperature at which gettering and
sublimation occurred, so actively that excessively removing both active
components from the lattice and the main material. On the other hand, at such
high temperatures, this process might be accompanied by deeper redistribution
of the dopant throughout the layers.

The thermal annealing in vacuum at 470 °C showed the same trends as those
seen for the H; annealing step in terms of the changes of electrical properties in
both the LT and HT films (Table 3.5). As a result of final isothermal annealing
at 600 °C, the dark resistivity sharply decreased by approximately four orders of
magnitude for the LT CdTe films (from 107 to 10> Q-cm) and by three orders of
magnitude for the HT CdTe films (from 2 x 10° to 10* Q-cm). A hole density of
~10" cm™ was achieved for both the LT and HT films as a result of subsequent
thermal annealing in H, at 500 °C, vacuum annealing at 470 °C, and isothermal
annealing at 600 °C. The H, pre-annealing temperature of 500 °C and the
subsequent vacuum and isothermal annealing seem to be the optimal conditions
to achieve the highest p-type conductivity in CdTe films.

The electrical properties correlated well with the PL measurements. Thus,
subsequent H, and vacuum annealing decreased the intensity of the 1.478 eV PL
band in both the HT and LT films (Figs. 3.12a, b), which can be attributed to the
outdiffusion of residual oxides and excess of chlorine. After these processing
steps, the presence of at least two emission bands with peaks at 1.478 and 1.43
eV were clearly distinguished. The energetic distance between these two bands
was approximately 50 meV, indicating that there were two different
recombination centres. The delimitation of these two bands was more prominent
in the LT CdTe film. The prevalence of one or the other emission band was
determined by the H, thermal annealing temperature. Thus, in both films, the
1.478 eV emission band prevailed at low H, annealing temperatures (250-300
°C), whereas at high H, annealing temperatures (400-500 °C), the 1.43 eV band
predominated. The spectrum of the HT CdTe film preserved the phonon replica
structure and emission in the excitonic spectral region. The prevalence of the
1.478 eV emission band at low H» annealing temperatures could be related to the
presence of a high concentration of chlorine neutral complexes. The high
concentration of neutral complexes was assured by the high concentration of
chlorine in the CdTe lattice. At high H; annealing temperatures, the
concentration of these defects decreased due to the outdiffusion of chlorine. As a
result, the concentration of shallow acceptors [(VcdClre) ] increased and
determined the emission at 1.43 eV. This assumption is supported by the
absence of this emission in the as-deposited films and by the improvement in the
electrical properties as a result of isothermal annealing. After isothermal
annealing, the spectra of both LT and HT films still consisted of two bands, but
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the distance between them was smaller and the slightly apparent shift was not
real anymore. In addition, the PL bands looked more symmetrical. The
symmetrical profile, together with the disappearance of the phonon replica
structure and excitonic emission, indicates that the overall defect concentration
increased. Because the electrical properties of the films improved as a result of
this processing step, we assume that this improvement was determined by the
increase in the overall concentration of shallow acceptor defects [(VcdaClre) ],
which are responsible for p-type conductivity in CdTe films.
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Fig. 3.12. Photoluminescence spectra of CdTe thin films vs. thermal annealing
conditions: (a) LT CdTe and (b) HT CdTe.

To summarise, the influence of multi-step thermal annealing in H», vacuum,
and closed isothermal conditions on the properties of CdCls-activated CdTe
single layers deposited at substrate temperatures of 250 °C and 500 °C was
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systematically investigated in terms of the formation of p-type conductivity. The
CdCls-activated CdTe films had high resistivities and high dark-to-light
resistance ratios. Subsequent H, and vacuum thermal annealing increased the
resistivity and photoconductivity of the films. The dark resistivity sharply
decreased by approximately four orders of magnitude as a result of isothermal
annealing at 600 °C, and a hole density of ~10'° cm was achieved. A shift of
the main (111) peak indicated processes taking place inside the CdTe lattice. The
changes in the electrical properties correlate well with defect features in the
photoluminescence spectra. By controlling the thermal annealing conditions,
substantial improvement in the CdTe optoelectronic properties was achieved.

3.3. Plasmonic modification of CdTe thin films and CdTe/CdS solar
cells by Au nanoparticles

As discussed in Section 1.3, one of the critical issues in CdTe technology is
reducing the PV active layer thickness in order to lower production costs and
reduce the need for Te. Theoretically, employment of the plasmonic effect using
metallic nanoparticles has been found to be effective for enhancing light
absorption in ultrathin CdTe layers in thin-film solar cells. Considering these
approaches, we studied the plasmonic effect of Au nanoparticles (NPs) on the
properties of CdTe absorber layer [IV] and on the performance of CdTe/CdS
solar cells [V]. The Au NPs were incorporated into CdTe absorber layer by
spray pyrolysis, spin coating and sputtering methods (Section 2.3).

3.3.1. Spin coating of Au solution onto CdTe layer

Spin coating of an HAuCls solution onto CdTe layers and subsequent annealing
in air at 380 °C resulted in Au NPs and wires binding the NPs in a web and
covering the surface of the CdTe layer (Fig. 3.13). We assumed that these wires
represented residual cadmium oxychloride (2CdO-CdCly) created during the air
annealing process [143] as an intermediate product of the HAuCly reaction with
CdTe [144]. From the SEM images, the mean size and spacing of the Au NPs
were estimated to be 100 nm and 300 nm, respectively.

The SPR valley at 577 nm in the transmittance spectrum of the CdTe—Au
layer (Fig. 3.14a) confirms the plasmonic absorption resonance of the
incorporated Au NPs. However, this effect did not lead to a noticeable
enhancement in the absorption over the entire wavelength range (Fig. 3.14b).
Moreover, the reflectance and transmittance spectra showed the disappearance
of the CdTe absorption edge in the 800 nm region (Fig. 3.14a), indicating the
removal of the CdTe film during the spin-coating process.
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Fig. 3.13. SEM surface view of CdTe film: (a) as-deposited and (b) with Au NPs
obtained by spin coating [1V].
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Fig. 3.14. (a) Transmittance and reflectance (b) absorbance spectra of the as-deposited
CdTe films (CdTe) and CdTe with Au NPs obtained by spin coating (CdTe + Au) [1V].
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To understand the disappearance of the CdTe band edge (Fig. 3.14), we
analysed the reactions that could take place in the air annealing of the CdTe
layer with a spin-coated HAuCls solution: oxidation of CdTe to CdTeOs
(CdO-TeOy) (Eq. 3.6), decomposition of HAuCls (Eq. 3.7, 3.8), and formation of
CdCl; and Te; (Eq. 3.9). These reactions may form a viscous phase of CdTe +
CdTeOs + CdCl; flux [91, 143], which has a low melting temperature (<400 °C).

1.50(g) + CdTe(s) — CdTeOs(s) (3.6)
CdTeOs(s) + 2CdTe(s) — 3CdO(s) + 1.5Tex(g) (3.6a)
2HAuCl4(s) — 2HCI(g) + 2AuCls(s) 3.7
2AuCls(s) — 2Au(s) +3Clx(g) (3.8)
2HCI(g) + 2Clx(g) + 3CdTe(s) — 3CdCly(s) + HaTe(g) +Tea(g) (3.9)

We carried out some calculations to evaluate the impact of the CdCl,-
containing flux on the CdTe film after coating it with the HAuCls-3H,O
solution. Au NPs with diameters and spacings of 50 nm (minimal values for a
2% absorption enhancement [111]) covered 0.4 cm’ of a 1 cm? CdTe film
surface. Based on the mass of Au, the amount of Au in the HAuCly solution was
calculated to be 1.32 x 10~ mol. Because each mole of HAuCl, yields two
moles of CdCly, a 1 ecm? CdTe film will contain 2.65 x 107 mol of CdCl..
Therefore, the mass ratio of CdCl, (created by HAuCls) to CdTe is at least 25.
Considering the solubility of CdTe in the CdCl, flux (~25%) [145], it is highly
likely that the CdTe film will disappear. Therefore, although RT spin coating of
Au NPs from a HAuCly solution on CdTe layers is a very simple technique, it
should be discarded because of the substantial removal of CdTe by reactions
with the chloride flux during the annealing process.

3.3.2. Spray pyrolysis of Au solution on the CdTe layer

Spraying HAuCls solutions of various amounts (from 2.5 mL to 15 mL)
generated distributions of Au NPs with different spacings and sizes (Fig. 3.15).
As compared to the RT spin coating of large drops of an Au-containing solution,
spray-coated HAuCl, interacts differently with the CdTe absorber because of the
relatively high temperature of the substrate (360 °C). At this temperature, the
reaction products quickly evaporate, leaving a CdTe surface free of the
oxychloride residuals that can damage the CdTe absorber, as in the case of the
spin-coating method.

For better understanding of the microscopic images of sprayed Au on CdTe
and on reference glass are presented in Fig. 3.15 b. At the lowest quantity of the
HAuCls solution, Au NPs with a mean size of 30 nm were formed, while
increasing the amount of the solution led these crystallites to coagulate into
grains with the size from 80 nm to 100 nm (Fig. 3.15 b). The size of these Au-
containing grains corresponds to the optimal theoretical diameter of 90 nm and
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spacing of 202 nm, which should result in a 50% increase in absorption and a
36% increase in the efficiency of a CdTe solar cell [31].
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Fig. 3.15. SEM images of Au particles obtained by spray pyrolysis on (a) CdTe thin films
and on (b) corresponding reference glass (estimated size of Au-containing grains is
included) with 2.5, 5, 10, and 15 mL of HAuCl, solution [1V].

The absorption of the CdTe layer was enhanced over the 400-1000 nm
wavelength range when Au NPs were sprayed on top of the CdTe layer (Fig.
3.16b). The plasmonic effect was observed for the CdTe—Au samples sprayed
with 10 and 15 mL of HAuCl, solution (Fig. 3.16a). For these amounts of
HAuCly solution, the XRD patterns recorded greater intensities of (021) and
(300) AuCd peaks at 29.7° and 38.2° (Fig. 3.17). The SPR peak located at 570
nm (Fig. 3.16a) redshifted slightly because of the decreased separation of the
NPs [146] and the increased agglomeration of Au crystallites with the 15 mL Au
solution. In addition, the 570 nm peak became broader as the particle diameter
increased to 100 nm upon increasing the amount of sprayed HAuCl, from 10 to
15 mL (Fig. 3.16b). This broadening is attributed to the enhanced radiation
damping by large particles, as described by Hu [147].
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Fig. 3.16. (a) Total transmittance and (b) absorption spectra of CdTe films sprayed with

2.5, 10, and 15 mL of HAuCl, solution [1V].

The appearance of the (200) CdTe peak at 30.76° for 10 and 15 mL of
HAuCl4-3H>0 solution (Fig. 3.17) shows that higher quantities of Au increase
the amount of chloride flux, which actively promotes the recrystallisation of
CdTe. It is interesting that the Au NPs obtained by spray pyrolysis on the CdTe
surface actually consisted of an Au—-Cd (JCPDS no. 01-072-8534) [148]
intermetallic phase (Fig. 3.17). We attribute this to the fact that the substrate
temperature (360 °C) was higher than the eutectic temperature of the Au—Cd
system (310 °C) [149].
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Fig. 3.17. XRD patterns of reference glass and CdTe films spray coated with different
amounts of Au solution [IV].
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Increasing the amount of sprayed HAuCls solution did not affect the size of
these AuCd crystallites (~30 nm); rather, it contributed to the agglomeration of
the Au NPs into larger grains (Fig. 3.15). The appearance of an AuTe, peak
(JCPDS no. 03-065-2443) [148] in the XRD pattern of the CdTe + 15 mL Au
layer might be linked to the presence of metallic Te (Figs. 1a, 4). These phases
indicate that excess HAuCly was present on the CdTe surface. Therefore, 10 mL
of HAuCls-3H,O solution is sufficient to spray onto the CdTe surface to obtain
the plasmonic effect.

3.3.3. Sputtered and annealed Au between glass surface and CdTe
layer

The surface morphology of sputtered and annealed Au NPs on the glass
substrates shows a very uniform distribution of isolated particles with a mean
diameter of 40 nm (Fig. 3.18a). These NPs agglomerated as large particles, with
diameters varying from 1 to 3 um (Fig. 3.18b). In addition, the agglomeration of
Au NPs was confirmed by the colour transition of the glass—Au samples from
reddish to purple after annealing in air due to the plasmonic coupling between
particles [190]. The size distribution and spacing of the Au particles were not
strongly influenced by the duration of sputtering (Figs. 3.18b and c).

Fig. 3.18. SEM surface views of glass following Au sputtering for (a, b) 40 s and (c) 70 s
after air annealing [1V].

The transmittance spectra of the glass—Au—CdTe samples (Fig. 3.19)
exhibited surface plasmon features at 592 nm and 570 nm for the Au/glass
samples sputtered under CdTe for 40 s and 70 s, respectively. Fig. 3.19 suggests
that 40 s of Au sputtering is sufficient to facilitate an efficient plasmon effect for
the CdTe absorber. However, the 570 nm SPR peak, which corresponds to the
70 s Au sputtering, is closer to the theoretical SPR of Au particles. The shift of
the SPR peak for CdTe samples with spin-coated and sprayed Au on top could
be related to the dependence of the SPR peak position on the dielectric constant
of the surrounding environment [150]. An intermetallic AugsTeo; phase (Fig.
3.20), which has a high concentration of charge carriers, may form a shell for
plasmon Au NPs and slightly shift the peak position.
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Fig. 3.19. Transmittance spectra of sputtered and air-annealed Au on glass and CSS
deposition of CdTe. Duration of sputtering: (a) 40, (b) 50, (c) 60, and (d) 70 s [IV].

The appearance of the AugsTeo7 (JCPDS no. 01-074-5406) [148] phase (Fig.
3.20) can be explained by its thermodynamic stability [149, 151], the
dissociation of CdTe, and the high volatility of Cd, resulting in excess metallic
Te. The radiative heat transport in the CSS CdTe deposition process could
locally increase the substrate temperature above 300 °C for fractions of seconds,
allowing for a reaction between Au and Te, producing AugsTeo7. Although the
sputtering method generated pure Au particles, the subsequent deposition of the
CdTe absorber resulted in the formation of additional phases around the Au NPs
that contributed to the shift of the SPR peak.
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Fig. 3.20. XRD pattern of Au sputtered for 70 s, annealed on glass, and coated with
CdTe film [1V].
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To summarise, we tried to incorporate Au NPs into the CdTe layer to obtain
the plasmonic effect in order to increase the absorption in the CdTe absorber. Au
NPs were deposited onto the CdTe films by three different methods: spin
coating, spray pyrolysis, and sputtering. Each method resulted in different
plasmonic effects for the CdTe layers. Spin coating of the HAuCl, solution and
air annealing generated oxychloride residuals and substantially removed the
CdTe layer. For this reason, the spin-coating method should be discarded.

Both spray coating and sputtering methods formed Au-containing NPs with
diameters of 30—40 nm. Increasing the amount of HAuCls or increasing the Au
sputtering time did not increase the size of the Au NPs; rather, these increases
tended to agglomerate the Au particles into grains with diameters of ~90 nm and
1-3 um for the spray and sputtering methods, respectively. Spray pyrolysis
formed Au NPs on the CdTe surface with sizes close to the size suggested by the
results of theoretical studies, but the sputtering technique provided purer Au
NPs. However, with both techniques, interactions between CdTe and Au at high
temperatures resulted in the formation of intermetallic compounds such as
AuCd, AuTe,, or Aug3Teo7. The formation of these intermetallic phases, which
likely depended on the deposition parameters such as substrate temperature or
how the substrate temperature was maintained, is an important characteristic of
the CdTe layers. Because of the chemical interaction between Au and CdTe,
high-temperature processes for forming Au NPs should be avoided.

3.3.4. Plasmonic effect of spray-deposited Au nanoparticles on the
performance of CSS CdS/CdTe solar cells

Spray pyrolysis seemed to be a more suitable method for incorporating Au
nanoparticle because it promoted the formation of Au NPs on the CdTe surface
with sizes close to that suggested by the theoretical studies. Therefore, we
decided to demonstrate the technological feasibility of placing chemically
sprayed Au NPs between the CdTe absorber and the Te/Ni back contact to
enhance the efficiency of CdS/CdTe solar cells [V].

Figure 3.21 shows the SEM cross-sectional images of Ni/Te/Au
NP/CdTe/CdS/FTO/glass plasmonic structures. As seen after CdCl, heat
treatment and etching of the CdTe/CdS structure, the surface of the CdTe film
remained smooth without residuals (Fig. 3.21a), whereas in the case of the
HAuCls-sprayed films, the CdTe surface was coated with a tightly adhering thin
layer (Figs. 3.21b, c). This surface layer was composed of aggregated grains
approximately 200 nm in size, and EDX analysis of the surface layer showed a
significantly higher concentration of Cl in the aggregated grains as compared to
the rest of the surface (Table 3.6 and Fig. 3.21c¢). However, at the maximum
amount of HAuCly solution (15 mL), this surface layer became porous,
substantially reducing the area of the back contact with CdTe.
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Fig. 3.21. Cross-sectional images of (a) CdTe/CdS/FTO/glass reference sample, (b)after
spray coating of 10 mL and (c) 15 mL of HAuCl, solution and back-contact Te/Ni [V].

The EDX analysis of the Au-sprayed CdTe surface indicated a 1:1 ratio of Cd
and Te in the reference structure and increased contamination of the surface by
oxides and chlorides with increasing amounts of Au solution from 2.5 to 15 mL
(Table 3.6). These observations are in good agreement with the XRD data (Fig.
3.17), which indicated that the Au-containing grains consisted of Au and
intermetallic compounds of AuCd and AuTe,, as well as residuals of non-
volatilised flux decomposition such as CdO, TeO,, and CdCl.

Table 3.6. Elemental composition of CdTe/CdS structures sprayed with different
amounts of Au solution [V].

Sample Scanned area Elements, at. %

Cd Te Cl Au o

Reference 300x300 pm 50.46 | 49.48 - - -
AuNP-2.5 ml 300x300 pm 41.12 | 3835 | 1.78 | 0.83 | 17.92
AuNP-5 ml 300x300 pm 31.55 | 31.00 | 4.84 | 1.70 | 30.92
AuNP-7.5 ml 300x300 pm 2991 | 29.86 | 5.17 | 2.00 | 33.06
AuNP-10 ml 300x300 pm 27.27 | 26.77 | 822 |2.48 | 35.25

AuNP-10 ml | area 1 on Fig. 3.21c | 60.94 - 39.06 - -
AuNP-15 ml 300x300 pm 22.69 | 22.79 | 9.59 | 3.17 | 41.76

In order to show the effect of Au NPs spray deposited onto the CdTe surface
and CdTe/CdS solar-cell performance, including the effect of NP size and
solution concentration, we investigated the plasmonic effect for the CdTe—Au
layers from their spectral responses. Figure 3.22 shows that when these CdTe—
Au layers were used in a CdS/CdTe solar cell, the EQE was primarily enhanced
in the region of 600—840 nm because of the gain in optical absorbance induced
by the SPR. A condition for this effect to occur is a scattering medium with a
low refractive index. The refractive index of Au is 1.5-0.2 [152], whereas that of
CdTe is 3-2.6 [153] and that of Te is 4.8. When larger volumes of the Au-
containing solution (up to 15 mL) were sprayed onto the CdTe, a further relative
increase in the EQE was evident because of the previously mentioned
broadening of the 570 nm plasmonic resonance peak.
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Fig. 3.22 Normalised EQE curves of CdTe/CdS solar cells sprayed with different
amounts of Au solution [V].

The highest EQE was that of the CdS/CdTe structure with 10 mL of sprayed
solution. At this amount of solution, an optimal balance between the size and
distribution of the Au NPs and the additionally formed aggregate grains (Fig.
3.21) caused a wide absorption band and a corresponding EQE gain due to the
overlapping plasmon resonances [112]. The EQE spectra looked similar for both
the 10 mL and 15 mL of Au solution, indicating that the higher amount of
HAuCls; formed larger conglomerates with no change in the interparticle
distance.

The representative photovoltaic J-V characteristics and parameters of the
CdS/CdTe solar cells with and without Au NPs (Fig. 3.23 and Table 3.7)
indicate a variation in the photovoltaic parameters of the plasmonic CdTe/CdS
solar cell using different amounts of sprayed Au solution.
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Fig. 3.23. J-V characteristics of CdTe/CdS solar cells with and without (reference)
sprayed Au NPs [V].
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Table 3.7. Photovoltaic parameters of CdTe/CdS plasmonic solar cells [V].

Sample Voo, mV Jo, mA/ecm? | FF, % n, %
Reference 740 22.4 50 8.3
AuNP-2.5ml 740 22.5 50 8.3
AuNP-5ml 740 22.7 49 8.3
AuNP-7.5ml 740 23.8 49 8.6
AuNP-10ml 740 24 50 8.9
AuNP-15ml 720 18.5 39 52

The conversion efficiency gradually improved from 8.3% to 9% and the Ji.
value increased from 22.4 to 24 mA/cm?’. The highest conversion efficiency was
reached for the CdS/CdTe solar cell with 10 mL of HAuCls solution. The same
sample showed better absorption and EQE gain (Fig. 3.22) because of the
optimal balance between the size (80 nm) and distribution of the Au NPs. When
the amount of HAuCl4 solution was higher than the optimal 10 mL, both the Ji
and FF values decreased because of the porous surface layer, which substantially
reduced the area of the back contact with CdTe (Fig. 3.21c). These results,
together with EQE improvement, suggest that the enhanced conversion
efficiency of plasmonic CdTe/CdS solar cells was generated by fundamental
optical engineering via the incorporated Au NPs. The charge transfer at the
back-contact region (Ni/Te/Au/CdTe) could be improved as compared to the
reference back contact (Ni/Te/CdTe), but the presence of resonant absorption
peaks in the red/infrared region (Fig. 3.16) presented clear evidence of the
contribution by the plasmon effect.

To summarise, the chemical spray pyrolysis of a HAuCls ethanol solution
was shown to be a feasible and flexible method for depositing Au NPs 30-100
nm in size onto the CdTe surface. Also, the CdTe—Au layers were implemented
in a CdS/CdTe solar cell. The EQE of the solar cell was enhanced in the 600—
840 nm range, with the highest EQE achieved by the CdS/CdTe structure with
10 mL of the sprayed solution. The same amount of Au-containing solution
sprayed onto the CdTe increased the Ji. value and efficiency of the plasmonic
CdS/CdTe solar cell from 22.4 to 24 mA/cm’ and from 8.3% to 9%,
respectively. This is attributed to the suitable size of Au NPs, which resulted in
large absorption and a corresponding EQE enhancement because of the
overlapping plasmon resonances. The 15 mL sprayed solution generated a
porous CdTe surface layer and degraded the photovoltaic parameters of the
CdS/CdTe solar cell. Although this is a very promising design structure,
additional studies should be performed to better understand the influence of Au
NP parameters on the final characteristics of CdS/CdTe solar cells and improve
their efficiency.
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CONCLUSIONS

A systematic study of changes in the properties of CdTe thin films and
CdTe/CdS solar cells induced by post-deposition thermal treatments and the
plasmonic effect of Au nanoparticles in solar cells was carried out in order to
understand the physicochemical mechanisms of the processes which is essential
for optimization of high-efficiency solar cells. The results are as follows:

1.

The structural and morphological properties of CdTe layers deposited
onto CdS/FTO/glass substrates strongly depended on the substrate
temperature. Different sizes and shapes of CdTe grains were obtained
at distinctive regions of substrate temperature (250-500 °C) and were
explained in terms of nucleation and growth theory.

As a result of CdCl, activation the extent of recrystallization and
intermixing decreases with increase of the substrate temperature from
250 to 450 °C, whereas the solar cell efficiency is improved from 2.3
to 11.6%, respectively.

It is claimed that the CdCl; activation process induced formation of a
liquid flux and mass transport through the melted phase, promoting
grain growth and intermixing at the CdTe/CdS interface by
recrystallisation and sintering.

Grain growth was accomplished by the incorporation of flux
components into the growing CdTe lattice in saturation concentrations
according to the distribution coefficient between the liquid and solid
phases at the processing temperature.

The doping density depended on the time, temperature, and initial
grain size of the CdTe films, being higher for initially fine-grained
material.

Changes in the optoelectronic properties of CdClr-activated CdTe
films in the multi-step thermal annealing processes were explained
with the removal of chlorine from the CdTe lattice by H, and vacuum
annealing and with the homogeneous distribution of chlorine doping
through the layer by isothermal treatment.

By controlling the thermal annealing conditions, substantial
improvement in the CdTe optoelectronic properties was achieved.

For the first time, we experimentally demonstrated that the deposition
of Au NPs on top of the CdTe absorber material increased the
absorption ability, short-circuit current density, and conversion
efficiency of the CdTe/CdS solar cells.

The EQE of the solar cell with the implemented Au NPs was
enhanced in the range of 600—840 nm. The Ji and efficiency of the
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plasmonic CdS/CdTe solar cell increased from 22.4 to 24 mA/cm? and
from 8.3 to 9%, respectively.

As a result of the present work, the effects of CdCl, activation treatment on
the properties of CSS CdTe thin films and CdTe/CdS solar cells, which are still
considered controversial, have received an unambiguous physicochemical
explanation.
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ABSTRACT

Photovoltaic (PV) technology based on CdTe thin films offers an effective
option for the production of solar electricity owing to lower production costs and
increased efficiency of as much as 22%. The current market share of CdTe PV
technology is approximately 5% of the current worldwide annual PV production.
Despite the relatively high efficiency of laboratory solar cells, there are still
several technology-related issues such as junction activation and Te availability
that need to be addressed. Systematic research on the processing steps, as well as
application of new innovative concepts, is essential to solving the persistent
challenges in CdTe technology.

The aim of the thesis was to study systematically the impact of post-
deposition thermal treatments and the plasmonic effect of Au nanoparticles on
the properties of CdTe thin films and CdTe/CdS solar cells and to understand the
underlying physicochemistry, which is essential for optimisation of high-
efficiency solar cells.

The thesis is based on five publications, and it is composed of three chapters.
Following the Introduction, Chapter 1, “Literature overview,” provides a short
review of the history of photovoltaics, followed by a general overview of
CdTe/CdS thin-film solar cells. Further, the properties that make CdTe a
favourable material for photovoltaics, as well as the technological challenges
associated with the development of CdTe/CdS thin-film solar cells, are
highlighted. Chapter 2 describes the experimental details of thin-film processing,
as well as those of device fabrication. The techniques used to characterise the
properties of thin films and solar cells are also introduced. Chapter 3 is divided
into three sections and contains original experimental results and a discussion of
those results. The first section reports the formation of CdTe/CdS solar cells as a
function of the deposition conditions and post-deposition CdCl, activation
treatment. The second section comprise systematic investigation of the influence
of multi-step thermal annealing on the properties of CdCl,-activated CdTe single
layers. The third section is devoted to the plasmonic effect of Au NPs on the
properties of the CdTe layers and on the performance of CdTe/CdS solar cells.

CdTe thin films and CdTe/CdS solar cells were prepared by close-spaced
sublimation, followed by wet CdCl, treatment and thermal annealing in air at
420 °C. Additionally, multi-step thermal annealing in hydrogen, vacuum, and
closed quartz ampoules was carried out for CdTe single layers. As a different
approach, plasmon nanoparticles were incorporated into CdTe thin films by spin
coating, sputtering, and spray pyrolysis. Scanning electron microscopy, energy
dispersive X-ray spectroscopy, X-ray diffraction analysis, photoluminescence,
ultraviolet—visible spectroscopy, and the Hall effect were applied to study the
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materials, whereas, current—voltage and external quantum efficiency
measurements (EQE) were used for cell characterisation.

The structural and morphological properties of CdTe layers deposited on
CdS/FTO/glass substrates strongly depended on the substrate temperature and
CdCl, activation process. CdTe grains of different sizes and shapes were
obtained at distinctive regions of substrate temperature (250-500 °C) and were
explained in terms of nucleation and growth theory. The subsequent CdCl,
activation promoted recrystallisation and resulted in equally large CdTe
crystallites, independent of the substrate temperature. Moreover, this activation
step implied formation of a CdTe; S, alloy at the CdTe/CdS interface. The
intermixing intensified with decreasing substrate temperature and reduced the
CdS thickness. Although a higher short-wavelength quantum efficiency was
obtained, non-uniform CdS consumption led to the formation of parallel
junctions between the absorber and the front contact, reducing the performance
of the CdTe/CdS solar cells. So far, a conversion efficiency of 11.6% was
obtained for solar cells with CdTe deposited at high substrate temperatures of
400-500 °C. Systematic lowering of the solar-cell efficiency from higher to
lower substrate temperatures was the key question that guided our initial
investigation of CdTe single layers.

The influence of multi-step thermal annealing in H,, vacuum, and closed
isothermal conditions on the properties of CdCl-activated CdTe single layers
deposited at substrate temperatures of 250 °C and 500 °C was systematically
investigated to follow the formation of p-type conductivity. The CdCl,-activated
CdTe films had high resistivity and a high dark-to-light resistance ratio.
Subsequent H; and vacuum thermal annealing increased the resistivity and
photoconductivity of the films. The dark resistivity sharply decreased by
approximately four orders of magnitude as a result of isothermal annealing at
600 °C, and a hole density of ~10'° cm™ was achieved. A shift of the main (111)
peak indicated processes taking place inside the CdTe lattice. The changes in the
electrical properties correlated well with the defect features the in the
photoluminescence spectra.

The incorporation of Au nanoparticles (NPs) into the CdTe layer was studied
in order to increase the absorption in the CdTe layer via the plasmonic resonance
effect. Spray deposition formed Au NPs on the CdTe surface whose sizes were
close to that suggested by theoretical studies, but sputtering provided purer NPs.
Interactions between CdTe and Au in the range of annealing temperatures used
in this study resulted in the formation of intermetallic compounds, such as
AuCd, AuTe,, or AugsTeo7, which were characteristic of both techniques and
were detrimental to the fabricated solar devices. The EQE of the solar cell with
Au NPs was enhanced in the 600—840 nm range. The J, value and efficiency of
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a plasmonic CdS/CdTe solar cell increased from 22.4 to 24 mA/cm* and from
8.3 to 9%, respectively.

Based on these findings, it is claimed that CdCl, activation process induced
formation of a liquid flux and mass transport through the melted phase,
promoting grain growth and intermixing at the CdTe/CdS interface by
recrystallisation and sintering. The grain growth was accomplished by
incorporation of flux components into the growing CdTe lattice in saturation
concentrations according to the distribution coefficient between liquid and solid
phases at the processing temperature. The doping density depended on the time,
temperature, and initial grain size of the CdTe films; it was higher for initially
fine-grained material. Changes in the optoelectronic properties of CdCl,-
activated CdTe films as a result of the thermal annealing processes were
connected with the removal of chlorine from the CdTe lattice by H, and vacuum
annealing and with the homogeneous distribution of chlorine doping through the
layer by isothermal treatment.

The novelty of the current study lies in the application of liquid-phase
recrystallisation and sintering theory to explain the physicochemical processes
involved in the post-deposition thermal treatment of CdTe films and solar cells.
For the first time, we have a complete picture of the evolution of the electrical,
structural, and optical properties of CdTe as a result of the CdTe—-CdCl,:0,
activation process. By controlling the thermal annealing conditions, substantial
improvement of the CdTe optoelectronic properties was achieved. For the first
time, we have experimentally demonstrated that the deposition of Au NPs on top
of the CdTe absorber material increases the absorption ability, short-circuit
current density, and conversion efficiency of CdTe/CdS solar cells.
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KOKKUVOTE

CdTe ohukestel kiledel baseeruv foto-volt (PV) tehnoloogia on iiks efektiivsetest
vOimalustest pdikeseelektri tootmiseks tidnu madalatele tootmiskuludele ja
patarei korgele kasutegurile - kuni 22 %. Praegune CdTe PV turuosa moodustab
ligikaudu 5 % aastasest PV maailmatoodangust. Vaatamata laboratoorsete
elementide korgele efektiivsusele on mitmeid tehnoloogiaga seotud kiisimusi
nagu siirde aktiveerimine ja telluuri kittesaadavus. Nii té6tlemisetappide kdigus
toimuvate protsesside siistemaatiline uurimistod kui ka uute innovaatiliste
kontseptsioonide rakendamine on olulised lahendamaks CdTe tehnoloogia
jooksvaid probleeme.

Kiesolev siistemaatiline t66 on piihendatud CdTe Ohukeste kilede ja
CdTe/CdS piikesepatareide omaduste kujunemise uurimisele sadestusjirgsete
termiliste kisitluste ning Au nanoosakeste plasmon-mdju toimel, eesmargiga
tundma Sppida toimuvate protsesside fiilisikalis-keemilisi mehhanisme, mis on
olulised korge efektiivsusega péikesepatareide tootmise optimeerimisel.

Antud uurimus baseerub viiel publikatsioonil ja on jaotatud kolmeks
peatiikiks. Sissejuhatusele jargnev esimene peatiikk koosneb kirjandusiilevaatest,
mis algab fotovolt-tehnika ja CdTe/CdS piikesepatareide iildise liihililevaatega.
Jargnevalt kirjeldatakse CdTe kui soodsa fotovolt-materjali omadusi, samuti
CdTe/CdS péikesepatareide arenguga seotud tehnoloogilisi vdimalusi. Teises
peatiikis  kirjeldatakse  detailselt Ohukeste kilede késitlemiseks ja
pdikesepatareide valmistamiseks t60s kasutatud eksperimentaalseid meetodeid ja
seadmeid ning tuuakse vélja  keemilis-fiilisikaliste omaduste méédramise
meetodid. Kolmas peatiikk on jaotatud kolmeks alapeatiikiks ja sisaldab
originaalseid eksperimentaalseid tulemusi ning arutelu. Esimene alapeatiikk
kirjeldab CdTe/CdS pidikesepatareide omaduste muutuseid soltuvalt sadestamise
tingimustest ja sadestusjérgsest CdCl, aktivatsioonkaésitlusest. Teises alapeatiikis
jéatkub mitmeastmelise termilise 160mutuse mdju siistemaatiline uurimine CdCl,
aktiveeritud CdTe kilede omadustele. Kolmas alapeatiikk on piihendatud Au
nanoosakestest tingitud plasmonmojule nii CdTe kilede omadustele kui ka
CdTe/CdS piikesepatareide joudlusele.

CdTe ohukesed kiled ja CdTe/CdS piikesepatareid valmistati 1dhidistants-
sublimatsiooni meetodil, millele jargnes mirg CdCl, késitlus ja termiline
166mutamine Shus temperatuuril 420 °C. Kirjeldatud kasitlusega CdTe kiled
166mutati mitmeastmeliselt vesinikus, vaakumis ja suletud kvartsampullides.
Plasmonmdju jilgimiseks inkorporeeriti spin-katmise, katoodpihustamise ja
pihustus-piiroliiiisi meetoditel tootlemata CdTe oOhukestesse kiledesse Au
nanoosakesed. CdTe ohukesi kilesid ja CdTe/CdS piikesepatareisid uuriti
skaneeriva elektronmikroskoopia, rontgenmikroanaliiiisi, rontgendifraktsiooni,
fototoluminestsentsi, UV-Vis spektroskoopia ja Hall’i efekti meetoditel.
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Valmistatud CdTe/CdS piikesepatareidel moddeti volt-amper sdltuvus ning
véline kvantefektiivsus.

CdS/FTO/klaas alustele sadestatud CdTe kilede struktuursed ja
morfoloogilised omadused soltusid oluliselt aluse temperatuurist ning CdCl,
aktivatsiooni protsessist. Aluse erinevatel temperatuuridel (250-500 °C)
sadestatud CdTe terade suuruse ja kuju erinevusi selgitati idutsentrite
moodustumise ning kasvu teooriatega. Jargnev CdCl, aktivatsioon pohjustas kile
rekristallisatsiooni ja sdltumata aluse temperatuurist moodustusid suured ning
ligikaudu vordse 1abimddduga CdTe kristallid. Selles aktivatsiooni staadiumis
tekkis CdTe/CdS piirpinnale CdTe;«Sx sulam. Faaside segunemine oli
intensiivsem madalatel aluspinnatemperatuuridel sadestatud CdTe kiledel,
mistottu vihenes CdS kile paksus. Vaatamata sellele, et liihilaineline
kvantefektiivsus suurenes, pOhjustas CdS kile paksuse ebaiihtlane vdhenemine
paralleelsiirete moodustumist absorberi ja akna kontaktpindade vahel ning
vihendas CdTe/CdS piikesepatarei joudlust. Tods uuritud kilede parim
konversiooniefektiivsus 11,6 % saavutati CdTe sadestusaluse korgetel
temperatuuridel 400-500 °C. Pidikesepatarei efektiivsuse langus sadestusaluse
temperatuuri alanemisega kujunes antud t66 vOtmekiisimuseks suunates
uurimused CdTe/CdS struktuuridelt CdTe kiledele.

Edasi uuriti siisteemselt klaasplaadile sadestatud ja CdCl, aktiveeritud CdTe
kilede p-juhtivuse kujunemist jérjestikuste vesinik- ja vaakumldomutuste ning
suletud isotermiliste 160mutuste toimel nii madalal 250 °C kui ka korgel
temperatuuril 500 °C. CdCl, aktiveeritud CdTe kiledel oli suur takistus ja korge
pime-valgus takistuse suhe. Nende kilede jérjestikune termiline 166mutamine
vesinikus ja vaakumis suurendas takistust ning fotojuhtivust. Kilede isotermilisel
166mutamisel kvartsampullides 600 °C juures vdhenes pimetakistus jarsult nelja
suurusjirgu vorra. P-tiilipi laengukandjate tiheduseks saadi ~10" cm™.
Rontgendifraktsiooni analiilisist saadud (111) pohipiigi nihkumine viitas CdTe
kristallvdres toimuvatele muutustele. Elektrilised omadused korreleerusid hésti
muutustega fotoluminestsents-spektrites, mis viitab tunnustatud teooriatele, et
tootluste kdigus voredefektide tihedus viaheneb.

Kolmandas alapeatiikis uuriti kulla nanoosakeste inkorporeerimise voimalusi
CdTe kihti, et plasmoonilise resonantsefekti kaudu suurendada valguse
absorbtsiooni dhukeses kiles. Vastavalt teoreetiliselt arvutatud modtudele tekitati
pihustuspiiroliiiisi meetodil CdTe pinnale Au nanoosakesed. Samas tagas
katoodpihustamise meetod puhtamad Au osakesed. Mdlema meetodi puhul oli
osakeste kuju ja suuruse reguleerimiseks vajalikud korged temperatuurid, mille
juures tekkivad intermetalsed ithendid AuCd, AuTe, ja AugsTeo7, mis on
kahjulikud péikesepatarei toimele. Au nanoosakestega plasmoonilise CdS/CdTe
pdikesepatarei viline kvantefektiivsus tdusis piirkonnas 600-840 nm, lihisvool
Ji ja efektiivsus suurenesid vastavalt 22,4 kuni 24 mA/cm? ja 8.3 % kuni 9 %.
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Saadud tulemuste alusel vdidame, et CdCl, aktivatsioonil 6hu kéies tekkis sula
fluss, mis kiirendas tera kasvu rekristallisatsiooni ja paakumise kaudu ning
faaside segunemist CdTe/CdS siirdel. Tera kasvuga kaasnes flussi komponentide
inkorporeerumine kasvavasse CdTe kile kristallvoresse, mis toimus protsessi
temperatuurile vastavas kiillastuslikus kontsentratsioonis vedel-tahke vahelise
tasakaalulise jaotuskoefitsiendi jérgi. Legeerumise aste soltus protsessi ajast,
temperatuurist ja CdTe ldhtetera suurusest, olles suurem peeneteralisemal
lahtematerjalil. CdCl, aktiveeritud CdTe kilede optoelektroonsete omaduste
muutumine termilisel 160mutamisel oli seotud kloriidi eemaldumisega CdTe
kristallvorest nii H,- kui ka vaakumlodmutusel ja kloori homogeense
jaotumisega labi kile isotermilisel késitlusel.

Kéesoleva uurimistod uudsus seisneb vedelfaasilise rekristallisatsiooni ja
paakumise teooria rakendamisel CdTe kilede ja pdikesepatareide sadestusjargsel
termilisel késitlusel kulgevate fiilisikalis-keemiliste protsesside selgitamiseks.
Esmakordselt on loodud tervikpilt CdTe elektriliste, struktuursete ja optiliste
omaduste kujunemise kohta CdTe-CdCl,:O, protsessi kéigus. Termilise
lodmutamise tingimuste kontrollimisega saavutati CdTe optoelektroonsete
omaduste oluline paranemine. Esmakordselt demonstreerisime
eksperimentaalselt et Au nanoosakeste sadestamisel CdTe absorbermaterjali
peale suureneb CdTe/CdS péaikesepatareides absorbtsioonivéime, lithisvool ja
konversiooni efektiivsus.
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Abstract

Thin 7-9 pm CdTe films have been deposited on soda lime glass by close-spaced sublimation (CSS). By
controlling the CSS temperature-time profile of source and substrate the pinhole-free CdTe films with a good
adhesion on roughened glass were prepared. The classical solution-based CdCl, was applied to enhance the film
crystallinity and optoelectronic properties of the CdTe layers. The layers were characterized by X-ray diffraction,
Raman and Photoluminescence spectroscopy, scanning microscopy (SEM), energy dispersive X-ray microanalysis
and Van der Paw method. CdCl, heat treatment is a key step in CdTe device processing. Howeverthe process
leaves a significant amount of chlorine-rich residue on the CdTe surface that decreases performance of the
solar cell.Annealing of the CdCl,-treated polycrystalline CdTeimproves the optoelectronic properties and thus
enhances the performance of CdTe/CdS solar cells. A correlation between the structural and optoelctronic
properties of CdTe layers and annealing conditions in nitrogen atmosphere at 250, 400 and 450°C for 60 min of the
CdClytreated layers has been found.
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1. Introduction

At the present time the development of high-performance and low-cost solar cells for production of
nonconventional energy sources based on the photovoltaic effect is an urgent scientific and technological problem
[1].The CdTe polycrystalline films as an absorber layers are one of the most promising candidates for thin film
solar cells due to its direct optical bandgap with energy of about E,=1.5 eV and high absorption coefficient
>5-105/cm[2,3,4]. Therefore, more than 90% of the incident light is absorbed in a few micrometers of the material.
In this case, it is possible to fabricate a complete photovoltaic device using only thin film technology.Record
conversion efficiency of 17.3% was recently reported by First Solar for polycrystalline CdTe thin-film solar cell
modules[5]. However, the theoretical estimations of possible photovoltaic solar energy conversion into electricity
for CdTe are of about 29 % [6].

Because of its low sublimation temperature, CdTe polycrystalline films can be prepared by several techniques,
such as thermal evaporation, electro deposition, sputtering, molecular beam deposition, hot-wall vacuum
evaporation, close-spaced sublimation (CSS), etc. [1,7].The CSS technique is one of the various techniques that
have produced encouraging results [1,7,8,9].During CdTe solar-cell fabrication, after deposition of the absorber
layer of CdTe, a standard CdCl, heat treatment must be carried out in order to improve the cell performance
[10,11]. The CdCl, heat treatment has been proved to be a key process step in the fabrication of highlyefficient
CdTe cells.It was reported to be able to enhance CdTe grain growth, to reduce the defect density in the films, to
promote the interdiffusion at the CdTe/CdS junction interface, to passivate grain boundaries, and thereby to
improve solar-cell efficiency [12—15]. Unfortunately, the effect of grain boundaries and other structural defects on
the device properties is not fully understood and the fundamental properties of the CdTe films are not well known
[13,14]. CdCl, treatment also dopes CdTe with chlorine. Systematic studies should be carried out to understand the
mechanism of CdCl, treatment on efficiency increase as well as the effect on the CdTe surface modification and
micro-structural and electronic properties. The CdCl, heat treatment, which is usually carried out in the air
atmosphere, is a process whichleaves a significant amount of chlorine-rich residue and enhances oxidation of the
film surface. It was reported that the residual oxide phases and excess substitutional chlorine in CdTe layer
increases the series resistance of the cell and decreases the hole concentration, and as a result, decreases the
efficiency of solar cell [12-16].

The main objective of the work is to study structural, photoluminescence and electrical properties of the CdCl,
doped CdTe polycrystalline films deposited by CSS in order to understand the nature and chemical composition of
CdCl, heat-treatment products and interaction mechanism with solid CdTe. Also, the influence of annealing under
nitrogen atmosphere upon the defect composition and resistivity of the doped with chlorine CdTe thin films.

2. Experimental details

CdTe films with a thickness of 5-7um were prepared by CSS of 6N purity CdTe powder onto the roughened,
degreased in K2Cr207 + 10-ml H20 + 100-ml H2SO4solution, at room temperature, rinsed in double-distilled
water,driedand thermally etched 2x2 ¢cm® glass substrates. Source material was heated in the graphite boat by a
tungstencoils connected to the main power supply through temperature controller with K-type thermocouple. The
substrate was fixed at a distance of 7mm from the source material, which also was heated by a similar system,
while the(type K) thermocouple was placed above the substrate. The source temperature was kept at 610°C, while
substrate temperatures of 450°C and 500°C were applied for deposition of corresponding samples. The pressure
during deposition was below 2-10°Torr. The deposition time of each film was 5 min, after which the source and
substrate heaters were switched off. The chamber was opened after the temperature fell below 50°C.

After the deposition of CdTe layers,the samples were soaked in a saturated CdCl, solutions for 3-4 hours,
followed by a 30 min heat treatment in air at 400+£5°C and etched in NP (H;PO,:HNO;:H20) to remove the oxide
residues. Heat treatments of the samples were carried out in a two-zone tube furnace. The CdCl,treated layers were
annealed in nitrogen atmosphere at 250, 400 and 450°C for 60 min.

The structure of the films was studied by XRD usinga Rigaku X-ray diffractometer with Cu Ko,/40kV/40mA
radiation source (A=1.54056 A) and their microstructure waschecked with scanning electron microscope (SEM).
The X-ray diffraction (XRD) analysis was performed using Rigaku software PDXL.Photoluminescence and
Raman measurements were performed at room temperature with high resolution micro-Raman spectrometer
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Horiba JobinYvon HR800, equipped with multichannel CCD detection system in backscattering configuration.
The incident Nd-YAG laser light with A=532 nm and spot size of 10 um in diameter, was used for excitation. The
resistivity measurements were performed by Van der Paw method using indium electrodes.

3. Experimental results and discussions

In Fig.1.for all as deposited samples, the XRD spectra showed a strong preferentially (111) texture orientation
together with the low intensity peaks, which correspond to the diffraction from the (220), (311), (400), (331),
(422), and (551) planes of the cubic phase, respectively. The as-deposited CdTe at substrate temperature of 450°C
exhibits a strong (111) preferred orientation, however the intensities of the (220), (311),..,(511) peaks are slightly
lower than the intensity of the (111) peak. With increase in the substrate temperature the preference for the (111)
orientation is decreased, as is shown for as-deposited layer grown at 500°C, but the intensities of the (220) and
(311) are up to 40% of the (111) intensity (higher as compared with sample grown at 450°C). This suggests that at
higher substrate temperatures is ensured better growth of a dense structure, thus the films grow both in a
perpendicular, as well as in lateral directions.

In both cases, at moderate and higher substrate temperature, after CdCl, treatment, air annealing at 400°C and
NP(H3PO,:HNO;:H20) etching (Fig.1. b) the loss in thepreferentially (111) texture orientation is slightly
enhanced, while the intensities of the (220) and (311) peaks are increased significantly. This observation is in good
accordance with some reports about decrease of the (111) peaks after the CdCl, treatment and air annealing, which
depends on the annealing temperature and the amount of CdCl,[17,18]. This may be an indication of change in
stoichiometry and a certain degree of randomization in the film texture with annealing depending on the character
of the substrates used. It is known that the crystallographic rearrangements are related to the stress in the films and
to application of annealing at 400°C and on the CdCl, sintering flux. The creation of new grains as a result of a
disintegration of some large grains is due to the relaxation of the excessive strains in the lattice. The coalescence of
small grains into bigger ones is caused by the CdClannealing process [24]. In order to study the stress in CdTe
films, the XRD measurements were analysedusing Rigaku software PDXL. The (111) peak positions for both as
deposited films and the films annealed at 400°C are at 26 = 23.73° and 23.74° respectively corresponding to lattice
parameter values of 6.49 A and 6.48A, therefore the as-deposited layers have a slightly higher lattice constant
compared to the recrystallized layers. A.Romeo, A.N. Tiwariet al. suggestedthat this effect is due to the fact ofthe
relaxation of the compressive stress which is generatedby the lattice and thermal mismatch between the CdTe
andthe underlying substrate[18, 21].

One main observation in Fig. 1.is that when coated and soaked with a CdCl, layer,the CdTe film showed a set
of peaks corresponding to different phases of CdCl,, CdCl,-H,0O, CdTeO;, Cdy(OH);Cl, however after CdCl, heat
treatment in air at 400°C and etching , the CdTe film showed a much stronger oxidation, as can be seen by the
comparative XRD intensity shown in Fig. 1(d, e).The main oxidesformed were CdTeO3,TeO,, CdOand Te,0s. The
dominant oxides were CdTeOs; and TeO,. The changes of the peak intensities and the emergence of these phases
agrees well with those observed in other published works[19,20,18]. From the analysis of XRD spectra we can see
that for both substrate temperatures, after coating and soaking with CdCl,, the films were not oxidized, or the
amount of oxides formed was not large enough to be detected by using XRD scattering technique.After CdClheat
treatment in air at 400°C, the diffraction patternindicates the presence of much more intensive oxide peaks.
Supposedly oxides may be formed around and above a temperature of 400°C at the CdTe surface.
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Fig. 1 (a) and (b) X-ray diffraction of CdTe films obtained at two different substrate temperatures, before and after annealing in
presence of CdCly; (d) Detailed X-ray diffraction peaks of the CdTe film after soaking in CdCl, solution; (e) and (f) After
CdCl, heat treatment in air at 400°C and etching in NP (HNO; + H;PO, + H,0) solution.

The surface morphology of the as-deposited, heat-treated and CdCl,-treated samples is shown in Fig. 2. SEM
investigation of two kinds of CdTe samples deposited at a substrate temperature of 450 and 500°C (a, ¢) shows that
the films have a columnar-like structure with clear growth texture, without cracks or pinholes, implying the quality
of the films. The cross-sectional images for both kinds of growing at 450 and 500°C after CdCl, heat treatment are
shown in fig. 2 (b, d). The diameter of columnar-like cristallites strongly depends on the growth condition
(substrate temperature -7, evaporator temperature -7,, AT= T,-T}). Grain size of grow samples depends on grain
size of the substrate inversely proportional. The columnar-like structure was most pronounced in the films obtained
at the growth conditions near the thermodynamic equilibrium (Ts=500°C, AT=100°C). In this case, the film has
practically a monoblok structure along the layer thickness, and the grain size is about of 4-5 pm. After the CdCl,
heat treatment (b,d), the overall surface morphology of the CdTe films did not change significantly, however some
definite trend in terms of the changes in the shape and size of the CdTe grains were observed. The CdCl, treatment
as a process with formation of a liquid flux, re-crystallizes the CdTe layers in such a way that some of the small
grains coalesce into bigger toghether while some of the bigger grains divide into smaller ones and reorient
themselves, which gives an entirely different microstructure. Smaller grains are more active and have higher
solubility in the melted flux contributing to stronger mass transport. The process is characteristic for the sintering
in the presence of liquid phase. The SEM images support the XRD results.
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Fig. 2 (a, ¢) SEM surface morphology and cross-sectional microstructure of CdTe films deposited at a temperatures of 450 and
500°C respectively, without a CdCl, heat treatment; (b,d) SEM surface morphology and cross-sectional microstructure of CdTe
films, after CdCl, heat treatment and eaching.
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Effects of the heat treatment steps on the morphology of CdTe film also were investigated by the more
sensitive Raman scattering. Fig. 3 (a) and (b) show the surface Raman scatterings of CdTe layers (1) as-deposited
on the heated substrate at 450 and 500°C, (2) treated with CdCl,, (3) treated with CdCl, and annealed in air at
400°C for 30 min and (4) eched in NP(HNO; + H;PO, + H,O)solution respectively. The as-deposited films at a both
substrate temperatures of 400 and 500°C have a relatively stronger peaks at 125, 141 and 167 cm™'which according
to some authors [O. R. Ochoa et. al.],correspond to the scatering of Te, Te/CdTe and CdTe LO (Longitudinal
optical mode) respectively. LO and TO Raman peaks of bulk CdTe are found at 169 and 141 ¢cm™ [28]. The Te
detected by the sensitive Raman scattering exists as precipitates in CdTe, which were formed by aggregation of the
Te, molecules during the CdTe film deposition. Te precipitates exist as nanocrystallites in a random distribution in
CdTeand they have at least two orders of magnitude larger scattering cross-section compared to that of
CdTe[16,22,27]. So the high Raman intensity of Te compared to that of CdTe shown in Fig. 3 does not mean a
comparable material content for Te and CdTe in the films.

Raman scattering of the CdCl, treated CdTe films (curves 2 and 3) showed a stronger CdCl, Raman peaks at
220 and 231 cm™ together with slightly lower intensity peaks of Te and CdTe, implying that the layers were dip-
coated with a CdCl, saturated solution.

After CdCl, heat treatment and etching (curves 4), the intensity of the TeRaman peak at 125 slightly increased,
higher as compared to the as-deposited layer, however the LOCdTe Raman peak positions and linewidths show no
definite trend in terms of the CdCl,heat treatment.Increases in the intensity of the mode observed for Te at 125 cm”
! suggests that NP etch creates Te excess on the CdTe surface and therefore is detected by Raman.

The effect of the CdCl, annealing process on the structural properties of CdTe films is to promote re-
cristallization, which is obviousthe results of XRD and SEM of the sample; as a result the morphology of theCdTe
is strongly affected. Moreover, the results of XRD show that the crystallization and morphology of the CdTe is
strongly affected not only by the CdCl, treatment, but also by the condensation temperature on the substrate.

a (92,125) Te (141) Te/CdTe b (92,125) Te (141) Te/CdTe
( ) / Y\ . .~ (167)CdTe LO ( ) ™ -~ (167) CdTe LO
4
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Fig. 3 (a) and (b) Raman spectra of the CdTe films recorded at room temperature for the samples obtained at the substrate
temperatures of 450 and 500°C: (1) as-deposited on the heated substrate at 450 and 500°C, (2) treated with CdCl,, (3) treated
with CdCl, and annealed in air at 400°C for 30 min and (4) eched in NP(HNO; + H;PO, + H,0) solution respectively.
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One of the most important effects is that the presence of the CdCl, treatment as a process with formation of
liquid flux and to hire the rules of liquid phase recrystallization, dopes CdTe with chlorine, but leaves a significant
amount of chlorine-rich residue and enhances the film surface oxidation[13-15]. It is known that the low resistance
p-type conductivity in CdTe can be attributed to the low concentration of chlorine (10'%- 10'® at/cm®) in the CdTe
lattice [12,29]. The NP(HNOs:H;PO,:H,0)solutionremoves flux residue and chlorine from the surface. It is
clear,that not before full removal of the residues the concentrations of the chlorine in the telluride lattice can
bedecreased and regulated. Even in the case of NP(HNOs:H;PO,:H,0)solution etch removes all detectable
traces of chlorine from the surface, solution etch will not be able to remove the traces from the grain-
boundaries[12].Excess substitutional chlorine increases photoconductivity and decreases p-type conductivity
of CdTe [13]. Vacuum annealing removes flux residue and decreases the chlorine concentration, implying the
changes in the optoelectronic properties[13,14]. Taking into account these and based on the experiments
presented above, the following steps have been focused on the investigation of changes in the optoelectronic
properties as a result of annealing in nitrogen atmosphere. Figure 4 shows the photoluminescence spectra of
CdCl, doped CdTe films, annealed at different temperatures under nitrogen atmosphere. The doping information,
thermal treatments and resistivity of samples are summarized in table 1. The sheet resistance at room temperature
for the as-grown sample is ~10'" ohm per sq. while it has been decreased to ~10% ohm per sq. in the CdCl,-treated
samples. In general, as-deposited CdTe films fabricated by various techniques have high electrical resistivity (10’to
10° Q-cm). Table 1 shows resistivity value versus annealing at different temperatures under nitrogen atmosphere of
samples after recrystallization. The optimal annealing temperature at our preparative conditions, where the
resistivity has the smallest value, is around 450°C. As can be seen from fig. 4 a) and table 1, after CdCl, heat
treatment, the samples have an intense 1.5 eV PL band, whereas the resisitivity and dark to light resistance ratio K
have quite high values. This can be explained by the fact that CdCl, heat treatment leaves too high chlorine
concentration in CdTe lattice, which generates a high concentration of the isoelectronic complexes
V42ClreandTe;2C1Te[13]. As a result, the resistivity of CdTe increases but not yet photoconductivity is formed.
Thus, the higher is the p-type resistivity of the film the stronger is the intensity of the 1.5 eV PL band.

Table 1: Thermal treatment and resistivity values of CdTe samples*

Sample Tubstrate d Dopant CdcCl, Annealed in Ryark Rijgnt Pdark Kg
No. (um) thermal Nitrogen Q/o Q/o (Q*cm)
treatment atm.
Txt, T,xt,
(°C x h) (°C x h)
- 2%10° 2%10" 1.4%10° 10
S1 450 7 CdC12 400x 0,5 250 1 5%10° 4%107 3.5%10° 125
400 x 1 7*107 1.5%107  4.9*10* 4.6
450 x 1 7107 2%107 7¥10* 3.5
S2 500 7 CdCI12 400x 0,5 - 2.5%10% 3%107 1.7%10° 8
250x 1 7*10% 6*107 4.9%10° 11.6
400 x 1 3%107 1*#107 2.1%10* 3
450 x 1 2107 1%107 1.4%10* 2

*d is thickness of CdTe films, um; T, and t, are recrystallization temperature and time respectively; T,and t, are temperature
and time of annealing in nitrogen atmosphere; Ry, is dark resistance;Ryigyds light resistance; Ky is dark to light resistance ratio;
p is resistivity.
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Fig. 4 Photoluminiscence spectra of CdCl, doped CdTe films recorded at room temperature for samples obtained at two
different substrate temperatures Ts, and annealed at different temperatures under nitrogen atmosphere.

At small chlorine concentrations mainly complexes V4Clreand Te;Cly, are formed in CdTe and these complexes
are shallow acceptors in CdTe and cause high p-type conductivity of CdTe at 300 K [13]. Figure 4 b) shows the
photoluminescence spectra of chlorine doped CdTe thin films and annealed under nitrogen atmosphere at
temperature of 250°C. It can be observed, that the annealing in nitrogen atmosphere at 250°C slightly decreases the
intensity of the 1.5 eV PL band and resistivity of films implying that the process of outdiffusion of chlorine has
been started. Further annealing under nitrogen atmosphere at higher temperatures of 400 and 450°C show definite
trend in terms of the decreasing of 1.5 eV PL band and resistivity values, that one can attribute to more intensive
process of outdiffusion of chlorine and generation of more cadmium vacancies due to a higher partial vapor
pressure and mobility of cadmium [14]. As a results decreases the concentration of chlorine-based neutral
complexes and increases the concentration of A-centers. The main defects which form the 1.5 eV PL band here are
substitutional chlorine Cly,~ (donor) and complex VCly, (acceptor). If chlorine concentration is decreased first
decreases the concentration of Clyr,, and as a result, the intensity of the 1.5 eV PL band and resistivity of films.
Clreseems to be a main hole trap in doped with chlorine p-type CdTe. One order of magnitude conductivity may be
correspond to the corresponding increase in the concentration of charge carriers.
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4. Conclusions

The effect of the CdClimmersion and heating on the structural properties of polycrystalline CdTe films is to
promote re-crystallization, which is obvious by the results of XRD and SEM of the samples; as a result the
morphology of the CdTe is strongly affected. The crystallization and morphology of the CdTe polycrystalline thin
films are strongly affected not only by the CdCl, treatment but also by the condensation temperature on the
substrate.

The experimental results presented by Raman and XRD, showed that the presence of CdCl, enhanced the film
surface oxidation during the annealing process in the air atmosphere. Also, Raman scattering show that Te exists as
precipitates in CdTe, and CdCl, heat treatment enhanced these precipitates in the films.

CdCl, heat treatment as a process with formation of a liquid flux and to hire the rules of liquid phase
recrystallization, which betters the structure and increases conductivity, dopes CdTe with chlorine, but leaves too
high chlorine concentration in CdTe. Excess substitutional chlorine increases the resistivity of films and the
intensity of the 1.5 eV PL band of CdCl, doped films.

Annealing in nitrogen atmosphere removes flux residue and decreases the chlorine concentration, also
decreases the resistivity of films and the intensity of the 1.5 eV PL band of CdCl, doped films. One order of
magnitude conductivity may be correspond to the corresponding increase in the concentration of charge carriers
and we believe it will promote to increase of CdTe solar cell efficiency. The experimental results reported in this
study should help understand the mechanism of the key fabrication step, specifically the CdCl,treatment, on the
efficiency increase for a CdTe solar cell.

Acknowledgments

This work was supported by the target financing projects SF0140099s08 and SF0140092s08, by the European
Union through the 7th FP project FLEXSOLCELL (GA-2008-230861), by the European Regional Development
Fund (Centre of Excellence "Mesosystems: Theory and Applications", TK114), by Estonian Science Foundation
Grant ETF9142 and by Estonian Ministry of Education and Research through the program AR10128 .

93



94

Nicolae Spalatu et al. / Energy Procedia 44 (2014) 85 — 95

References

[1] Poortmans J, Arkhipov V. Thin Film Solar Cells: Fabrication, Characterization and Application, John
Wiley & Sons, Chichester, (2006); 471.

[2] Horodysky P, Hlidek P. Free-exciton absorption in bulk CdTe: temperature dependence.PhysStatus Solidi
(b)(2006);243:494.

[3]Fonthal G, Tirado-Mejia L, Marin-Hurtado JI, Ariza-Calderén H, Mendoza-Alvarez JG. Temperature
dependence of the band gap energy of crystalline CdTe.J. Phys. Chem. Solids (2000);61: 579.

[4] EnloeWS, Parker JC.An electroreflectance study of CdTe.J. Appl. Phys. (1987);61:2005.

[5] U.S Department of Energy, Energy Efficiency & Renewable Energy 2010 Solar Technologies Market Report,
Colden, CO http://www.nrel.gov/docs/fy120sti/51847.pdf(2011).

[6] Birkmire RW, Eser E.Polycrystalline thin film solar cells: Present Status and Future Potential. Annu. Rev.
Mater. Sci. (1997);27:625.

[7] Abbas Shah N, Ali A, Ali Z, Maqgsood A, AqiliAKS.Properties of Te-rich cadmium telluride thin films
fabricated by closedspace sublimation technique. J. Crystal Growth (2005);284:477.

[8] Luschitz J, Siepchen B, Schaftner J, Lakus-Wollny K, Haindl G, Klein A, Jaecgermann W.CdTe thin film solar
cells: Interrelation of nucleation, structure, and performance. Thin Solid Films (2009);517:2125.

[9] Lee JH, Lim DG, YiJS. Sol. Energy Mat. Sol. Cells (2003);75:235.

[10] McCandless BE, Hegedus SS, Birkmire RW, Cunningham D. Correlation of surface phases with electrical
behavior in thin-film CdTedevices. Thin Solid Films (2003); 431:249.

[11] Wu X.High-efficiency polycrystalline CdTe thin-film solar cells.Sol. Energy(2004); 77:803.

[12] Hiie J.CdTe:CdCl :O annealing process.Thin Solid Films (2003);431-432:90-93.

[13] Valdna V. p-Type Doping of CdTe. Solid State Phenomena(1999);67-68:309-314.

[14] Valdna V, Hiie J, Gavrilov A. Defects in Chlorine-Doped CdTe Thin Films. Solid State Phenomena(2001);
80-81:155-162.

[15] Hiie J, Valdna V. Proceedings of the 17th European Photovoltaic Solar Energy Conference, 22-26 October,
Munich, Germany, WIP, (2001); 1240.

[16] Bai Z, Yang J and Wang D.Thin film CdTe solar cells with an absorber layer thickness in micro- and sub-
micrometer scale. Appl. Phys. Lett.(2011); 99:143502.

[17] RomeoA et al., Proc. 2nd World Conf. Exhibition Photovoltaic Solar Energy Conv., Vienna, Austria, July
1997.

[18] Romeo A, Batzner DL, Zogg H, Tiwari AN. Recrystallization in CdTe/CdS. Thin Solid Films (2000);361-
362:420-425.

[20] Moutinho HR, Al-Jassim MM, Levi DH, Dippo PC, Kazmerski LL. Effects of CdCl, treatment on the
recrystallization and electro-optical properties of CdTe thin films.J. Vac. Sci. Technnol.(1998); 16:1251-1257.

[19] Zelaya-Angel O, Picos-Vega A, Ramirez-Bon R, Espinoza-BeltranFJ. Thermophysical properties of materials
and devices. Vacuum (1999); 52:99.

[21] Moutinho HR et al. Alternative procedure for the fabrication of close-spaced sublimated CdTe solar cells. J.
Vac. Sci. Technol. (2000); A 18:1599-1603.

[22] Rodriguez ME, Zelaya-Angel O, Perez Bueno JJ, Jimenez-Sandoval S, Tirado L.Influence of Te inclusions
and precipitates on the crystalline and thermal properties of CdTe single crystals. J. Cryst.Growth (2000);
213:259-266.

[23] Moutinho HR, Al-Jasim MM, Abufoltuh FA, Levi DH, Dippo PC, Dhere RG, Kazmerski LL. Studies of
recrystallization of CdTe thin films after CdCl, treatment. IEEE 26th Photovoltaic Specialists Conference,
1997.

[24] Infante H, Gordillo G. Effect of the CdCl, Treatment on the Morphology and Structural Properties of CdTe
Thin Films Deposited by the CSS Method. Surf. Rev. Lett. (2002); 9:1681.

[25] Shin SH, Bajaj J, Moudy LA and Cheung DT. Characterization of Te precipitates in CdTe crystals. Appl.Phys.
Lett. (1983);43:68-70.

[26] Olego DJ, Raccah PR, Faurie JP.Compositional dependence of the Raman frequencies and line shapes of Cd,.
«Zn,Te determined with films grown by molecular-beam epitaxy. Phys.Rev.(1986);B 33(6):3819-3822.

[27] Ochoa OR, Witkowski IIT EJ, Colajacomo C.Raman characterization of CdTenanocrystallites embedded in a



Nicolae Spalatu et al. / Energy Procedia 44 (2014) 85 — 95

glass matrix. Journal of Materials Science Letters(1997);16:613-616.

[28] Rowe JM, Nicklow RM, Price DL, Zanio K.Lattice dynamics of cadmium telluride.Phys. Rev.(1974);B
10(2):671-675.

[29] Shaw D, Watson E. The diffusion of chlorine in CdTe.J.Phys.C: Solid State Phys. (1984);17:4945.

95






PAPER 11

N. Spalatu, J. Hiie, V. Mikli, M. Krunks, V. Valdna, N. Maticiuc, T. Raadik, M.
Caraman, Effect of CdCl, annealing treatment on structural and optoelectronic
properties of close spaced sublimation CdTe/CdS thin film solar cells vs
deposition conditions, Thin Solid Films 582 (2015) 128-133.

105






Thin Solid Films 582 (2015) 128-133

journal !lwww.elsevier.com/locate/tsf

Contents lists available at ScienceDirect

Thin Solid Films

Effect of CdCl, annealing treatment on structural and optoelectronic

CrossMark

properties of close spaced sublimation CdTe/CdS thin film solar cells vs

deposition conditions

N. Spalatu **, J. Hiie ?, V. Mikli , M. Krunks ?, V. Valdna , N. Maticiuc ?, T. Raadik , M. Caraman ®

@ Department of Materials Science, Tallinn University of Technology, Ehitajate tee 5, 19086 Tallinn, Estonia
b Physics Department, Moldova State University, A. Mateevici str. 60, Chisinau MD 2009, Republic of Moldova

ARTICLE INFO ABSTRACT

Available online 28 November 2014

Keywords:

Cadmium telluride

Thin films

Cadmium chloride treatment structural
properties

Optoelectronic properties

Solar cells efficiency

CdTe/CdS thin films were deposited by close-spaced vacuum sublimation at substrate temperatures 250-500 °C.
The effect of substrate temperature in conjunction with CdCl, heat treatment on the properties of CdTe/CdS thin
films and devices is reported. X-ray diffraction measurements of structural properties of the films were carried
out to study their phase composition and texture. Surface morphology, grain size and growth mechanism of
the films were determined by the scanning electron microscopy. The photoluminescence measurements allowed
us to establish the correlation between the point and extended defect structure on the one hand and the growth
conditions on the other. The CdTe/CdS solar cells fabricated at high substrate temperature, exhibited improved
electrical characteristics compared to cells fabricated at low substrate temperature, yielding a high efficiency.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Polycrystalline thin-film CdTe has shown considerable promise for
terrestrial photovoltaic applications due to its near-optimum bandgap,
high absorption coeffcient and relative ease of film formation.
Thin-film CdTe/CdS cells with effciencies greater than 10% have been
demonstrated using CdTe deposited by a variety of techniques over a
wide range of deposition temperatures [1-3]. Record conversion effi-
ciency of 17.3% was recently reported by First Solar for polycrystalline
CdTe thin-film solar cell modules [4]. However, the theoretical estima-
tions of possible photovoltaic solar energy conversion into electricity
for CdTe are of about 29% [5]. Because of its low sublimation tempera-
ture, CdTe polycrystalline films can be prepared by several techniques
[6-9]. The closed-space sublimation technique (CSS) is one of the
various techniques that have produced encouraging results. During
CdTe solar-cell fabrication, after deposition of the absorber layer of
CdTe, a standard CdCl, heat treatment must be carried out in order to
improve the cell performance [10,11]. The CdCl; heat treatment has
been proved to be a key process step in the fabrication of highly efficient
CdTe cells. It was reported to be able to enhance CdTe grain growth, to
reduce the defect density in the films, to promote the interdiffusion at
the CdTe/CdS junction interface to passivate grain boundaries, and
thereby to improve solar-cell efficiency [12-14]. Unfortunately, the
effect of grain boundaries and other structural defects on the device
properties is not fully understood and the fundamental properties of
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E-mail address: nickspalatu@gmail.com (N. Spalatu).
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the CdTe films are not well known. Systematic studies should be carried
out to understand the mechanism of CdCl, treatment on efficiency
increase as well as the effect on the CdTe surface modification and
micro-structural and electronic properties.

The main objective of the work is to study the effect of CSS
deposition conditions on structural and optoelectronic properties of
CdS/CdTe thin films and solar cells.

2. Experimental details

The devices were fabricated in a superstrate configuration by CSS on
Corning 7059 glass coated with a 200 nm thick fluorine doped tin oxide
layer (FTO). Films of CdS, 150-180 nm thick, were deposited at 400 °C
from high-purity CdS powder. CdTe films with a thickness of 3-5 pm
were deposited onto CdS layers from 99.999% purity CdTe powder.
Source material was heated in the graphite boat by a tungsten coils
connected to the main power supply through temperature controller
with K-type thermocouple. The substrate was fixed at a distance of
7 mm from the source material, which also was heated by a similar sys-
tem, while the type K thermocouple was placed above the substrate.
The source temperature was kept at 610 °C, while substrate tempera-
tures varied from 250 to 500 °C. The residual pressure during deposition
was below 2 x 10~* Pa. The deposition time of each film was 5 min,
after which the source and substrate heaters were switched off. The
chamber was opened after the temperature fell below 30 °C.

After deposition the CdTe/CdS/FTO/glass samples were soaked in a
saturated CdCl, methanol solution (2.15 g/100 mL methanol), followed
by a 30 min heat treatment in air at 420 °C in a two-zone tube furnace.
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The heat treated samples were rinsed in deionized water and etched in
standard NP (H3PO4:HNO3:H20) solution to remove the CdCl, and
oxide residues. To finish the cells, the Te/Au bi-layer back contact
was deposited by thermal evaporation. Anhydrous, 99.99% CdCl, was
supplied from Alfa Aesar.

The structure of the films was studied with Rigaku Ultima IV diffrac-
tometer (Cu Ko radiation, N = 1.5406 A, 40 kV at 40 mA; silicon strip
detector D/teX Ultra, Rigaku, Japan) in the Bragg-Brentano (6-26)
geometry and their morphology was checked by a scanning electron
microscope (SEM) Zeiss EVO-MAL15 at a 10 kV operating voltage. The
crystallite size and lattice parameters were calculated using the PDXL
Version 1.4.0.3 software on the Rigaku system. Solar cells were charac-
terized by current-voltage (I-V) and quantum efficiency (QE) measure-
ments under simulated standard test conditions. -V curves were
measured at room temperature with illumination of 100 mW/cm?
using the Oriel class A solar simulator 91159A. The quantum efficiency
of the solar cells was measured in the range of 300-1000 nm on a New-
port Oriel kit that uses 300 W Xe-lamp, high-resolution monochromator
(Cornerstone 260), a digital dual-channel lock-in detector (Merlin), and
a calibrated silicon reference detector. The Xe-lamp is a light source to
simulate the conventional AM1.5 spectrum for testing of solar cells.
The dispersed light from the Xe lamp, incident on the solar cell as
monochromatic light was optically chopped at 30 Hz.

3. Results and discussion
3.1. SEM and X-ray diffraction studies

SEM investigation of the CdTe films deposited on CdS/FTO/glass at
the different growth conditions shows that the shape and size of grains
of the polycrystalline films greatly depend on the substrate temperature
during deposition. The grain size was found to increase with the sub-
strate temperature, The cross-sectional images of the CdTe films depos-
ited on CdS/FTO/glass at the different growth conditions, before and
after CdCl, heat treatment are shown in Fig. 1. It can be observed from

Fig. 1(a) that the films deposited at the lowest substrate tempera-
tures Ts < 300 °C exhibit a faceted and highly dispersed structure
with average grain size about d < 0.8 pm. The orientation of crystal-
lites is uniaxial. The increase of the substrate temperature, leads to
an increase in grain size up to d ~ 2 pm at T; = 350 °C and conse-
quently a decrease in porosity. Further increase of the substrate tem-
perature T; > 400 °C, results in an increase in grain size up to 4 um.
Besides increasing the grain size, the increase in the substrate tem-
perature decreases the density of voids and films had a close-
packed morphology. Moreover, as can be clearly seen from SEM im-
ages the change of the thin film growth mechanism occurred at 300
and 350 °C. In this case, the films have a columnar-like structure with
a clear growth texture. The columnar-like structure was most pro-
nounced in the film obtained at 350 °C. The diameter of the columns
strongly depends on the growth conditions (substrate temperature—
T,, evaporator temperature—T,, AT = T, — T). These changes ob-
served in growth mechanism might be induced by particular specific
thermodynamic parameters during the CSS deposition and nucleation
processes [15,16]. The films obtained at the growth conditions close to
the thermodynamic equilibrium (T; = 450 — 500 °C) have practically
a monoblock structure along the layers thickness, without porosity or
voids, indicating high packing density of the films. It should be men-
tioned that these results (SEM) are in good correlation with published
results obtained at comparable temperature regimes by Luschitz et al.
[17] as well as Kosyak et al. [18]. Thus, for CSS CdTe films prepared at
different substrate temperatures, Luschitz et al. found three different
growth regimes where in the first regime (up to 320 °C) the grains
grow as columnar extended grains, in the second regime (above 370 °C)
the grains are considerably larger and have lost the columnar morphology,
and in the high temperature growth regime the grains seem to be rather
compact and dense, implying film quality. The same author highlights
that the films formed at the transition regime (340 °C) seem to expose
very promising film morphology. Kosyak et al. got SEM images which
show a highly dispersed structure for films obtained at T; < 200 °C and
columnar-type growing for T > 350 °C. It is reasonable to say that an

Fig. 1. SEM surface morphology and cross-sectional microstructure of CdTe/CdS thin films deposited at different substrate temperatures, (a) before and (b) after CdCl, heat treatment.
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overview of the results that were achieved by both author as well our re-
sults describe the same pattern of three different growth regimes in
which the changes in structure and morphology to electrical properties of
solar cells have been produced from the different films. It should be noted
that the formed structure and growth regimes depend also on the CdTe de-
position, configuration and geometrical parameters of CSS system; there-
fore this might to be an important aspect which can explain the
difference between the results.

After CdCl, treatment, the film surface consisted of rounded grains
with penetrating boundaries. A subsequent CdCl, heat treatment fur-
ther increased the grain size, resulting in planar surface morphology
and lateral grain size of ~5 um, suggesting dramatic reduction of the
grain boundary density. The cross-sectional images of the CdCl, treated
film deposited at 250 °C (Fig. 1(b)) show that the film has high inner po-
rosity and density of voids, with large grain size (larger as compared to
the film deposited at 250 °C). Furthermore, the cross-sectional images
of the films grown at 300 and 350 °C and treated in CdCl, changed
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dramatically (Fig. 1, b). Thus, the columnar-like structure disappears for
films deposited at 300-350 °C after CdCl, treatment; nevertheless a
1 pm thick surface layer has large porosity. A subsequent CdCl, heat treat-
ment of the films grown at substrate temperature T; > 400 °C promoted
formation of a block structure with extra-large grain size without pores
and voids, implying good crystalline quality of the films.

X-ray diffraction patterns (XRD) of the CdTe films deposited at the
different growth conditions, before and after CdCl, heat treatment, are
presented in Fig. 2 (a, b). X-ray diffractograms show the peaks from
(111), (220), (311), (400), (331), (422), and (551) planes of the cubic
phase. It is observed that the films obtained at the substrate tempera-
tures 250, 300 and 350 °C exhibits a strong (111) preferred orientation
of the crystallites along (111) plane parallel to the substrate. With an
increase in the substrate temperature the preference for the (111)
orientation is decreased, as is shown for films deposited at 400 °C, as the
intensities of the (220) and (311) peaks are up to 40% of the (111) inten-
sity (much higher as compared with films grown at low temperatures).
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Fig. 2. XRD patterns of CdTe/CdS thin films deposited at the different substrate temperatures Ty, (a)—before and (b)—after CdCl, heat treatment. (c). High resolution (511) XRD profiles of
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Furthermore, the intensities of (220) and (311) peaks strongly increase
when the substrate temperature increases (Ts > 400 °C). This suggests
that higher substrate temperature ensured better growth of a dense
structure; thus the films grow both in a perpendicular, as well as in later-
al directions. In both cases, at lower and higher substrate temperatures,
after CdCl, treatment, air annealing at 420 °C and NP etching solution
(Fig. 2, b) the preferential (111) orientation is decreased as the intensi-
ties of the (220) and (311) peaks are increased significantly. This obser-
vation is in good accordance with results reported in [19,20] about the
decrease of the (111) peaks after the CdCl, treatment and air annealing,
which depends on the annealing temperature and the amount of CdCl,.
After CdCl, heat treatment of the samples grown at 250 and 300 °C
the intensities of the (220) and (311) peaks are slightly lower than the
intensity of the (111) peak. However, for the CdCl, treated films grown
at T; > 350 °C, the intensity of the (111) peak is lower than that of the
(220) peak, implying that the films are not (111) textured and has a pre-
dominance of the (220) orientation. These variations of the intensity of
Bragg peaks suggest that CdCl, heat treatment, as a process with forma-
tion of liquid flux and to hire the rules of liquid phase recystallization,
change dramaticly atomic arrangement and hence a certain degree of
randomization in the CdTe film texture. The CdCl, treatment recrystal-
lizes the CdTe layers in such a way that some of the small grains coalesce
into bigger ones while some of the bigger grains divide into smaller ones
and reorient themselves, which gives an entirely different microstruc-
ture [21]. The film deposited at the lowest substrate temperature ex-
hibits a highly dispersed structure with smaller grains which are more
active and have higher solubility in the melted flux, contributing to
stronger mass transport. The process is characteristic for the sintering
in the presence of liquid phase [22]. We consider that the structural
changes in the CdCl, heat treatment process are very complex and we as-
sume that this includes all the main steps of recrystallization, grain
growth and sintering. The prevalence of one or another step depends
on the proportion between solid and liquid flux phases. Due to high sol-
ubility of CdS and CdTe in CdCl, flux, in the first step of the process the
main mechanism of grain growth is accomplished by recrystallization.
Considering that annealing is carried out in air, due to evaporation of
CdCl, the volume of liquid phase decreases which leads to the sintering
of the grains and creation of good contact between them.

It is known that the crystallographic rearrangements are related to
the stress in the films and to application of air annealing at 420 °C in
the CdCl, sintering flux [23,24]. In order to study the stress and
intermixing in CdTe films, the XRD measurements were analyzed by
Rigaku software PDXL. Changes in the crystallite size and lattice param-
eter before and after CdCl, treatment are listed in Table 1. As given in
Table 1, the lattice parameter of the CdTe films increased from 6.482 to
6.486 A when the substrate temperature of the films increased from
250 °C to 500 °C. The increase in the lattice constant with the increase
of substrate temperature may be due to development of internal stress
in the film grains wihich triggers the prolongation [25]. Also, we got an
increase in crystallite size from 131 to 936 A for the change in the sub-
strate temperature from 250 to 500 °C, which was calculated by using
XRD diffractograms and Scherrer's formula. After CdCl, treatment the
crystallite size increases considerably and has a similar value for all sam-
ples. It can be seen from Table 1, that the as deposited films grown at

Table 1
Structural parameters of CdTe/CdS thin films, before and after CdCl, treatment.
T, Cryst. size, (A) Cryst. size, (A) o, (A) ap, (A)
/as deposited /after CdCl, /as deposited /after CdCl,
films treatment films treatment
250 131 1103 6.483 6.481
300 225 1061 6.484 6.481
350 319 1117 6.485 6.481
400 729 1134 6.485 6.484
450 857 995 6.486 6.485
500 936 1100 6.486 6.485

different substrate temperatures have a high in-plane lattice constant
compared to the recrystallized films. Thus, the lattice parameter of as-
deposited films decreses from 6.486 to 6.481 A for the CdCl, treated
films. A.Romeo, A.N. Tiwari et al., suggested that this effect is due to
the fact of the relaxation of the compressive stress which is generated
by the lattice and thermal mismatch between the CdTe and the underly-
ing substrate [26]. The lattice parameter may also decrease due to the
formation of CdTe; _ Sy and CdS; _ Tey alloys in the absorber layer
which occurs by interdiffusion between CdS and CdTe during CdCl,
treatment in air [13,27]. The progressive diffusion, which creates a distri-
bution of lattice parameters within the film, can be easily detected with
X-ray diffraction line-profile analysis. The analysis of the data presented
in Fig. 2(c) proved the changes in the XRD profiles of the CdTe (511)
peak for CdCl, treated films. Therefore, the CdCl, tratment produced a
broad asymmetric peak with a tail extending towards higher angle
(lower d-spacing), indicative of significant alloying with CdS. Alloy for-
mation is more pronunced in films deposited at low substrate tempera-
ture having small grains and high grain-boundary density. In such films,
a high partial pressure or concentration of CdCl, together with O, during
CdCl, treatment will result in considerable alloy formation. For samples,
deposited at high temperature and having large grains, the absorber
layer exhibits a narrow CdTe (511) XRD profile, indicating a negligible
degree of alloy formation. The SEM images support the XRD results.

3.2. Photoluminescence

Photoluminescence spectra (PL) are always used to explore defects
and traps. But the density of trap states depends critically on the depo-
sition parameters and hence on the substrate temperature [28]. Chang-
es in phase, band gap and density of traps will be reflected on the
photoluminescence spectra. In Fig. 3 the room temperature PL spectra
of the CdTe/CdS samples obtained at different substrate temperatures,
before and after CdCl, treatment, are shown. For all as deposited sam-
ples PL emission band is peaked at 1.49 eV. Moreover, the amplitude
of the PL intensities strongly depends on the growth conditions. As it
can be seen from Fig. 3, the most intense band corresponds to the
films obtained at high temperatures 450 and 500 °C. Therefore, CdTe/
CdS films obtained at such growth condition have high crystallinity
and reaveled in more perfect structure. This result is in good accordance
with the data presented above by SEM and XRD. The PL intensity de-
creased with the smallest grain size in the film. Therfore, the dislocation
density for these films is larger than in the case of films grown at high
temperature. In addition, PL emission in a polycrystalline system may
be significantly influenced by grain boundaries (GBs). One effect of
GBs is that the PL bands are broadened by the variety of recombination

14000 ;
(O all samples after CdCl, treatmnet
—~ 12000 | |as deposited '\ |
2 500 °C H
S 10000} | -450°C 1
g e
S B _. -
-~ 8000 1 a00°c
5 -=-=-250°C
2 6000
3
£ 000}
|
o
2000
0 s
T T T
14 15 1.6 17
E (eV)

Fig. 3. The room temperature photoluminescence spectra of the CdTe/CdS thin films
obtained which were grown at the different substrate temperatures.



132 N. Spalatu et al. / Thin Solid Films 582 (2015) 128-133

1.0 H

—— CdTe deposited at 450°C
— —CdTe deposited at 250°C

0.8

0.6

EQE (arb. units)

0.4

0.2

0.0+
T T T T T
400 500 600 700 800 900
Wavelength (nm)

Fig. 4. QE measurements of solar cells for CdTe films deposited at substrate temperatures
250 and 450 °C.

centers that can exist in a polycrystalline film [29]. At low substrate
temperature GBs can provide an effective chanel for non-radiative re-
combination. After CdCl, treatment the relative PL intensity increases
considerably reaching a similar value for all samples (Fig. 3, curve 1).
It has been shown that the increase of the PL intesity is strongly affected
by CdCl, annealing which leaves too high chlorine oncentration in CdTe
lattice and generates a high concentration of the isoelectronic com-
plexes Vcq2Clre and Te;2ClTe. The main defects which form the
1.49 eV PL band here are substitutional chlorine Cly. (donor) and com-
plex Ve4Clre (acceptor) [30-32]. It was observed that after CdCl, heat
treatment the PL spectra for the films grown at smallest temperatures
exhibit high intensities (much higher as compared to the as deposited).
This result is in a good accordance with the data presented by SEM and
XRD where for the films deposited at the lowest temperature having
submicrometer initial crystallite size, significant recrystallization mech-
anism occurs during the CdCl, treatment. Thus, the highly dispersed
structure with high surface energy is more active for recrystallization
by mass transport trough CdCl, liquid flux. The process is characteristic
for the sintering in the presence of liquid phase. For the samples grown
at high temperature a small difference between the PL intensities before
and after CdCl, treatment occurred. Also, according to the data present-
ed above by X-ray pattern for the films which have a large initial grain
size and perfect structure, the recrystallization process occurs through
the diffusion mechanism. Thus, for the films obtained at such growth
condition the chlorine concentration is much lower than in the films
grown at smallest temperature, implying the optoelectronic properties
and hence the performance of the devices.

3.3. Quantum efficiency measurements and device results

Quantum efficiency measurements (Fig. 4) showed enhanced re-
sponse in the blue wavelength region for the cells grown at lowest

Table 2

Device results.
T, Voe Jee FF Eff

(mV) (mA/cm?) (%) (%)

250 525 14.8 29.0 23
300 630 18.1 325 37
350 630 19.8 353 44
400 766 212 55.2 9
450 810 23.0 62.0 11.6
500 790 22.8 60.1 10.8

Voc—o0pen-circuit voltage.
Jse—short-circuit current density.
FF—fill factor.

Eff—efficiency.
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Fig. 5. Current-voltage characteristics of the CdTe/CdS solar cells deposited at different
substrate temperatures.

substrate temperature indicating excessive consumption of CdS during
the CdCl, annealing process. Such CdS consumption during CdCl, an-
nealing process is commonly observed due to CdS-CdTe intermixing
[33-35]. XRD measurements confirm that excessive consumption of
CdS observed by EQ for cells grown at lowest substrate temperature
and treated in CdCl, originates from enhanced CdS-CdTe intermixing.
The degree of alloying is indicated by simultaneous changes in short
wavelength response (due to the change in CdS thickness) and the
long wavelength response (due to the formation of lower band gap
intermixed CdSxTe; _ x). Excessive intermixing can result in direct con-
nections between the absorber and front electrical contact as FTO, giv-
ing rise to inferior junction properties, which reduce open-circuit
voltage (Voc) and fill factor (FF) [36]. The device results for the struc-
tures obtained at different growth conditions are listed in Table 2. It
was observed that the photovoltaic properties of the solar cells strongly
depend on the growth condition, intermixing and pinholes. The primary
influence of the high substrate temperature in combination with CdCl,
treatment is on the good crystalline quality of both CdTe/CdS on the
junction ensuring better photovoltaic parameters and hence the highest
efficiency of 11.6%. At this temperature, an ideal balance is obtained be-
tween defect annealing and interdiffusion. The CdTe solar cell, which
was grown at smallest temperature, exhibited the worst cell perfor-
mance with an efficiency of only 2.3%, and the poor performance is at-
tributed to the presence of pinholes and excessive intermixing which
increased in the CdCl, treated case (Fig. 5).

4. Conclusions

In this work we studied the effect of deposition temperature in con-
junction with CdCl, treatment on structural and optoelectronic proper-
ties of CSS CdTe/CdS thin film solar cells. It was shown that an increase of
the substrate temperature from 250 to 500 °C leads to the changing of
the film growth mechanism. Structural, morphological and PL spectra
characterization of the CdTe/CdS structures after CdCl, treatment has
highlighted progressive recrystallization, grain growth and interdiffu-
sion. Interdiffusion between CdS and CdTe occurs during the CdCl,
heat treatment, which was more pronounced for the structures obtained
at low substrates temperature, yielded in low efficiency cells. The CdTe
solar cells deposited at high substrate temperature showed extremely
high crystalline quality CdTe/CdS heterojunction and highest efficiency.
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ABSTRACT

Traditional CdCl, thermal treatment of CdTe/CdS heterostructure results in grain growth, sintering and incorpo-
ration of Cl into CdTe lattice, substantially improving performance of the cells. The process is complicated by high
vapor pressure of CdCl, and presence of oxygen. Considering volatility of CdCl, and presence of residual oxidation
products we provide systematic investigation results on the influence of subsequent multiple annealing in hydro-
gen (H,), vacuum and closed isothermal conditions on the properties of CdCl, activated CdTe films (thickness
2 um) deposited by close spaced sublimation at low (250 °C) and high (500 °C) substrate temperature onto
roughened glass. Structural and optoelectronic properties of thermal annealed films were compared. High reso-
lution X-ray analysis demonstrates the shift of the main (111) peak in accordance with mobility of CdCl, impurity
between ambient and CdTe crystal in good correlation with optoelectronic properties. CdCl, activated CdTe films
have high resistivity and high dark to light resistance ratio. Subsequent hydrogen and vacuum thermal annealing
increases the resistivity and photoconductivity of the films. The dark resistivity has been sharply decreased by
about four orders of magnitude in result of isothermal annealing at 600 °C. By controlling the thermal annealing

conditions, substantial improvement of CdTe optoelectronic properties has been achieved.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Cadmium telluride (CdTe) has been regarded as one of the most
promising absorber materials for cost-effective thin-film photovoltaic
devices and thus continues to attract attention and research endeavors
for decades [1-2]. After nearly 20 years of the rather stagnant progress,
remarkable improvements in the efficiency of CdTe-based solar cells
were achieved recently, reaching 22.1% [3]. A breakthrough in the
open-circuit voltage (Vo) was finally reported earlier this year,
from the decades-old records of 800-900 mV to over 1 V [4]. All of
these efforts aimed to increase the efficiency, reliability and life
time of this device, and there is still a large space for improvements
before reaching the theoretical limits (30%) [5]. Despite the high
photovoltaic performance of these solar cells, there are still several
aspects such as technology related issues, back contact strategy,
and/or junction activation that require more optimization and better
understanding [6].

Irrespective of CdTe film deposition method, CdCl, activation is stan-
dard and vital step in CdTe device processing that promotes recrystalli-
zation and sintering of both CdS and CdTe layers substantially
improving the optoelectronic properties of the solar cell [7-11]. Howev-
er, during this process some residual CdCl, may segregate and after

* Corresponding author.
E-mail address: nickspalatu@gmail.com (N. Spalatu).

http://dx.doi.org/10.1016/j.tsf.2016.09.042
0040-6090/© 2016 Elsevier B.V. All rights reserved.

washing the water-insoluble oxychlorides can stick to the CdTe surface
[12]. M. Terheggen et al. have demonstrated for the first time a direct
imaging of Cl diffusion along CdTe grain boundaries and spatial distribu-
tion of Cl, Cd, Te and O at the CdTe/CdS interface [13]. T.A. Gessert et al.
also found that residuals are spatially discrete, located primarily along
grain boundaries, and are likely of cadmium oxychloride. Results
also show that the residuals may penetrate deep into the CdTe such
that typical ion-beam etching procedures do not produce complete
residual removal [14]. The chloride in the lattice together with resid-
ual phases of CdO-CdCl, and the solid solution of CdTe in CdCl, on
grain boundaries limit the concentration of holes in CdTe and cause
hygroscopicity of the cells, having a strong impact upon the PV per-
formance [14,15]. As a solution for gettering of residual impurities
from CdTe films is applied a controlled thermal annealing after
the CdCl,:0, activation step. Valdna et al. have shown low resistance
p-type conductivity in CdTe films, achieved without any acceptor
dopant, but the concentration of chlorine in the films was decreased
by the help of vacuum annealing and heat treatment under tellurium
vapor pressure [16,17]. Considering all these approaches, controlled
thermal annealing in relevant ambient of the CdTe:CdCl,:0, material
is shown as a possible way for removal of the residues so-called
gettering, which can improve the optoelectronic properties of the
CdTe films. In our previous studies [18,19] we described results of
systematic investigations of changes in morphology, structural and
optoelectronic properties of close spaced sublimated (CSS) CdTe
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thin films and CdTe/CdS structures resulting from different deposition
conditions and CdCl, activation process. Here we report a systematic
investigation of the influence of subsequent multiple annealing in Ha,
vacuum and closed isothermal conditions on the properties of
CdCl,:0, heat treated CdTe thin films. In addition, we discuss the mech-
anism responsible for the changes in structural and optoelectronic
properties of CdTe thin films.

2. Experimental details

CdTe films with a thickness of ~2 um were prepared by CSS of 5 N
(99.999%, Alfa Aesar) purity of CdTe source materials onto 2 x
2 x 0.1 cm roughened glass at substrate temperatures of 250 and
500 °C (to simplify the text description, we named the low and high de-
position temperatures of CdTe films as LT and HT CdTe). Roughened
glass substrates with root mean square Ry = 2.66 nm (supplied from
0. Kindler company) were used in order to ensure better adhesion of
CdTe. After deposition the CdTe/glass samples were soaked in a saturat-
ed CdCl, methanol solution (2.15 g/100 ml methanol), followed by a
30 min heat treatment in air at 420 °C in a two-zone tube furnace. The
heat treated samples were then rinsed in deionized water and etched
in standard NP (H3PO4:HNOs5:H,0) solution to remove the CdCl, and
oxide residues. Anhydrous, 99.99% CdCl, was supplied from Alfa Aesar.
The CdCl, activation process was the last stage of preparation for the
so-called initial samples. In the next step CdCl, activated CdTe samples
were cleaved into smaller pieces (5 x 5 mm) and then annealed in hy-
drogen ambient under different conditions. For this stage, vacuumed
process tube with samples was filled with 1 atm hydrogen gas at
room temperature then closed and introduced into a cylindrical furnace.
Annealing temperature varied in the range of 250 to 570 °C while an-
nealing time was fixed at 1 h. The furnace was slowly heated up to
the set temperature allowing the residual precipitates to out-diffuse
to the CdTe surface. The hydrogen pressure in the process tube was
maintained by a standard gas reduction system and was not
influenced by expansion of gas at high temperatures of annealing.
Large diameter (55 mm) and volume (1500 cm?) of the process
tube ensured an excess of H, and the gas convection flow so that
the reaction products were transported to the colder part of the
tube. After annealing in H, the sample passed through two more
treatments: vacuum and isothermal treatment. Vacuum annealing
of the samples were carried out in the same process tube at 470 °C
for 1 h. Isothermal annealing was carried out with the CdTe samples
in sealed off, evacuated (at a pressure < 1 Pa.) quartz ampoules at
600 °C for 1 h. Ampoule volumes were typically about 10 cm® and
prior to loading were etched in HF/HNOs followed by annealing at
1000 °C under dynamic vacuum.

The structure of the films was studied with Rigaku Ultima IV diffrac-
tometer (Cu Ko radiation, N = 1.5406 A, 40 kV at 40 mA; silicon strip
detector D/teX Ultra, Rigaku, Japan) in the Bragg-Brentano (6-26)
geometry and their morphology was checked by a scanning electron
microscope (SEM) Zeiss EVO-MA15 at a 10 kV operating voltage. The
crystallite size and lattice parameters were calculated using the
PDXL Version 1.4.0.3 software on the Rigaku system. The resistivity
measurements were performed by Van der Pauw method using
indium electrodes. Current-voltage (I-V) characteristics of CdTe/In
showed linear behavior indicating that the contacts were ohmic.
Light resistance was measured using a 75 W glow lamp. Conductivity
type of samples was checked up by measuring the polarity of
thermovoltage.

3. Results and discussion

Starting from the beginning we have come up with a hypothesis that
by changing the temperature and environment of the thermal annealing
process one can remove the residues and decrease concentration of
CdCl, active components and improve the optoelectronic properties of

CdTe thin films. Generally, incorporation of CdCl, into CdTe crystalline
lattice is given by the reaction [20,21]:

nCdTe + CdCl,—Cd,, 1 Tep2Clre Vg (1)

Showing that one CdCl, molecule can generate one V¢4 per every
pair of incorporated Clre. In result of dissociation of the (Vcg2Clye)* neu-
tral defect, the created shallow acceptor defect (VcqClre) ~ compensates
the Cli. shallow donor (Eq. (2)), so that the CdCl, doped CdTe thin film
represents a compensated and highly resistive p-type semiconductor
[20,21]:

(Vea2Clre) = (VeaClre) ™ + Clre - (2)

CdCl; activation step, carried out in air, is a complex process which
involves multiple reactions between the CdTe, CdCl, and O, in the poly-
crystalline CdTe layers [22]:

CdTegs) + CdCly) + 0, ~CdOs) + TeCly(q €)

TeCl, + CdTe—CdCl, + Te
€dO + CdCl,—2CdO - CdCl,
CdTe + 0,—CdTeO3

In result of these reactions the formed glassy mixture of CdTe-CdCl,-
CdTeOs-Te (flux) has low melting point, promoting intensive recrystal-
lization, grain growth and sintering of highly doped CdTe [23]. High
doping is based on the equilibrium between liquid flux and solid CdTe.
Presence of residual oxides and CdCl, components in CdTe lattice and
on grain boundaries (GB) have an important impact on the electrical be-
havior of CdTe [14,15]. In this sense, thermal annealing in the presence
of hydrogen can be a convenient and appropriate method to control the
oxygen content which tend to retain an excess CdCl, on the GB as
2CdO-CdCl,. It is assumed that reaction with hydrogen could result in
removal of oxygen by water evaporation together with formation of
Cd excess and free CdCl, which can be removed by evaporation at
higher temperatures, especially in vacuum. The thermodynamically fa-
vored reaction between hydrogen and solid CdO is [24]:

Hy(g) + CdO(5)—H,0 + Cds)), AG (250°C)
= —2.6 and at 570 °C—6.5 kcal/mol (4)

The reaction between hydrogen and solid CdCl, is not thermody-
namically favored [24]:

Hyg) + CdCly(s )y —2HCl + Cd g, AG (250 °C)
=27.4 and at 570 °C 14.4 kcal /mol (5)

Thus, by subsequent thermal annealing we expect to get advantage
for controlling of residuals in polycrystalline CdTe thin films. By optimi-
zation of chlorine concentration in lattice, we can approach to the ideal
electro neutrality condition as [(VcqClre) ~] = p™, implying high p-type
conductivity in CdTe [17]. These arguments substantiate systematic in-
vestigation of changes in structural and optoelectronic properties CdCl,
doped CdTe films induced by subsequent multiple annealing in H,, vac-
uum and closed isothermal conditions.

3.1. Structural properties

Structural properties of CdTe thin films were analyzed on the basis of
X-ray diffraction measurements (XRD). All CdTe films on glass, before
and after any of the treatments exhibits a strong (111) preferred orien-
tation. The lattice parameter and the average crystallite size were calcu-
lated using PDXL-software and are tabulated in Table 1. Debye-Scherrer
formula was used for calculating the crystallite size. As can be seen the
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Table 1
Values of average crystallite size and lattice parameter for LT and HT CdTe thin films after
all treatments steps.

Sample Treatment T2 (°C) Crystallite size Lattice constant
conditions (nm) (A)
LT CdTe As deposited - 85 6.484
Cdcl, - 134 6.477
H, 250-500 144-148 6.480
570 99 6.471
Vacuum 250-500 120-130 6.481-6.482
570 90 6.474
Isothermal® 250-500 110-120 6.472
570 95 6.468
HT CdTe As deposited - 144 6.486
CdCl, - 150 6.484
H, 250-500 153-159 6.485
570 144 6.485
Vacuum 250-500 139-149 6.486-6.487
570 138 6.485
Isothermal® 250-500 120-137 6.486-6.487
570 95 6.484

¢ Hydrogen annealing temperature 250-570 °C, 1 h. T, is annealing temperature for
each treatment step.

b Jsothermal annealing at 600 °C for 1 h of CdTe films which passed H, and vacuum
annealing steps.

crystallite size of LT CdTe samples increases dramatically in the CdCl,
activation process (from 85 nm to 134 nm). This effect is less pro-
nounced, however, in HT CdTe films for which the crystallite size in-
creases only marginally (from 140 nm to 150 nm) during CdCl,
treatment. Thus, crystallite growth of CdTe after CdCl, activation de-
pends on the initial crystallite size of CdTe; the smaller the crystallite
size, the more significant is the crystallite growth. We consider that
the mechanism by which CdCl, treatment at 420 °C in air promotes
structural changes in CdTe is most likely by formation of liquid flux
and liquid phase assisted recrystallization of CdTe. Evidence for this is
provided by extensive crystallite growth in LT CdTe films in the CdCl,
activation process. It is also important to consider the low diffusivity
of Cl in CdTe at 420 °C (with bulk and boundary diffusion coefficients:
Dg ~ 10713 cm?/s and D¢g ~ 108 cm?/s, respectively) [22,25]. The
incorporation of chlorine into CdTe lattice substantially differs for liquid
phase recrystallization and simple indiffussion of chlorine in CdTe. Thus,
LT CdTe exhibiting a highly dispersed structure with smaller grains and
high grain boundary density is more active for recrystallization by mass

transport trough CdCl; liquid flux and due to high solubility of CdTe in
CdCl, flux, the grain growth is accomplished by full recrystallization
and full saturation of crystallite volume by CdCl,. In parallel, for HT
CdTe film with a densely packed larger grain size (respectively large
crystallite size) the recrystallization occurs only on the surface region
of the CdTe grains, implying insignificant grain growth. Thereby, it can
be assumed that in such films the grains will be inhomogeneously
doped by slow indiffussion, resulting in low concentration of CdCl, com-
pared to LT CdTe. It is widely accepted that CdTe films deposited by CSS
at high substrate temperature do not undergo strong recrystallization
during CdCl,, but reduce the structural defects and affect the grain
boundary, resulting in higher effective acceptor concentration [22,26,
27].1t has been shown that the larger CdTe grains exhibit enhanced car-
rier depletion along GB indicating to p-type compensation due to Cl seg-
regation, a donor impurity in CdTe [28]. We note that the amount of Cl
incorporated in the CdTe material is dependent on the nature of the de-
posited layers, and prehistory of these layers will be reflected in the next
annealing steps.

Subsequent thermal annealing in H; slightly increases the crystallite
size of both LT and HT CdTe films (from 134 nm to 144 nm and from
150 nm to 153 nm respectively). Moreover, a slow but gradual increase
in the crystallite size of both samples was assured by the gradual in-
crease of the temperature of H, annealing from 250 to 500 °C. In addi-
tion, other quite interesting effect was observed for samples annealed
in H, at 250 °C where the CdTe surface is covered by needle-shaped par-
ticles (SEM Fig. 1c). The energy dispersive X-ray analysis (not shown) of
these particles showed a significantly higher concentration of Te com-
pared to the large surface. We assume that during H, annealing a uni-
form Te film (which is usually formed on the CdTe surface and also at
grain boundaries after NP etching) starts to agglomerate on the surface
in the form of needle-shaped particles. Due to stationary atmosphere of
H, ambient and due to the low gradient of temperature between 250 °C
and the cold end of process tube, agglomerates of Te leave the CdTe sur-
face but sublimate back on the extended defects (like GB and dislocation
loops). The extended defects in CdTe surface can act as nucleation cen-
ters needed for the growth of Te needles. At increased gradient of tem-
perature (300 °C) these Te needles manage to evaporate from CdTe
surface, leaving behind a surface with dimples. Appearance of these
dimples with ~20 nm diameter might be due to high solubility of
CdTe in the solid phase of Te. At higher temperatures of H, treatment
(350-500 °C) the surface of CdTe layer remains clean as for 300 °C.
The increased concentration of Te on the CdTe surface and also at GB

Fig. 1. SEM top view pictures of CdTe surface: after CdTe deposition (a), after CdCl,:0, activation (b), after H, thermal annealing at 250 °C (c) and 300 °C (d).
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together with presence of high concentration of residual components
like CdO, TeO,, will actively react with hydrogen contributing to addi-
tional growth of crystallites. Supplementary crystallite growth demon-
strates that the reaction between hydrogen and residual components
already begins intensively at 250 °C. Starting from 500 °C the crystallite
size slightly decreases and further increase in annealing temperature to
570 °C result in significant decreasing of crystallites, indicating the in-
tensive sublimation of CdTe. The film thicknesses after this annealing
step ranged between 0.8 and 1 pm.

All changes in the lattice parameter for both LT and HT CdTe films
after all treatments are reflected in the narrow-angle XRD patterns of
the main (111) peak profiles (Fig. 2a, b) Thus, after CdCl, activation
high resolution XRD analysis demonstrates the shift of the main (111)
peak toward high 2-theta values. Considering the incorporation of
CdCl; into CdTe lattice, this shift can be explained by the creation of
chlorine on tellurium site and cadmium vacancies (according to the
reaction (1)) and probably incorporation of oxygen on tellurium site.
The atomic size of chlorine (102 pm) and oxygen (66 pm) are smaller
than of tellurium size (138 pm) [29] and together with Cd vacancies
they cause the contraction of both CdTe sub-lattices and hence decreas-
ing the lattice parameter (Table 1). On the other hand, slight displace-
ment of the (111) peak toward lower 2-theta region with decreased
lattice constant are accompanied by the lattice relaxation in result of re-
moval of oxygen and CdCl, impurities by H, and subsequent vacuum
annealing. Further isothermal annealing in ampoules at 600 °C of the
LT CdTe samples which passed through H, and vacuum treatment en-
sures strong shift of the (111) peak toward higher 2-theta values, ac-
companied by considerable decrease in the lattice constant (Fig. 2a).
Additionally, the isothermal annealing in ampoules at 600 °C result in
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Fig. 2. Displacement of the (111) peak vs thermal annealing conditions for LT (a) and HT
(b) CdTe thin films.

significant decrease of crystallite size in both LT and HT CdTe films
(Table 1). Large volume of ampule (V ~ 10 cm?) in comparison with
small size and mass of the samples (size: 5 x 5 x 1 mm) and high tem-
perature 600 °C provides sublimation of remarkable part of the CdTe
and CdCl, into gas phase, implying significant decrease of crystallite
size and homogeneous chlorine doping trough the volume of the layer
due to thermodynamic equilibrium between solid and vapor phases. It
should be emphasized that the solubility of CdCl, in CdTe substantially
increases at higher temperatures resulting in further decrease of lattice
constant which is more pronounced for LT CdTe.

3.2. Optoelectronic properties

As deposited films are characterized by high dark resistivity indicat-
ing that intrinsic defects electrically compensate CdTe resulting in semi-
insulating material. Table 2 show resistivity values for both LT and HT
CdTe thin films after all thermal annealing steps. As can be seen, after
CdCl, activation process the p-type resistivity of both samples decreases
significantly. Thus, the dark resistivity of LT CdTe sample is equal to
107 Q-cm, and higher by about an order of magnitude compared to
HT sample whose resistivity is equal to 7 x 10° Q-cm. It should be
noted that the photoconductivity of CdCl, activated LT CdTe sample is
poor, with dark to light resistance ratio Kr = 12.5. However, HT CdTe ac-
tivated sample exhibited prominent photoconductivity, with high dark
to light resistance ratio Kr = 70. The high resistivity and poor photocon-
ductivity of LT CdTe samples confirms our supposition that CdCl, treat-
ment leaves too high chloride concentration in these films. At high
chloride concentrations the concentration of incorporated complex de-
fects Vcq2Clye increases. As a result, the p-type resistivity increases and
dumping the photoconductivity. In parallel, in HT CdTe activated sam-
ples the chloride concentration seems to be more balanced with the
concentration of native defects (Vcq). Thus, it could be assumed that
due to a lower amount of incorporated chloride in these films, the con-
centration chloride-based complexes (V23 2Cli) drops and increases
the concentration of shallow acceptors or so called A-centers (V&5
Clfz)~ that increases both p-type and photo conductivities. So, the
changes in electrical and structural properties in both CdCl, activated
LT and HT CdTe films are in good correlation.

Subsequent thermal annealing in H; at 250 °C increased the dark re-
sistivity of both CdTe films by nearly an order of magnitude (from 107 to
108 Q-cm and from 7 x 10° to 2 x 10° Q-cm for LT and HT respectively),
however Kg remaining practically unchangeable (Table 2). The abrupt
increase in resistivity of the films can be explained by increased activity
of Hy at 250 °C which provide excess of cadmium from CdO, promoting
to decrease in the concentration of cadmium vacancies (Vcq), thereby
increasing surface resistivity of CdTe. Further increase in the H, anneal-
ing temperature from 300 to 500 °C does not change the dark resistivity
of LT CdTe, nevertheless the films exhibited relatively high photocon-
ductivity, suggesting partial removal of CdCl, and Cd excess and stability
of acceptor-donor concentration ratio in H, atmosphere. Considering
the higher concentration of residual components on the grain bound-
aries in LT CdTe, more time is needed for their out diffusion. The ratio
of donor -acceptor defect concentration in LT CdTe is also determined
by the constant ratio of Cd and Te partial pressures in hydrogen atmo-
sphere. Instead, in the analyses of the HT CdTe films, different features
were found to be characteristic for distinct H, annealing temperature
range. Thus, at annealing temperatures between 300 and 350 °C, the
sheet resistance of HT samples sharply decreased by nearly half order
of magnitude (from 2 x 10° to 8 x 10° Q-cm) accompanied by increas-
ing in the photoconductivity. In this case, the evaporation of excess Cd
takes place in a shorter time due to the lower concentration of residual
components on the grain boundaries and in this region of temperatures
the similar characteristics of the material like initial activated samples
have been revealed. Further increase in the annealing temperature
from 400 to 500 °C increases the resistivity of HT samples by nearly
one order of magnitude (from 8 x 10° to 107 Q-cm), maintaining the
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Table 2
Resistivity values vs thermal annealing conditions for both LT and HT CdTe samples.
Sample Treatment conditions T.* (°C) Rp (Q/0O0) Ry (Q/O) Ky pp (Q-cm)
LT CdTe cdcl, - 5% 10" 4% 10° 12.5 107
H, 250 8 x 10" 10" 8 1.6 x 10°
300-500 (5-8) x 10" (1-1.8) x 10" 35 <Kg <50 (1-1.6) x 10®
570 10 2.8 x 10" 36 2 x 108
Isothermal® H250 1.5 x 10° 1x10® 15 3 x 10*
H300 1.5 x 10° 13 x 10° 1.15 3 % 10%
H350 8 x 107 7.5 x 107 1.05 1.6 x 10*
H400 2.2 x 107 2.1 x 107 1.04 4.4 % 10*
H450 7 x 10° 6.9 x 10° 1.01 14 % 10°
H500 5% 10° 5% 10° 1 10°
H570 5 x 10 48 x 10° 1.04 10°
HT CdTe cdcl, - 3.5 x 10° 5% 107 70 7 x10°
H, 250 10'° 1.5 x 10 66 2 % 10°
300-350 4% 10° 3 % 107 130 8 x 10°
400-500 (7-9) x 10™° (1-2) x 10° 35 < K¢ <90 (1.4-1.8) x 107
570 2.5 x 10" 1.2 x 10° 208 5 x 107
Isothermal® H250 5 x 107 7 x 10° 7.1 10*
H300 1.3 x 107 6 x 10° 2.16 2.6. % 10°
H350 1.6 x 107 4% 10° 4 32 % 10°
H400 4 x 107 1x107 4 8 x 10°
H450 2.5 x 107 45 x 10° 5.5 5x10°
H500 1.3 x 107 1.1 x 107 1.18 2.6 x 10°
H570 5 x 107 2.5 % 10° 20 10*

¢ Hydrogen annealing temperature 250-570 °C, 1 h. T, is annealing temperature for each treatment step; Rp and Ry - resistance under dark and light conditions; K is dark to light

resistance ratio; p is resistivity.

b Jsothermal annealing at 600 °C for 1 h of CdTe films which passed H, and vacuum annealing steps.

photoconductivity in the same limits of activated samples. At the same
time the resistivity is lower by about an order of magnitude compared
to LT samples indicating to the lower concentration of dopant impurities
in HT CdTe. At high temperature of 570 °C the resistivity of both CdTe
films increases considerably, suggesting that this is the critical temper-
ature at which the gettering and sublimation occur so actively that ex-
cessively removes both active components from the lattice and the
main material. On the other hand, at such high temperature this process
might be accompanied by deeper redistribution of the dopant trough
the full thickness of layers. The prehistory of the treatments and features
of the obtained structures will be strongly reflected on the final isother-
mal annealing step. Thereby, the dark resistivity has been sharply de-
creased by about four orders of magnitude for LT CdTe films (from 107
to 10° Q-cm) and by three orders of magnitude for HT CdTe (from 2 x
106 to 10° Q-cm) in result of isothermal annealing at 600 °C. The H,
pre-annealing temperature 500 °C seems to be the optimal temperature
which gives in the final isothermal annealing step the smallest values of
the resistivity and dark to light resistance ratio. It is expected that ther-
mal annealing in hydrogen, vacuum and closed isothermal conditions
will provide CdTe layers with suitable properties for high efficiency
CdTe/CdS thin films solar cells.

4. Conclusions

In this work, we systematically investigated results on the influence
of subsequent multiple annealing in hydrogen, vacuum and closed iso-
thermal conditions on the properties of CdCl, activated CSS CdTe
films. Changes in structural and optoelectronic properties of CdTe
films in the thermal annealing process are connected with chlorine in-
corporation in CdTe lattice in the CdCl, activation process, with removal
of oxygen and CdCl, impurities by H, and vacuum annealing and with
homogeneous chlorine doping by isothermal treatment. Structural
characterization of the LT CdTe thin films has highlighted progressive
recrystallization and grain growth in the CdCl, activation process. HT
CdTe films do not undergo significant recrystallization and grain growth
upon CdCl, activation step. High resolution XRD analysis demonstrates
the shift of the main (111) peak in accordance with mobility of CdCl,
impurity between ambient and CdTe crystal indicating to processes tak-
ing place inside the crystalline lattice of CdTe. CdCl, activated CdTe films

have high resistivity and high dark to light resistance ratio. Subsequent
hydrogen and vacuum thermal annealing increases the resistivity and
photoconductivity of the films. The dark resistivity has been sharply de-
creased by about four orders of magnitude in result of isothermal an-
nealing at 600 °C. By controlling the thermal annealing conditions,
substantial improvement of CdTe optoelectronic properties has been
achieved. The gained knowledge about influence of annealing condi-
tions on the properties of CdTe films will facilitate further investigations
on CdTe/CdS heterostructures for elaboration of high efficiency solar
cells.
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Despite numerous theoretical studies on CdTe absorbers with embedded metal nanoparticles (NPs), no
technological reports are found. We present an experimental study of 300-nm-thick CdTe absorber layers
deposited by close spaced sublimation with incorporated gold NPs to obtain the effect of surface plasmon
resonance (SPR). Gold NPs were formed from a HAuCl,-3H,0 solution in ethanol and deposited by spin
coating or spray pyrolysis on the top of CdTe film. As alternative, sputtering followed by air annealing
of gold thin layer was applied to form Au NPs between the glass substrate and the CdTe layer. The prop-
erties of these structures were studied by UV-VIS spectroscopy, scanning electron microscopy, energy
dispersive spectroscopy, and X-ray diffraction.

The SPR effect was observed in the wavelength region of 570-590 nm for CdTe layers, with Au NPs

Keywords:

CdTe

Au nanoparticles
Plasmonic effect

Spin coating measuring 30-40 nm in size. At the increased amount of sprayed HAuCl,-3H,0 solution the nanoparticles
Spray pyrolysis were agglomerated into grains and the SPR peak shifted to longer wavelengths. In the case of spin coating
Sputtering the HAuCl, solution decomposes on the CdTe surface and by chemical reaction contributed to the sub-

stantial removal of the CdTe. Sputtering and spray pyrolysis methods did not change the bulk CdTe layer
and introduced the plasmonically enhanced absorption, but led to the formation of additional inter-
metallic phases, such as AuCd, AugsTep; or AuTe,. The AugsTe; phase is supposed to play the role of
a shell for Au NPs shifting the 592 nm SPR peak to lower wavelengths. Chemical processes responsible
for these effects are discussed.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction metallic nanoparticles that have surface plasmon resonance
(SPR). Proper engineering of these structures enables light to be
concentrated and ‘folded’ into a thin semiconductor layer, thereby

increasing its absorption [2]. This approach would reduce signifi-

In recent years, thin film photovoltaics (PV) have attracted the
attention of scientific society due to simplicity of manufacturing,

yearly increased efficiency and ease of mounting on different sur-
faces. Thin film solar cell technology is increasing in capacity and
market share and now accounts for approximately 20% of the PV
market. CdTe solar cells represent approximately half of this mar-
ket, with the rest being divided between thin film silicon and
Cu(In,Ga)Se, [1]. One limitation still faced by all thin film solar cell
technologies is the low light absorption near the band gap edge [2].
This low light absorption is also an issue for CdTe solar cells, which
recently increased in efficiency to 20.4% [3]. It is critical to struc-
ture the CdTe solar cell such that light can be trapped inside the
active layer by increased absorbance. A relatively new method of
achieving light trapping in thin film absorber is the application of

* Corresponding author. Tel.: +372 620 3366; fax: +372 620 2020.
E-mail address: nataliamaticiuc@yahoo.com (N. Maticiuc).

http://dx.doi.org/10.1016/j.mee.2014.07.016
0167-9317/© 2014 Elsevier B.V. All rights reserved.

cantly the thickness of thin film solar cells, decreasing demand
for scarce semiconductor material as Te, the supply of which limits
the scale-up of CdTe solar cells [4].

Combining periodic metal nanostructures on top of ultrathin
CdTe layer was theoretically demonstrated to be an effective
approach to enhance broadband optical absorption by the CdTe
absorber [5]. Among various metals (Ag, Al, Au, Cu) and geometries
under investigation (nanodisc (ND), nanosphere (NS)), Al NDs tend
to provide the maximum enhancement over the spectral absorp-
tion range of interest. The plasmon resonance wavelength of Al
ND leads to an optimal localized surface plasmon resonance
(SPR) spectrum that maximally matches the intrinsic CdTe absorp-
tion profile weighted with the solar spectrum [5].

The optimal parameters of metal nanoparticles (NPs) to enhance
the absorption of CdTe absorber were studied theoretically
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[2,5] but yet to our knowledge no experimental data confirmed
these results. Moreover, little information is available about suitable
technology for the incorporation of metal NPs into CdTe absorber
layer. Experience from the technology of Si solar cells with
incorporated NPs highlights various methods for the inclusion of
NPs in thin film absorbers: sputtering on a one-dimensional sinusoi-
dal grating with a certain period and amplitude [6]; using arrays [7];
evaporation, in which a very thin metal layer is deposited by
vacuum evaporation and then annealed so that the metal islands
coalesce into metal particles [8]; chemical solution deposition,
where the device surface is exposed to a solution containing
colloidal NPs and then blown dry [9]; imprint lithography, in which
a sol-gel mask is defined by soft lithography using a rubber stamp,
followed by metal evaporation and lift-off [10].

This study presents experimental results for a CdTe absorber
with incorporated Au NPs. The SPR peaks of gold nanostructures
can be tuned from the visible to the near infrared region by con-
trolling their shape and periodicity [11]. The inert nature of gold
and the instability of gold oxides at low temperature [12] make
gold nanostructures well suited for various applications [11]
including CdTe solar cells. One of the first techniques [13] used
to prepare gold NPs is the reduction of HAuCl, by citrate in water
(Turkevich method) [14]. Our experiments were performed using
the same HAuCl,-3H,0 reagent solution as a precursor for Au
NPs. The Au NPs were incorporated into CdTe layers by spray pyro-
lysis, spin coating and sputtering methods, and the results from
these methods were compared.

2. Materials and methods

CdTe thin films with a thickness of ~300 nm were prepared by
close spaced sublimation (CSS) onto cleaned soda-lime glass sub-
strates by taking 6N pure CdTe powder (Alfa Aesar) as the source
material. The deposition was carried out at a pressure below
2.107° Torr with the source to substrate distance of 0.7 cm. The
films were deposited at the source temperature of 550 °C and at
the substrate temperature of 300 °C, controlling the temperature
through a K-type thermocouple. The deposition lasted for
~1 min, after which the chamber was slowly cooled down to 50 °C.

The Au NPs on the CdTe films were formed by three methods:
spin coating, spray pyrolysis and sputtering. The spin coating
was carried out with HAuCl,-3H,0 ethanol solution at concentra-
tions: 0.05M, 0.075M and 0.1 M at room temperature (RT) in
two spin ramp rates: 600 rpm for 5 s and 1200 rpm for 20 s. After
coating, samples were dried in air at ~85 °C for 40 min and air
annealed on a hot plate at 380 °C for 1 h.

In the case of spray pyrolysis the Au NPs were deposited from
the same HAuCl, solution on preheated CdTe/glass substrates
placed onto a molten Sn bath. The substrate temperature was
maintained at 360 °C with an accuracy of 2 °C. The volume of
the spray solution varied from 2.5 ml to 15 ml, while the solution
concentration of Au** and the flow rate were kept constant for
all CdTe/glass samples: 2 mM and 1 ml/min, respectively. After
the coating no drying or annealing was applied for sprayed sam-
ples due to enough high temperature for decomposition of AuCls.

In a different approach, a thin film of Au was sputtered for 40—
70 s on glass substrate, which was then air annealed at 500 °C for
30 min to coalesce into compact Au grains. The grains were coated
with a CSS CdTe film.

All the CdTe-Au layers were characterized by X-ray diffraction
(XRD), optical transmission and reflection spectra, scanning elec-
tron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX). XRD measurements were collected with a Rigaku Ultima
IV diffractometer with Cu Ko radiation in the Bragg-Brentano
(6-20) geometry. The crystallite size and lattice parameters were

calculated using the PDXL Version 1.4.0.3 software on the Rigaku
system. The optical total transmittance and reflectance spectra
of the films were measured in the wavelength range of 200-
2500nm on a Jasco V-670 UV-VIS-NIR spectrophotometer
equipped with an integrating sphere. A high resolution SEM appa-
ratus (Zeiss EVO-MA15) was used at a 10 kV operating voltage,
while the elemental composition was analyzed by EDX with the
Rontec EDX XFlash 3001 detector and the Oxford Instruments INCA
Energy system.

3. Results and discussion
3.1. Spin coated Au solution on CdTe layer

Spin coating of HAuCl, on CdTe layers and subsequent anneal-
ing in air at 380 °C resulted in Au NPs and wires binding the NPs
as a web and covering the surface of CdTe layer (Fig. 1). We assume
that these wires represent the residual cadmium oxychloride
(2€d0-CdCl,) created in the air annealing process [15] as an inter-
mediate product of the HAuCl, reaction with CdTe [16]. From SEM
images, the mean size and spacing of Au NPs were estimated as on
the order of 100 nm and 300 nm, respectively.

The SPR valley at 577 nm in the transmittance spectrum of the
CdTe-Au layer (Fig. 2a) confirms the plasmonic absorption reso-
nance of incorporated Au NPs. However, this effect did not lead
to a noticeable enhancement in the absorption over the entire
wavelength range (Fig. 2b). Moreover, reflectance and transmit-
tance spectra show the disappearance of the CdTe absorption edge
in the 800 nm region (Fig. 2a) indicating the removal of the CdTe
film in the spin coating process.

To understand the disappearance of the CdTe band edge (Fig. 2),
we analyzed the reactions that may take place in the air annealing
process of the CdTe layer with spin coated HAuCl, solution: oxida-
tion of CdTe to CdTeO3 (CdO-Te0;) (1), decomposition of HAuCl, (2,
3), and formation of CdCl, and Te; (4). These reactions may form
the viscous phase of CdTe +CdTeOs + CdCl, flux [15,17], which
has a low melting temperature (<400 °C).

0.50,(g) + CdTe(s) — CdTeOs(s) (1)
CdTe0s(s) + 2CdTe(s) — 3CdO(s) + 1.5Tey(g) (1a)
2HAUCl4(s) — 2HCI(g) + 2AuCly(s) )
2AuCls(s) — 2Au(s) + 3CL(g) 3)

2HCI(g) + 2Cly(g) + 3CdTe(s) — 3CdCly(s) + HoTe(g)
+Tea(g) 4)

We carried out some calculations to evaluate the impact of the
CdCl,-containing flux on the CdTe film after coating with the
HAuCl,-3H,0 solution. Au NPs with both a diameter and spacing
of 50 nm (minimal values for a 2% absorption enhancement [18])
cover 0.4 of a 1 cm? CdTe film surface. Based on the mass of gold,
the amount of gold in the HAuCl, solution was calculated as
1.32:107> mol. As each mole of HAuCl, yields two moles of CdCl,,
a 1 cm? CdTe film will contain 2.65-10~> mol of CdCls. Therefore,
the mass ratio of CdCl, (created by HAuCl,) to CdTe is at least 25.
Considering the solubility of CdTe in the CdCl, flux (~25%) [19],
it is highly likely that the CdTe film will disappear. Therefore,
though the RT spin coating of Au NPs from HAuCl, solution on CdTe
layers is a very simple technique, it should be discarded due to the
substantial removal of CdTe by the reactions with chloride flux in
the annealing process.
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Fig. 2. Transmittance, reflectance (a) and absorbance (b) spectra of as deposited CdTe films (CdTe) and CdTe with Au NPs obtained by spin coating (CdTe + Au).

3.2. Spray pyrolysis of Au solution on the CdTe layer

Compared to RT spin coating of large drops of Au-containing
solution, during the spray coating the HAuCl, interacts differently
with the CdTe absorber due to the relatively high temperature of
the substrate (360 °C). At this temperature the reaction products
quickly evaporate, leaving a CdTe surface free of the oxychloride
residuals which can damage the CdTe absorber as in the case of
spin coating method.

Spraying the HAuCl, solution in various amounts (from 2.5 ml
to 15 ml) generated distributions of Au NPs with different spacing
and size (Fig. 3a). For better understanding of the microscopic
images of sprayed Au on CdTe and on reference glass are presented
in Fig. 3b. At the lowest quantity of the HAuCl, solution, Au NPs
with a mean size of 30 nm were formed (determined from XRD
data by Sherrer’s formula), while increasing the amount of the
solution led these crystallites to coagulate into grains with the size
from 80 nm to 100 nm (Fig. 3b). The size of these Au-containing
grains corresponds to the optimal theoretical diameter of 90 nm
and spacing of 202 nm, which should result in a 50% increase in
absorption and a 36% increase in the efficiency of a CdTe solar cell
[5].

The absorption of the CdTe layer was enhanced over the 400-
1000 nm wavelength range when Au NPs are sprayed on top of
the CdTe layer (Fig. 4b). The plasmonic effect was observed for
the CdTe-Au samples sprayed with 10 and 15 ml of HAuCl, solu-
tion (Fig. 4a). For these amounts of HAuCl, solution the XRD pat-
terns recorded greater intensity of (021) and (300) AuCd peaks
at 29.7 and 38.2 degrees (Fig. 5). The SPR peak located at 570 nm
(Fig. 4a) shifts slightly to the red due to the decreased separation
of NPs [20] and the increased size of agglomerated Au crystallites

at 15ml Au solution. In addition, the 570 nm peak becomes
broader as the particle diameter increases to 100 nm with increas-
ing the amount of sprayed HAuCl, from 10 to 15 ml (Fig. 3b). This
broadening is attributed to the enhanced radiation damping by
large particles as described by Hu et al. [11].

Appearance of the (200) CdTe peak at 30.76 deg for 10 and
15 ml of HAuCl,-3H,0 solution (Fig. 5) show that higher quantity
of Au increases the amount of chloride flux which actively pro-
motes recrystallization of CdTe. It is interesting that the Au NPs
obtained by spray pyrolysis on CdTe surface actually consist of
an Au-Cd (JCPDS 01-072-8534) [22] inter-metallic phase (Fig. 5).
We attribute this to fact that the substrate temperature (360 °C)
is higher than the eutectic temperature of the Au-Cd system
(310°C) [21]. Increasing the amount of sprayed HAuCly solution
does not affect the size of these AuCd crystallites (~30 nm), rather
contributing to the agglomeration of these Au NPs into larger
grains (Fig. 3). The appearance of the peak of AuTe, (JCPDS 03-
065-2443) [22] in the XRD pattern of the CdTe + 15Au layer might
be linked with the presence of metallic Te (1a, 4). These phases
indicate that an excess of HAuCl, is present on the CdTe surface.
Therefore, 10 ml of HAuCl4-3H,0 solution is sufficient to spray on
the CdTe surface to obtain the plasmonic effect.

3.3. Sputtered and annealed Au between glass surface and the CdTe
layer

The surface morphology of sputtered and annealed Au NPs on
glass substrate illustrates a quite uniform distribution of isolated
particles with a mean diameter of 40 nm (Fig. 6a). These NPs
agglomerate as large particles with diameters varying from 1 to
3 pm (Fig. 6b). In addition, the agglomeration of gold NPs was con-
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Fig. 4. Total transmittance (a) and absorption (b) spectra of CdTe films sprayed
with different amounts of Au solution: 2.5 ml, 10 ml and 15 ml.

firmed by the color transition of glass—Au samples from reddish to
purple after annealing in air. This is due to the plasmonic coupling
between particles [11]. The size distribution and spacing of Au par-
ticles are not strongly influenced by the duration of sputtering
(Fig. 6b and c).

The transmittance spectra of glass—Au-CdTe samples (Fig. 7)
exhibit surface plasmon features at 592 nm and 570 nm for the
Au/glass samples sputtered under CdTe for 40 s and 70 s, respec-
tively. Fig. 7 suggests that 40 s of Au sputtering is sufficient for

i

L 5 .
B P 20-100 nm

Fig. 3. SEM images of Au particles obtained by spray pyrolysis on CdTe thin films (a) and on corresponding reference glass (estimated size of Au-containing grains is included)
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Fig. 5. XRD pattern of reference glass and CdTe films spray-coated with different
amounts of Au solution.

CdTe absorber with an efficient plasmon effect. However, the
570 nm SPR peak which corresponds to the 70 s Au sputtering is
closer to the theoretical SPR of Au particles. The shift of the SPR
peak compared to CdTe samples with spin coated and sprayed
Au on top could be related to the dependence of the SPR peak posi-
tion on the dielectric constant of the surrounding environment
[23]. The inter-metallic Aug3Tey; phase (Fig. 8), which has a high
concentration of charge carriers, may form a shell for plasmon
Au NPs and slightly shift the peak position.
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Fig. 6. SEM surface views of glass following Au sputtering for 40 s (a and b) and 70 s (c) after air annealing.
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Fig. 7. Transmittance spectra of sputtered and air-annealed Au on glass and CSS
deposition of CdTe. Duration of sputtering: 40 s (a), 50 s (b), 60 s (c) and 70 s (d).
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The appearance of the AugsTep; (JCPDS 01-074-5406) [22]
phase (Fig. 8) can be explained by its thermodynamic stability
[21,24], the dissociation of CdTe and the high volatility of Cd,
resulting in excess of metallic Te. The radiative heat transport in
the CSS process of CdTe deposition could locally increase the sub-
strate temperature above 300 °C for fractions of seconds, allowing
for the reaction between Au and Te to produce Aug3Teg ;. Although
the sputtering method generates pure Au particles, the following
deposition of CdTe absorber results in formation of additional
phases around the Au NPs which contribute to the shift of the
SPR peak.

4. Conclusions

In this work we tried to incorporate gold NPs into CdTe layer to
obtain the plasmonic effect that would increase the absorption in

the CdTe absorber. Au NPs were deposited on the CdTe films by
three different methods: spin coating, spray pyrolysis and sputter-
ing. Each method resulted in different plasmonic effects for CdTe
layers. Spin coating of HAuCl, solution and air annealing generate
oxychloride residuals and substantially remove the CdTe layer. For
this reason, the spin coating method should be discarded.

Both spray and sputtering methods formed Au-containing NPs
with diameters of 30-40 nm. Neither increases in the amount of
HAuCly nor in the sputtering time of gold increase the size of Au
NPs but rather tend to agglomerate these particles into grains with
diameters of ~90 nm and 1-3 um for the spray and sputtering
methods, respectively. To summarize, the spray pyrolysis forms
on CdTe surface Au NPs close to the size suggested by the theoret-
ical studies, but sputtering technique provide more pure NPs. How-
ever, interactions between CdTe and Au at high temperature
resulting in the formation of inter-metallic compounds, such as
AuCd, AuTe;, or AugsTeq; are characteristic of both techniques.
The formation of these inter-metallic phases, which likely depend
on deposition parameters, such as substrate temperature or how
this temperature is maintained, is an important peculiarity for
CdTe layers. Due to the chemical interaction between gold and
CdTe, the high temperature processes for formation of Au NPs
should be avoided.

So, additional studies should be performed to better understand
the process of formation of Au-containing NPs and other com-
pounds on CdTe layers; this will allow to control the plasmonic
effect and to improve the absorber properties.
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discussed.

In order to improve the light trapping in CdTe thin-film solar cells, a coupling with plasmonic nanostruc-
turesis believed toincrease the absorption as a result of the enhanced electric field and forward-scattering
upon excitation of the surface plasmon resonance (SPR). The simulation studies suggest a technological
feasibility of placing metallic nanoparticles on CdTe before back contacting. We have applied the chemi-
cal spray pyrolysis of different amounts of HAuCl, ethanol solution to incorporate Au nanoparticles into
CdTe and used this layer in CdS/CdTe solar cells. CdTe films show the SPR effect and an enhanced light
absorption in the visible range of spectrum, whereas the CdS/CdTe solar cell have an improved conversion
efficiency due to the presence of Au nanoparticles. The processes responsible for these advancements are

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Thin-film solar cells show a great promise for the next gen-
eration of solar power conversion due to their cheap processing,
good flexibility, light weights and ease of integration. Moreover,
significantly reduced cell thickness of 1-2 wm for thin-film cells
makes them more easily meet the requirement that minority car-
rier diffusion length should be several times the base thickness to
have all the photo-carriers collected [1,2]. Polycrystalline thin-film
CdTe has shown considerable promise for terrestrial photovoltaic
applications due to its near-optimum bandgap, high absorption
coeffcient and relative ease of film formation. However, the low
light absorption at nearbandgap range and the limited availabil-
ity of tellurium (Te) element on the earth have become two major
concerns for further developments of CdTe photovoltaics towards
future terawatt-scale electricity generation [2,3]. It is critical to
structure the CdTe solar cell such that light can be trapped inside the
active layer by increased absorbance. Recently, metallic nanopar-
ticles have been suggested to be effective solutions for broadband
light absorption enhancement for ultrathin semiconductor layers
in thin-film solar cells. Metal nanoparticles provide absorption
enhancement in solar cells by two mechanisms: (i) light trapping
and optical path length enhancement via scattering of incom-
ing light, and (ii) local absorption enhancement by strong local
fields caused by plasmon resonance of the particle [4,5]. Combin-
ing periodic metal nanostructures on top of ultrathin CdTe layer
was theoretically demonstrated to be an effective approach to
enhance broadband optical absorption by the CdTe absorber. The

http://dx.doi.org/10.1016/j.apsusc.2015.04.065
0169-4332/© 2015 Elsevier B.V. All rights reserved.

optimal parameters of metal nanoparticles (NPs) to enhance the
absorption of CdTe absorber were studied theoretically [2,6] but
yet to our knowledge no experimental data confirmed these results.
Moreover, little information is available about suitable technology
for the incorporation of metal NPs into CdTe absorber layer. There
are several methods reported for fabricating Au NP films from pre-
synthesized colloidal Au NPs (with or without ligands), such as sol
gel, in situ preparation, immersion, atomic layer deposition (ALD),
plasma assisted physical vapour deposition (PAPVD), etc. [7-9].
There are also reports on direct formation of Au NPs on a glass
substrate using ultrasonic spray pyrolysis techniques [10,11].

In our previous studies we simulated one of the easiest ways
to embed nanoparticles into the absorber layer closer to the back
contact [6] and we tried to incorporate the Au NPs into CdTe and
CulnS; thin films [12,13]. Au NPs were deposited onto CdTe lay-
ers by spray pyrolysis, spin coating and sputtering methods, each
method resulting in different plasmonic effects for CdTe layers [12].
However, the spray pyrolysis forms on CdTe surface Au NPs with a
size close to that suggested by the theoretical studies. In this paper
we aim to prove the technological feasibility of placing chemically
sprayed Au NPs between CdTe absorber and Te/Ni back contact and
to achieve enhanced efficiencies of CdS/CdTe solar cells.

2. Materials and methods
CdS/CdTe solar cells were fabricated in a superstrate configu-

ration [14,15] by close spaced sublimation (CSS) on Pilkington Tec
15 glass coated with a 200 nm thick fluorine doped tin oxide (FTO)



70 N. Spalatu et al. / Applied Surface Science 350 (2015) 69-73

layer. Films of CdS, 100-150 nm thick, were deposited at 400°C
from high-purity 5N CdS powder. CdTe films with a thickness
of 2-3 wm were deposited onto CdS layers from 99.999% purity
CdTe powder. Source material was heated in the graphite boat
by a tungsten coils connected to the main power supply through
temperature controller with K-type thermocouple. The substrate
was fixed at a distance of 7mm from the source material, which
also was heated by a similar system, while the type K thermo-
couple was placed above the substrate. The source and substrate
temperatures were kept at 600 and 450 °C respectively. The resid-
ual pressure in the main chamber during deposition was below
2 x 106 torr. The deposition time of each film was 5min, after
which the source and substrate heaters were switched off. The
chamber was opened after the temperature fell below 30°C. After
deposition the CdTe/CdS/FTO/glass samples were soaked in a satu-
rated CdCl, methanol solution (2.15 g/100 mL methanol), followed
by a 30 min heat treatment in air at 420°C in a two-zone tube fur-
nace. Anhydrous, 99.99% CdCl, was supplied from Alfa Aesar. The
heat treated samples were rinsed in deionized water and etched in
standard NP (H3P0O4:HNO3:H,0) solution to remove chloride and
oxide residues. After CdS/CdTe deposition and heat treatment in
CdCl;, Au NPs on the CdTe surface were formed by spray pyrolysis
as described in [12]. After the coating no drying or annealing was
applied for sprayed samples due to enough high temperature for
decomposition of AuCls. Finally, Te/Ni bi-layer back contact by ther-
mal evaporation was applied for CdS/CdTe cells. Tellurium prior to
back contact formation, is a heavily (p*) doped film at the back
surface of CdTe which aim is to reduce the Schottky barrier or to
moderate its width adjacent to the contact. The structure of the
plasmonic devices was glass/FTO/CdS/CdTe/Au NPs/Te/Ni. Several
plasmonic CdTe/CdS solar cells with sprayed Au NPs from differ-
ent amounts of HAuCl, solution (2.5-15 ml) were compared with
a similar devices without Au NPs.

The morphology of the CdTe film and CdS/CdTe cross-section
was investigated by scanning electron microscopy (SEM) Zeiss
EVO-MA15 at an operating voltage of 10kV, while the ele-
mental composition was analyzed by energy-dispersive X-ray

nm
H

spectroscopy (EDX) with the Rontec EDX XFlash 3001 detector and
the Oxford Instruments INCA Energy system. The crystallographic
structure of the films was studied by X-ray diffraction (XRD) with
a Rigaku Ultima IV diffractometer (Cu Ko radiation, A =1.5406 A,
40kV at 40 mA) in the Bragg-Brentano (6-20) geometry. The crys-
tallite size and lattice parameters were calculated using the PDXL
Version 1.4.0.3 software on the Rigaku system. Solar cells were
characterized by current-voltage (I-V) and external quantum effi-
ciency (EQE) measurements under AM1.5 simulated standard test
conditions. The quantum efficiency of the solar cells was measured
in the range of 300-1000 nm on a Newport Oriel kit that uses 300 W
Xe-lamp. The dispersed light from the Xe lamp, incident on the solar
cell as monochromatic light was optically chopped at 30 Hz.

3. Results and discussion

Au NPs with different shapes are randomly distributed and
partly agglomerated directly on the CdTe surface (Figs. 1 and 2).
A mean size of 30 nm for NPs was reached for the lowest quantity
of sprayed HAuCl, solution, whereas increased amounts of solu-
tion led these crystallites to coagulate into grains with size from
80nm to 100 nm. The size of these Au-containing grains corre-
sponds to the optimal theoretical diameter of 90 nm, which should
result in a 50% increase in absorption and a 36% increase in the effi-
ciency of a CdTe solar cell [2]. The analysis of phase composition of
the Au-sprayed CdTe surface indicated that an Au-containing grain
consisted of Au and intermetallic compounds of AuCd and AuTe;
as well as residuals of flux decomposition such as CdO, TeO, and
non-volatilized CdCl, (Fig. 3). The XRD results were confirmed by
EDX analysis (Table 1) which indicated to the 1:1 ratio of Cd and
Te in the reference structure and to the increased contamination of
the surface by oxides and chlorides with increasing amount of Au
solution from 2.5 to 15 ml.

It should be mentioned that after CdCl, heat treatment and etch-
ing of CdTe/CdS structure the surface of CdTe film remained smooth
without residuals (Fig. 2a), while in the case of HAuCl, sprayed films
the CdTe surface has been coated with a tightly adherent thin layer

Fig. 1. SEM images of sprayed Au on CdTe/CdS thin films (a-d) and on reference glass (e-h) from various amounts of HAuCl4 solution: 2.5, 5, 10 and 15ml. Insert 1 on (c)

represent a secondary particle grown in spray process and the area analyzed by EDX.
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Fig. 3. XRD pattern of full solar cell structures In/Ni/Te/CdTe/CdS/FTO/glass before
(reference) and after spray-coating with different amounts of Au solution (2.5, 5, 10
and 15 ml): m, CdS (JCPDS 01-089-0440); 4, CdTe (JCPDS 01-070-8043); o, Au (JCPDS
01-071-4614); *, AuCd (JCPDS 01-072-0833); *, AuTe; (JCPDS 03-065-2307); ¢, CdO
(JCPDS 00-005-0640; [J, TeO; (JCPDS 00-052-0795); CdCl, (JCPDS 01-089-1568); O,

Te (JCPDS 05-001-0207) Ni (JCPDS 01-071-4653); 0, In (JCPDS 00-70-2888).

Table 1

Elemental composition of CdTe/CdS structures sprayed with different amounts of

Au solution.
Sample Scanned area Elements, at.%

Ccd Te Cl Au (0]

Reference 300 x 300 wm 5046  49.48 - -
AuNP-2.5ml 300 x 300 um 4112 3835 1.78 083 17.92
AuNP-5ml 300 x 300 pm 31.55  31.00 484 170 3092
AuNP-7.5ml 300 x 300 um 29.91 29.86 517 200 33.06
AuNP-10ml 300 x 300 wm 2727  26.77 822 248 3525
AuNP-10ml Area 1onFig. 1c  60.94 - 39.06 - -
AuNP-15ml 300 x 300 pm 22,69 2279 959 3.17 41.76

(Fig. 2b). This surface layer is composed of aggregated grains about
200nm and their EDX analysis showed a significantly higher con-
centration of Cl compared to the large surface (Table 1 and Fig. 1c).
However, at the maximum amount of HAuCly solution (15 ml) this
surface layer became porous, substantially reducing the contacting
area of the back contact with CdTe (Fig. 2c).

In order to show the role of spray-deposited Au NPs onto CdTe
surface, including the effect of NP size and solution concentra-
tion, we followed the plasmonic effect for the CdTe-Au layers from
the spectral responces (Fig. 4). The absorption of the CdTe layer
was enhanced over the 400-1000 nm wavelength range when Au
NPs are sprayed on the top (Fig. 4b). The SPR peak at 570 nm was
observed only for CdTe-Au samples sprayed with 10ml and 15 ml
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Fig.4. Total transmittance (a) and absorption (b) spectra of CdTe films sprayed with
different amounts of Au solution: 2.5ml, 10 ml and 15 ml.

of HAuCly solution (Fig. 4a). For these amounts of HAuCly solution
the XRD patterns of CdTe-Au layers recorded greater intensity of
AuCd peaks. The 570 nm peak (Fig. 4a) shifts slightly to the red due
to the decreased separation of NPs [16] and to the increased size of
agglomerated Au crystallites at 15 ml Au solution. In addition, the
570nm peak became broader as the particle diameter increased
to 100 nm with increasing amount of sprayed HAuCl, from 10 ml
to 15ml (Fig. 1). This broadening was attributed to the enhanced
radiation damping by large particles [17].

When these CdTe-Au layers were used in a CdS/CdTe solar cell,
the EQE is enhanced in the region of 600-840 nm (Fig. 5) due to the
gain in optical absorptance induced by the SPR. A condition for this
effect to occuris alower refractive index of the scattering medium -
Au(1.5-0.2 [18]) compared to the absorbing medium - CdTe (3-2.6
[19]) and Te (4.8). When larger volumes of the Au-containing solu-
tion are sprayed (up to 15ml) onto the CdTe, a further relative
increase in the EQE is evident due to the previously mentioned
broadening of 570 nm peak of plasmonic resonance. Highest EQE
was revealed by the CdS/CdTe structure with 10 ml sprayed solu-
tion. At this amount of solution an optimal balance between the
size and distribution of Au NPs and additionally formed aggregate
grains (Fig. 2) caused a wide absorption band and a correspond-
ing EQE gain due to the overlapping plasmon resonances [20].
However the EQE spectra look similar for both 10 ml and 15 ml of
Au-containing solution onto CdTe, indicating that higher amount of
HAuCl, formed larger conglomerates with no change in the inter-
particle distance.

The representative photovoltaic [-V characteristics and param-
eters of the CdS/CdTe solar cell with and without Au NPs (Fig. 6 and
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Fig. 5. Normalized EQE curves of CdTe/CdS solar cells sprayed with different
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Fig. 6. J-V characteristics of CdTe/CdS solar cells with and without (reference)
sprayed Au NPs.

Table 2

Device results.
Sample Voe (MV) Jse (mA/cm?) FF (%) Eff (%)
Reference 740 224 50 83
AuNP-2.5ml 740 225 50 8.3
AuNP-5ml 740 22.7 49 8.3
AuNP-7.5ml 740 238 49 8.6
AuNP-10ml 740 24 50 8.9
AuNP-15ml 720 185 39 52

Table 2) indicate to a variation in the photovoltaic parameters of
plasmonic CdTe/CdS solar cell using different amounts of sprayed
Au solution. The conversion efficiency was gradually improved
from 8.3% to 9%, clearly determined by the enhancement of the Js.
value from 22.4to 24 mA/cm? (Table 2). The highest conversion effi-
ciency was reached for the CdS/CdTe solar cell with 10 ml HAuCly
solution. The same sample showed better absorption and EQE gain
(Fig. 5) due to the optimal balance between the size (80 nm) and
distribution of Au NPs.

When the amount of HAuCly solution was higher than the opti-
mal 10ml, both Js and FF values degraded due to the porous
surface layer that substantially reduced the contacting area of the

back contact with CdTe (Fig. 2¢). These results together with EQE
improvement suggest that the conversion efficiency enhancement
of plasmonic CdTe/CdS solar cell has been generated by the fun-
damental optical engineering via the incorporated Au NPs. We
also admit that the charge transfer at the back contact region
(Ni/Te/gold/CdTe) might be improved compared to the reference
back contact (Ni/Te/CdTe), but the presence of the resonant absorp-
tion peaks in the red/infrared region (Fig. 4) bring clear arguments
for the contribution by plasmon effect.

4. Conclusions

The chemical spray pyrolysis of HAuCl, ethanol solution was
shown to be a feasible and flexible method to deposit Au NPs of
30-100nm size onto CdTe surface. Also, the CdTe-Au layers were
implemented in a CdS/CdTe solar cell. The EQE of the solar cell was
enhanced in the range of 600-840 nm, highest EQE being revealed
by the CdS/CdTe structure with 10 ml sprayed solution. The same
amount of sprayed Au-containing solution onto CdTe has con-
tributed to the increase of Jsc and efficiency of plasmonical CdS/CdTe
solar cell from 22.4 to 24mA/cm? and from 8.3% to 9%, respec-
tively. This is attributed to the suitable size of Au NPs that cause
a large absorption and a corresponding EQE enhancement due to
the overlapping plasmon resonances. Higher amount of sprayed
solution (15ml) generates a porous surface layer onto CdTe and
degrades the photovoltaic parameters of CdS/CdTe SC. Additional
studies should be performed to better understand the influence of
Au NPs parameters on the final characteristics of CdS/CdTe solar
cells and to improve their efficiency.
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