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Cu(In,Ga)sSes (135-CIGS) layers with various thicknesses were deposited on the
surface of ~1.8 micron thick Cu(In,Ga)Se, (112-CIGS) photon absorber in the fabrication
of CIGS thin film solar cells. This significantly affects the shift of the optical band gap
energy from 1.15 eV (112-CIGS) to 1.19 eV, with only 10 nm thick of 135-CIGS capping
layer, leading to the increase in the open-circuit voltage (Vo) of the solar cells. The optical
transmission spectra show no sign of separated 135-CIGS layer. The maximum V. of 670
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mV of only 112-CIGS. The power conversion efficiencies of the devices covered with 135-
CIGS with thickness less than 80 nm are slightly lower than that of the uncovered 112-
CIGS solar cells due to lower generated photocurrents. The solar cell parameters become
dramatically deteriorate with thicker 135-CIGS capping layer. The XRD also shows the
shift of diffraction peak toward larger 2-theta without peak broadening or splitting when the
thickness of 135-CIGS is increased. The external quantum efficiency (EQE) measurements
indicate the shift of absorption threshold towards shorter wavelength when the thickness of
135-CIGS is increased that is consistent with the optical transmission measurements. The
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power dependence on the PL spectra. On the contrary, when the thin 112-CIGS layer is
deposited on top of 135-CIGS (112-CIGS/135-CIGS), the PL spectra show more
pronounced and resolved peaks which are surprisingly independent of temperature and
excitation power because of the interference effect. The thin 135-CIGS (1-200 nm) capping
layer on the 1.8 micron 112-CIGS films show the nature of p-type, while the thin 112-CIGS
(5-300 nm) capping layer on the 1.8 micron 135-CIGS films exhibit the nature of n-type.
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CHAPTER |
INTRODUCTION

1.1 Overview

At present, suitable clean resources such as renewable energy is indispensable
demand for taking the place of oil resource. Using of fossil fuels produce air
pollutants that are related to health risks as well as global warming by the increase in
green-house gas concentration, i.e., CO, NOx, SOy, etc. Therefore, a step forward in
the chasing of alternative energy resources in the cleanest and free from carbon such
as wind, marine energy, hydroelectric, geothermal and solar power are all important.
Today, many people are familiar with the photovoltaic cells or solar panels found on
space crafts or satellites, rooftops and handheld calculators and many other appliances
that generate electricity from the sunlight. Then, the solar energy is perhaps
appropriate for country receiving the sunlight throughout the year. The first-
generation solar cells, i.e., crystalline silicon (c-Si) is more efficient semiconducting
material used in photovoltaic technology for the production of solar cells. However, c-
Si in solar cell process requires high purity about 99.9999%, therefore, its production
cost has also increased. The second- and third-generation solar cells are based on
amorphous silicon, thin film solar cells, i.e., CdTe and Cu(In,Ga)Se; (112-CIGS), and
organic solar cell materials (recently by the perovskite solar cells) and multi-junction
solar cells, respectively, have been possible to reduce the production costs compared
to that of the first generation. These two latter generations continuously hold the
world record in solar cell performance. The evolution of world record of power
conversion efficiencies (PCE) and solar cell types is illustrated in Fig. 1 [1]. Thin film
solar cells have received attentions until present time, especially CIGS thin film solar
cells. The world’s record in 2017 of laboratory cell efficiency for CIGS is 22.9% by
Solar Frontier, a company based in Japan. At the latest, there is a new world record
for CulnSe> (CIS) thin film solar cell efficiency [2]. These gain in efficiency of both
CIGS and CIS thin films in the latter are due to the improved post-deposition
treatment of the film surface with alkaline metal compounds [3, 4]. CIGS is usually
used as a photon absorber layer for CIGS thin film solar cell devices. Its band gap
energy can be tuned from 1.02 to 1.66 eV by varying the ratio of group-I1l elements (x



= [Ga]/([Ga]+[In])) that lies within the structure of CulnSe, (Eq = 1.02 eV) and
CuGaSe, (Eq = 1.66 eV) as shown in Fig. 2 [5]. Theoretically, the CIGS thin film
solar cells have a potential to achieve higher efficiency if its band gap energy is
appropriately adjusted to match the solar spectrum. However, the performance of high
efficiency CIGS solar cells is confronted with the limitation of increasing open-circuit
voltage (Voc) and short-circuit current density (Jsc). These are two competing
parameters and difficult to increase simultaneously. The alternation increase in the Voc
with larger band gap energy of CIGS absorber can cause photocurrent loss. The
increase in Js also causes the reduction in Voc. There are several attempts in recent
years to increase both Voc and Jsc by tuning of conduction band energy, e.g., front
band gap grading, back band gap grading and double grading. However, it is difficult
to control the precise fluxes of Ga and In to achieve the conduction band grading. The
minimum front grading should be contained within the space charge region (SCR)
without losing fill factor (FF) and Jsc [6]. However, there is one technique that can
also enhance both Voc and Jsc that can be achieved by the modification of the surface
of 112-CIGS absorber by introducing Cu(In,Ga)sSes (135-CIGS) layer. This phase is
unexpectedly found on 112-CIGS absorber, especially Cu-poor film, and it is also
called B-phase for CIGS structure. Theoretically, 135-CIGS are believed to induce the
valence band offset at the interface region [7]. It has been interesting for a long time,
however, the study of this defect layer in detail is quite minimum. Then, the effect of
135-CIGS defect layer on 112-CIGS absorber is an important issue for this

dissertation.
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1.2 CIGS Thin Film Solar Cells
1.2.1 Brief History of Cu(In,Ga)Sez Solar Cells

There is a long history of research and technological development based on
CIGS thin film because CIGS can offer an exciting opportunity for the improvement
of efficiency and relatively lower-cost of solar cells. Dating back in 1975, a CulnSe;
(CIS) single crystal was evaporated by a layer of CdS, Bell laboratory scientists
eventually achieved 12% of PCE [8]. During 1983-1984, Boeing Corporation
reported higher efficiencies by evaporating gallium (Ga) into the CIS structure. Ga
could increase Voc and FF corresponding to higher band gap energy [9, 10]. Before
1990, Arco Solar developed a deposition-reaction process using Cu and In metallic
precursors, subsequently, feeding by H>Se. During the process, the absorber layer was
doped with Na. It gave better efficiencies to about 15% [11]. Then, in 1995, Na
containing glass such as soda-lime glass (SLG) became a standard substrate for CIGS
thin film solar cell [12], because it contains a Na up to 15% of NaO,. However, in
1994, the modification method of CIGS thin film fabrication for efficiency above 20
percent called 3-stage process was created by the scientists at National Renewable
Energy Laboratories (NREL), USA [13]. In parallel, there are many researches trying
to improve the performances of CIGS thin film solar cells by doping sulfur (S) to
selenium (Se) position. Sulfur could widen Eg at the interface by tuning Eq from 1.02
eV to 1.52 eV. As a result, this technique can suppress the recombination at the
interface region [14, 15]. Nonetheless, the sulfurization requires the use of toxic H2S
gas to supply sulfur to the Cu(In,Ga)(Se,S). films. This technique may not be
preferred for the absorber fabrication in a large scale. However, the development of
CIGS efficient solar cell has never been stopped up until this time. There are a large
number of research laboratories and companies studying subvariant techniques or
processes leading to higher performance of CIGS absorber layer. The highest 22.9%
PCE as stated above was achieved by the surface modification after the completion of
the 3-stage absorber fabrication or post-deposition treatment with alkaline metal
compounds [3]. The post-deposition treatment can also form a Cu-depleted layer and

modify the chemical composition at the surface region and thereby Jsc benefit.
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Figure 2: Theoretical efficiency for various types of solar cells depends on band gap

energy [5].

1.2.2 Cu(In,Ga)Se: Solar Cell Structure

The typical components of CIGS solar cell comprise six main components as

shown in Fig. 3, from bottom to top;

(1) Substrate: the most common substrate is soda-lime glass (SLG). It has
well-matched thermal expansion coefficient as Cu(In,Ga)Sez [16] (SLG= 9x10° K,
CIGS= 11-13x10° K™). The highest limitation of thermal stability allows process
temperature up to around 600°C. The SLG acts as a Na source that can diffuse into
the CIGS layer through the molybdenum (Mo) back contact layer during the CIGS
deposition process. With appropriate doping of Na, it results in larger CIGS grain
size, preferential orientation [17], carrier concentration [18], group-Ill elements
gradient [19], leading to higher efficiency devices. Moreover, alternative substrates,
e.g., polymers and metal-foils can be used to replace the SLG in the sense of low

weight and flexibility.

(2) Back contact: molybdenum (Mo) is most widely used as a back contact

electrode because of its comparatively low-cost, high melting point above 2500°C and



low diffusivity. Mo is generally coated on SLG substrate by DC magnetron sputtering

technique with typical thickness of 0.5-1.0 um.

(3) p-type CIGS absorber: following molybdenum layer, there are two
common processes are usually formed CIGS film: (i) Co-evaporation where Cu, In,
Ga and Se are simultaneously evaporated during deposition. (ii) Deposition reaction
where a precursor metal film reacts with the selenium from the selenization in a
second step. However, the 3-stage co-evaporation technique is the most efficient
method to date to achieve high CIGS solar cell performance. This technique will be
described in details in Chapter Ill. A typical thickness of CIGS absorber layer is
approximately 1.8—-2.0 um.

(4) CdS buffer layer: is usually deposited by chemical bath deposition (CBD)
technique. CBD of CdS gives the best performance and most reliable solar cells. The

absorber is completely covered by CdS with a film thickness of 50 nm.

(5) Window layer: the CIGS solar cell consists of two window layers, i.e., the
high resistance ZnO or intrinsic ZnO (i-ZnO) and the low resistance aluminum doped
n-type ZnO(Al). These are deposited after the buffer layer. ZnO(Al) layer provides
maximum electrical conductivity at minimum optical absorption. The window layers
are commonly formed by RF magnetron sputtering with a typical thickness of i-ZnO
and ZnO(Al) approximately 50 nm and 200 nm, respectively.

(6) Front-contact electrode: Al is usually used as a metal front contact by
employing thermal evaporation of Al through a shadow mask. The front-contact
electrodes can increase the collection of the electrical current. A typical thickness of
Al layer is approximately 2 pm.

Further details of the processing steps in each layer are explained in Chapter
.
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Figure 3: Schematic of Cu(In,Ga)Se> thin film solar cell structure.

1.3 Role of 135-CIGS

The beginning point of consideration 135-chalcopyrite composition was
exposed by Schmid et al. in 1993 [20]. They found a polycrystalline CulnSe; thin film
with slightly Cu-poor composition at the surface. It exhibits a Cu-deficient surface
with a 1:3:5 stoichiometry of CulnsSes (135-CIS); whereas the bulk material is 1:1:2
stoichiometry of CulnSe, (112-CIS). Then, they replaced the model of
chalcopyrite/defect-chalcopyrite heterojunction from the previous model of the 112-
CIS/CdS heterostructure. The 135-CIS and 135-CIGS are normally known as an
ordered defect compounds (ODCs). It has a wide band gap energy in the range of
1.30-1.50 eV. These ODCs may be one of the factors that can help improving the
CIGS solar cell performance. Evidentially, the Cu-depleted surface can induce the
defect layer by shifting the valence band that was further studied by Schmid’s group
[20]. The valence band offset can increase the band gap at the interface and thus
improve Vqc. This effect causes a shift of the regime p = n into the absorber and then
push away from the defect region at the CdS/CIGS interface. It results in a decrease in
the recombination rate, because the valence band offset acts as a large transport
barrier for holes, keeping them away from the interface [7, 21]. This Cu-depleted
region is well-matched to the n-type CdS semiconductor. Then, a defect phase, i.e.,
CulnsSes (135-CIS) or Cu(In,Ga)sSes (135-CIGS) which appears to be intrinsic or

slightly n-type could form a pseudo-homojunction as shown in Fig. 4.



There are a lot of researches that study the 135-chalcopyrite composition
through the single crystal or polycrystalline structure, e.g., CulnzSes, CuGasSes and
Cu(In,Ga)sSes films in order to understand the physical, optical, crystallographic
phase, and electrical properties.

For example, in 1995, Negami et al. studied the structure, optical and
electrical properties of the 135-CIGS films as a function of Ga content (X =
[Ga]/([Ga]+[In])). They found the films with x ratio lower than 0.5 are certainly
appeared with that ordered vacancy chalcopyrite and they also showed that the
conductivity of the film was about 10%/Q-cm for x < 0.3 and 107/Q-cm for x > 0.3
[22]. Afterwards, the comparison of structural and optical for CulnsSes and
Cu(In,Ga)sSes single crystals were determined by other groups. The lattice constants
of Cu(In,Ga)sSes are slightly lower than those of CulnsSes. The band gap energy
evaluated from optical absorption shows 1.26 and 1.40 eV for CulnsSes and
Cu(In,Ga)sSes, respectively [23, 24]. Moreover, the excitation-dependent and
temperature-dependent photoluminescence was also observed for CulnzSes film. The
dominant transition type of donor to acceptor (D-A) was the signature for CulnsSes
film [25, 26]. Additionally, several researches have reported the surface defect
chalcopyrite or ordered defect compound that always forms spontaneously in growing
a slightly Cu-poor (y = [Cu]/([Ga]+[In])) film in range 0.90 to 0.98. Later then, in
1993 up until present time, some groups need to identify the existence of 135-CIGS
layer. Then, there are several techniques substantiate the existence of 135-CIGS
defect layer counterpart with its effect on the CIGS absorber. Those techniques are,
for examples, cathodoluminescence [27], atom probe tomography [28], X-ray
photoelectron spectroscopy (XPS) [29], convergent-beam electron diffraction [30],
grazing incident X-ray diffraction (GIXRD) [31], Rietveld refinement method [32]

and positron annihilation spectroscopy [33].



24eV Culn, ;Ga, ;Se,

3.3 eV Defect layer with valence
band offset due to Cu
depleted surface

Figure 4: Schematic of band diagram of Cu(In,Ga)Se. thin film solar cell with
valence band widening at CdS/CIGS interface.

Moreover, it has been reported how 135-chalcopyrite composition has an
effect on the 112-chalcopyrite thin film solar cells. In 1998, the effect of CulnsSes
with various thicknesses on CulnSez thin films and devices was investigated by
Kwon’s group research. The optimum device yielded a solar efficiency of 8.46
percent with a thin CulnsSes capping layer of 100 nm. They found the reduction of
cell efficiency as CulnsSes layer increased [34]. This similar observation was also
found in the work of Islam and his group. They studied the effect of group-I1l element
ratio and selenium flux over the formation of Cu(In,Ga)sSes on the CIGS film. They
discovered an appropriate thin layer of this defect phase that would play the important
role for high efficiency and this phase tended to increase with the decrease in Se flux
[33]. In 2015, Nishimura et al. inserted Cu(In,Ga)sSes at CdS/CIGS interface for 1.4
eV band gap energy of CIGS. The highest conversion efficiency of 14.4 percent and
Voc 0f 720 mV was reported for 30 nm thick of 135-CIGS layer. They suggested that
there may have a valence band offset at the interface. By inserting a wide-gap layer of

135-CIGS, it can decrease a recombination rate by repelling holes from the interface
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[35]. Then, the thickness of 135-CIGS on 112-CIGS absorber is the main key factor

under study for this dissertation.

1.4 Motivation and Scope of This Dissertation

The 135-chalcopyrite composition was discovered by chance on the surface of
112-composition absorber for which the film was a slightly Cu-poor composition
[20]. The ODC is considered to play an important role in improving the performance
of the CIGS thin film solar cells. Then, there have been several attempts in many
years trying to understand and needing to confirm the appearance and effects of 135-
chalcopyrite composition, i.e., CulnzSes, CuGasSes and Cu(In,Ga)sSes by various
methods previously mentioned. However, those characteristics have not been yet
adequate or less report on optical properties and photovoltaic efficiency versus the
quantity of this ODC. Thus, in this dissertation, ultra-thin Cu(In,Ga)s;Ses (135-CIGS)
films of various thicknesses are intentionally deposited on the 112-CIGS absorber
surface. The effects of 135-CIGS layer on 112-CIGS thin films on the performance of
CIGS solar cells are investigated. The optical properties of the films are examined by
optical transmission and reflection spectroscopy as well as photoluminescence (PL)
technique. The first tools are used to obtain the optical band gap energy (Eg) of the
materials while the latter technique is used to probe the radiative recombination
transitions for the defect states or impurity levels of the 135-CIGS/112-CIGS
heterostructure. The various thicknesses of 135-CIGS on 112-CIGS are the main key

factor for this research.

Importantly, it is indispensable to couple the relationship with the 112-CIGS
solar cell performances and the properties of 135-CIGS with respect to its thickness

via the optical characterizations.

The chalcopyrite absorber layers either 135-CIGS or 112-CIGS are fabricated
by molecular beam deposition (MBD) technique. The effects of 135-CIGS on 112-
CIGS are also explored by atomic force microscope (AFM), X-ray diffraction (XRD),
scanning electron microscope (SEM), energy dispersive X-ray diffraction
spectroscopy (EDS), J-V characteristic and external quantum efficiency (EQE)

measurements.
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1.5 Objective of the Research

The objectives of this dissertation are

1. To fabricate and verify the existence of Cu(In,Ga)sSes ultra-thin layer capping on
Cu(In,Ga)Se; thin films,

2. To describe effects of Cu(In,Ga)sSes ultra-thin layer on Cu(ln,Ga)Se> thin films on
their optical and photovoltaic properties.

1.6 Dissertation Outline

This dissertation consists of six chapters. Chapter | covers the introduction of
this research, i.e., CIGS thin film solar cells, literature reviews based on the role of
135-chalcopyrite structure, motivation and scope of this dissertation. Chapter Il
describes the background of 135- and 112-chalcopyrite materials, CIGS band gap
profiling techniques, optical band gap -calculation, photoluminescence, current
density-voltage characteristics of solar cells, 3-stage process of CIGS absorber
fabrication and molecular beam deposition technique. Chapter Ill introduces the
experimental details of the fabrication of absorbers and solar cells. The calibrations of
molecular constituents for the CIGS absorbers are explained in details. The
characterizations of the samples are described. Chapter 1V presents the results of the
macroscopic measurements for 112-CIGS, 135-CIGS and 135-CIGS/112-CIGS
heterostructure via SEM, AFM, optical transmission and reflection, EDS and XRD.
Moreover, the results of the solar cell devices will be determined by the J-V
characteristic and the EQE measurements. Chapter V shows the consequences of 135-
CIGS/112-CIGS and 112-CIGS/135-CIGS in their microstructure, i.e., defect states
by means of the photoluminescence (PL) technique. Finally, in chapter VI, the
important results are summarized and the prospect guidelines for future research will

be given.



CHAPTER Il
BASICS OF Cu(In,Ga)Sez; MATERIALS, SOLAR CELLS,
AND GROWTH PROCESSES

The relevant structural properties of CIGS system through the I-111-VI1, phase
diagram is described in this chapter. Besides, methods for the fabrication of CIGS
absorber are mentioned. Thereafter, the approaches of CIGS band gap grading
techniques are presented. Then, the overview of optical and photovoltaic properties of
CIGS materials is given. It is the basic for understanding and explaining the behavior
of Cu(In,Ga)sSes (135-CIGS) effects on CIGS absorber and CIGS thin film solar

cells.

2.1 Structural Properties

2.1.1 Crystallographic Structure of Cu(ln,Ga)Se. Compounds

The crystal structure of CulnSe. materials is the I-11I-VI> (ABC») ternary
compounds. It virtually exhibits either tetragonal with space group of 142d , that is a
chalcopyrite structure or the doubling cubic unit cell of zinc blend structure with
space group F43m, that is a sphalerite structure. A and B-metallic atoms are
tetrahedrally coordinated to four C non-metallic-atoms while each C-atom is
tetrahedrally coordinated to two A-atoms and two B-atoms as depicted in Fig. 5. The
c-axis (z direction) of the tetragonal chalcopyrite structure is not exactly twice of the
a-axis (x and y direction). It is generally slightly less than twice of the dimension
along the a-axis, i.e., ¢ <2a. The primitive unit cell has eight atoms and is four times

as large as the primitive unit cell for the sphalerite structure.

The substitution of Ga atoms into In lattice sites in the CIS structure can form

the alloying of Culni.xGaxSe> where x can vary from 0 to 1 and cause the reducing of
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Figure 5: (a) sphalerite or zinc blend (X= Zn atom (Cu or In) and Y= Se atom) and
(b) Chalcopyrite (A= Cu, B=In and C= Se atom [5].
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Figure 6: Lattice constant of a- and c-axis as a function of the composition parameter
of x in the CulnixGaxSez alloys ([36] and references therein).
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lattice constants (a and c). Since, the atomic size of Ga is smaller than In, the unit cell
size of CIS is decreased. The estimated lattice constants of a-axis and c-axis obey
Vegard’s law and the data are proportional to x composition or group-I11 atomic ratio,
i.e., x =[Ga]/([Ga]+[In]), as shown in Fig. 6. These results agree with other researcher

by the error of the lattice constants less than 0.001 A [36].

2.1.2 Phase Diagram of Cu-In-Ga-Se Material System
2.1.2.1 The Cu-In-Se Material system

The fundamental of Cu-In-Ga-Se system is similar to that of the Cu-In-Se
system. The Cu-In-Se phase is closely related with the pseudobinary section between
the Cu.Se and In,Ses compounds, and centered on the equimolar composition

corresponding to CulnSey, as illustrated in Fig. 7.
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Figure 7: Phase diagram along the CuzSe-In,Sez pseudobinary section of the

Cu-In-Se material system ([37] and references therein).
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The crystal structure of a-CIS phase is a adamantine chalcopyrite structure
(yellow zone) as compared to 5-CIS and B-CIS, The 5-CIS phase is a sphalerite which
IS unstable at room temperature. The 3-CIS single phase exhibits a melting
composition for 1005°C at 52.5 mol% of In2Sez. The B-CIS phase such as CuzlnsSes
and CulnzSes are also sometimes referred to “Ordered Defect Compounds” (ODCs)
that have the Cu atomic ratio (y = [Cu]/[In]) of about 0.30 while y-CIS is the
persistence of a close packed lattice of Se atoms, i.e., CulnsSes. However, the
occurrence of In binary compound In.Ses mixed with y-CIS phase can be appeared
along the CuzSe-In,Ses pseudobinary section. The single phase chalcopyrite CIS will
exist around 50.8-53.0 mol.% of In.Sez (Cu at.% from 25.4 to 26.5), correspondingly,
the Cu atomic ratio lies approximately between 0.97 and 0.88 as well as in the
temperature range from room temperature to 780°C. The CulnSe, phase along CuzSe
exists for [Cu]/[In] > 1, including the stoichiometric composition that has two-phase

mixture of Cu-deficient a-CIS and CuzxSe [37].

2.1.2.2 Defects in Cu-In-Se Material system

The defects that happen in the formation of this material system are induced by
the composition of the atomic concentration. For the CIS material, it could be made either n-
or p-type; p-CIS materials with low resistivity (o ~0.5 Q-cm) and high mobility of minority
carriers (e > 500 cm?V-1s1). By transforming p- to n-type, it is easily achieved by annealing
CIS in vacuum or In-atmosphere because of antisite defects, e.g., In in Cu lattice sites (Inc.)
that is the donor type defects [38]. Based on the defect chemistry model of the nearly
stoichiometric compound CIS; Rincon et al.[39] proposed the deviation of composition from
the ideal formula CIS that could be described by two parameters, the molecularity deviation
(4Am) and the stoichiometry deviation (A4S). The first parameter explains the deviation of Cu

and In compositions from the nominal CIS, as define in Eq. 2.1;

Am = [Cu] -1, (2.1)
[In]
where [Cu] and [In] are the total atomic concentrations of Cu and In atoms,
respectively. In the case of regular CIS, an excess of Cu compositions or Cu-rich

gives Am > 0, meanwhile an excess of In compositions, Cu-poor film gives Am < 0.
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Table 1: Majority defect pairs in CulnSe; under the excess In compositions with an

excess or deficiency of selenium (4S) ([39] and reference therein).

Majority defect pair Stoichiometry deviation
Acceptor Donor (49)
Vcu Incy <0
Vcu Vse <0
Vcu Ini >0
Sei Inse >0
Sei In; >0

Table 2: Formation energies of intrinsic defects in CulnSe> ([39] and reference

therein).
Types of defects Formation energy (eV)

Vse 2.4

Vacancies Veu 26
Vin 2.8

Cui 4.4

Interstitials In; 91
Sei 224

Incu 14

Cun 1.5

Antisites Inse 5.0
Sein 5.5

Secu 7.5

Cuse 7.5
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Another parameter that describes the film composition whether there are more

supplied (A4S > 0) or deficient (4S < 0) selenium atoms is defined in Eq. 2.2;

2[Se]

T [Cul+3In] @2)

where [Se] is the total atomic concentrations of Se atoms. According to these
parameters, the possible majority defect pairs which can be present under Am < 0 are
summarized in Table 1 and satisfied the defect activation energy (formation energy)
in CIS given in Table 2, where the last two possibilities Se interstitials and In on Se

lattice sites are less probable to form due to unfavorable high activation energy.

2.1.2.3 The Cu-Ga-Se Material System

The phase diagram of the Cu-Ga-Se material system has not been
investigated widely in detail. However, in the earliest study, the Cu-Ga-Se phase was
restricted to the pseudobinary Cu.Se-Ga,Ses section within the ternary phase field.
The chalcopyrite phase of CGS is extended further towards Cu-poor composition
(20.7% of Cu atomic content) that is lower than that in Cu-In-Se system, as illustrated
in Fig. 8. The appearance of phases on the Cu-poor side is not less complicated than
that of the Cu-In-Se system. The additional phases that exist in the phase diagram are
CuGasSes, CuGasSes and GaoSes all of which correspond to disordered zinc blend

(sphalerite) crystal structure.

Interestingly, from the phase diagrams, the melting point of CuGaSe; (Tm ~
1050-1030°C) is higher than that of CulnSe; (Tm = 986°C). Investigating at the same
temperature for the growing film, the lower Tsw/Tm ratio appears for the CGS
structure. It is not wondering that growth of high-quality CGS films seems to be more

difficult than growth of CIS films and thus leading to smaller CGS grain sizes.
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Figure 8: Phase diagram of Cu»Se and GaxSes for a formation of CGS compounds

([37] and references therein).
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2.1.2.4 The Cu-Se Material System

Cu-Se phase is frequently found in the Cu-rich ternary compound
composition. It can exhibit in two types; Cu>xSe and CuxSe phases. By the
investigation of the microstructure of CIGS grown with the 3-stage process, Cuz.xSe
has the cubic phase and resides on the surface and grain boundaries of CIGS structure
when Cu atoms exceed stoichiometry. CuxSe has the tetragonal structure and resides
along the CIGS grain boundary which is formed during the second stage [41]. The
liquid Cu-Se phase appears at temperature exceeding 523°C (796K), which enhances
CIGS grain growth by a vapor-liquid-solid growth mechanism by improving mobility
of the constituent atoms in the liquid phase. At temperatures lower than the melting
point, many CuxSe phases co-exist depending on the temperature and weight percent
of Cu and Se, as illustrated in Fig. 9. At present, the role of Cu-Se phase on grain
growth and atomic inter-diffusion (Cu, In and Ga) remains unclear, however, it is

believed as a “quasi-liquid” phase that enhances high diffusivity of elements.

2.2 Optical Properties of CIGS Thin Film
2.2.1 Optical Absorption

When a semiconductor is illuminated with light, the photons may be absorbed
or they may propagate through the semiconductor, depending on the photon energy
and the band gap energy (Eg). Generally, if the photon energy (hv) is less than Eg, the
photons are not readily absorbed. In this case, the light is transmitted through the

material and the semiconductor appears to be transparent.

‘?%&
. 1
A : 7y Ec
| 1 1
hv : I l
VATV I i B
I I : :
| | 1 1
| 1 1 *
5 5 o) Ev
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Figure 10: Optically generated electron-hole pair formation in a semiconductor.
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Figure 11: Optical transmission in a differential length.
If the photon energy is equal to or greater than Eg, the photon can interact with
a valence electron leading to a transition of electron to the conduction band. This
interaction creates an electron in the conduction band leaving a hole in the valence
band, i.e., forming an electron-hole pair. The basic absorption processes for different
values of hvare shown in Fig. 10. When hv > Eg4 an electron-hole pair is created and
the excess energy may give the electron or hole additional kinetic energy, which will

be dissipated as heat in the material.

Moreover, when light travels through semiconductors, the transmitted
intensity of light decreases depending on the photon energy. An incident photon
intensity at a position x and the emerging photon intensity at a distance x+dx is shown

in Fig. 11. The energy absorbed per unit time in the distance dx is given by
al (x)dx, (2.3)

where « is the absorption coefficient of a material. The absorption coefficient is the

relative number of photons absorbed per unit distance, given in unit of cm™.

From Fig. 11, we can write
I (x+dx)—1(x) =¥~dx=—al(x)dx, (2.4)
X

or

di(x) _
dx

—al(X). (2.5)
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If the initial condition is given as 1(0) = lo, then, the solution to the differential

equation is
[(X)=1,e"". (2.6)

The intensity of the photon decreases exponentially with distance through the
material. If the absorption coefficient is large, the photons are absorbed over a

relatively short distance.

The absorption coefficient in the semiconductor is a very strong function of
photon energy and band gap energy. The absorption coefficient « plotted as a
function of photon energy for several semiconductor materials is shown in Fig. 12
[42]. The absorption coefficient increases very rapidly for hv > Eg. The absorption
coefficients are very small for hv < Eg, so the semiconductor appears transparent to

photons in this energy range.
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Figure 12: Absorption coefficient spectrum for various types of semiconductors [5].
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There are several methods to determine the absorption coefficient («). The
transmission measurement as a function of wavelength is mostly used. It can be used
to evaluated a refractive index, thickness (one or another) and band gap energy of

semiconductor materials.

The optical band gap energy can be determined from the absorption
coefficient that corresponds to a band-to-band transition. There are two kinds of
transitions, i.e., direct and indirect in which one is allowed and another one is

forbidden transition. The relation for the optical transition is given by
ahv=A(hv-E,)’, (2.7)

where A is a constant, y = 1/2 for direct allowed transitions, y = 3/2 for direct
forbidden transitions, y = 2 for indirect allowed transitions and y=3 for indirect
forbidden transitions [43]. The allowed transitions with y=1/2 are typically dominated
the basic absorption process. Then, the direct band gap energy (Eg) of a
semiconductor can be obtained using Tauc plot from the intercept of the extrapolation
of a straight line on hv axis for the plot of hvand (ah1)? [44-46].

In addition, the absorption coefficient (a) is determined by measuring the
transmittance (Tmeas) Of normally impinging light. There is no universally accepted
formula for its calculation. However, there are only three formulas that are used to

estimate the absorption coefficient as the followings [43]

a:—%ln[Tmeas], (2.8)
or a:—lln _Toess : (2.9)
d _(l_Rmeas)
1. [ 7
or =—=In| —m=& | 2.10
¢ d _(1_ Rmeas)2:| ( )

where d is the sample thickness, Tmeas IS the measured transmittance of the sample and

Rmeas 1S the measured reflectance from the photon incident surface of the sample.
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These formulas are approximation in applying any of them for a particular
structure. In thin film materials, the absorption coefficient can be calculated from Eq.
(2.10) due to multiple reflections and transmissions at both the top and bottom
surfaces as shown in Fig. 13. The transmission coefficient (T) is defined as the ratio of
transmitted to incident intensity, I/lo. If thin film has a thickness d, an absorption
coefficient (), and a reflectivity (R), the radiation traversing the first interface is (1-
R)lo, the radiation reaching the second interface is (1-R)loe™®, and only a fraction (1-

R)?loe® , (1-R)?R?lpe** and so on emerges; then
I, =(1-R)’I,e*" + (1-R)’R?l e + (1-R)*R*1 ™ +...,
I, =1,1-R)’e “[1+R%*™ + R + R%*" +..],
I, = 1,1—R)*e “/[1+ (R’ ')+ (R%**)* + (R% )’ +...]. (2.11)

Let x = R? &2 and use the Taylor’s series,

f(x):i:Zx”=1+x+x2+..., (2.12)
1-x n=0
then Eqg. (2.11) becomes
I, (1-R)’e ™™

L= . 2.13
I, 1-R%e™> (213)
When the product ad is large, one can neglect the second term in the denominator;
thus

T =:—tz(1— R)?e ™, (2.14)
0

then we obtain a:—iln LSZ .
1-R

meas )
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Figure 13: The multiple reflections and transmissions of thin film with film thickness
d.

Furthermore, the estimated band gap of Cu(Ini1xGax)Se2 (CIGS) absorber thin
films varies from 1.02 to 1.66 eV with increasing Ga contents among CulnSez (x = 0,
Eg= 1.02 eV) and CuGaSe, (x = 1, Eg= 1.66 eV). The variation of band gap with
function of Ga or In composition in the Cu(Ini1xGax)Se2 grown by the 3-stage process
shows 1.0, 1.14, 1.20 1.40 and 1.60 eV for x values of 0.11, 0.29, 0.46, 0.76 and 1,
respectively [47]. In term of x compositions, with increasing Ga content, the
absorption edge moves toward shorter wavelength because of the increasing of Ga
content in the CIGS films [34].

2.2.2 Photoluminescence Technique

Photoluminescence (PL) is a technique to detect and identify probable defect
states in semiconductor materials. PL describes the photon emission processes after
the material being irradiated with photons (usually ultraviolet or visible laser). It relies
on the creation of electron-hole pairs by incident radiation and subsequent radiative
recombination photon emission. Photons of a particular energy that are absorbed or
emitted by a sample provide evidence of electronic states differing by that energy
within the band gap. The radiative emission intensity is proportional to impurity
density [48].
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Figure 14: Radiative recombination paths: a) interband transition, b) donor to
valence band transition, c) conduction to acceptor band transition, d) donor to
acceptor band transition and €) conduction to intermediate band or intermediate to

valence band transition.
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Depending on the defect or impurity, the state forms as a donor or acceptor of
excess electrons or holes in the crystal. Electrons or holes are attracted to the excess
or deficiency of local charge due to the impurity nucleus or defect, and thus Coulomb
binding occurs. Fig. 14 shows a simplified sketch of the tentative PL recombination
paths for intrinsic and impurity transitions. When the temperature is sufficiently low,
carriers will be trapped at these states. If these carriers recombine radiatively, the
energy of the emitted light can be analyzed to determine the energy of the defect or
impurity level as shown in Fig. 14. Shallow levels that lie near the conduction or
valence band edge are more likely to participate in radiative recombination; however,
the sample temperature must be small enough to discourage thermal activation of
carriers out of the traps. Deep levels tend to facilitate non-radiative recombination by
providing a stop-over for electrons making their way between the conduction and

valence bands by emitting phonons.

When the sample temperature is decreased from room to low temperature or
conversely in PL measurement, the thermal activation energy of the defect state for
the emission peak corresponds to

IS 1 , (2.15)
I, [1+Cexp(-AE)/kgT]

where It is the intensity of photoluminescence peak at temperature T, lo is the
radiative intensity at T = 0 K, kg is the Boltzmann’s constant (1.38x102 J/K), C is a

constant and AE is the thermal activation energy of the donor or acceptor.

In the case of donor-acceptor pair (DAP) transition in the semiconductor
materials, the activation energy levels of the donor and acceptor can be written by
e2

hv=E,—(E,+E,)+ , 2.16
g ( D A) 4721_80((;‘r ( )

where Eg is the band gap energy, Ep and Ea are the donor and acceptor ionization
energies, respectively. The last term corresponds to the Coulomb’s interaction
between the pair, r is the distance between the donor and acceptor that involves in the
transition, & and & are the dielectric constant of the vacuum and material. When r is

small, individual pair line may be observed. When r becomes larger, the emission
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usually merges into a broad band as shown in Fig. 15. The peak energy of the broad

band corresponds to the suitable separation of the pair.

The transition from donor levels to valence band or acceptor levels to
conduction band can be related to

hv=E, —Ep , +ksT, (2.17)

where Epa represents the activation energy of either donor (D) or acceptor (A). This
is known as the free to bound transition (FB). It can be referred to a free electron
recombines with a hole bound to an acceptor or a free hole recombine with a donor

bound to an electron.

2.3 Photovoltaic Devices
2.3.1 P-N Junction of a Solar Cell

-------- +H++++++
-------- ++++++++
P |-------- ++++++++ n
________ +H++++++

-------- ++++++++

I I
fe— Space Charge Region —]
I
I
1

E- field |
< |
1

Figure 16: The structure of the p-n junction with the space charge region (SCR) and
the electric field due to the charged carriers.

When a p-type and an n-type semiconductors are brought in contact with
one another, they form a p-n junction. In other words, one region is doped with
acceptor impurity atoms to form the p region and the adjacent region is doped with
donor atoms to form the n region as shown in Fig. 16. There is a very large density
gradient in both electron and hole concentrations. Majority carrier electrons in the n
region will begin diffusing into the p region, and majority carrier holes in the p region
will begin diffusing into the n region. As electrons diffuse from the n region,

positively charged donor atoms are left behind. Similarly, as holes diffuse from the p
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region, they uncover negatively charged acceptor atoms. The net positive and
negative charges in the n and p regions induce an electric field in the region near the
p-n junction, in the direction from the positive to negative charge, or from the n to p

region.

The net positively and negatively charged regions are referred to as the
space charge region (SCR). Essentially, all majority charge carriers are swept out of
the SCR by the electric field except for minority charge carriers. Since the space
charge region is depleted of any mobile charge, this region is also referred to as the
depletion region, where the built-in potential barrier (Vpi) is created in order to
maintain the equilibrium between majority carrier electrons in the n region and
minority carrier electrons in the p region, and also between majority carrier holes in
the p region and minority carrier holes in the n region [49]. In this work, CIGS is the

p-type semiconductor while CdS is the n-type counterpart.

2.3.2 The Equivalent Circuit and Characteristic of Solar Cell

A solar cell is a p-n junction device with no voltage directly applied across the
junction. It converts photon energy into electrical energy that can deliver to a load.
Important parameters of a solar cell are short-circuit current density (Jsc), open-circuit

voltage (Voc), fill factor (FF) and the poer conversion efficiency (7).

Without illumination, the dark current of p-n junction is given by the ideal

Shockley diode equation
‘]dark (V) = ‘]o(qu/kBT _1)| (218)

where Jgark IS the dark current density, Jo is the reverse saturation current density
(constant), g is the electrical charge, V is the applied bias voltage, kg is the

Boltzmann’s constant (1.38x1023 J/K) and T is the temperature of the device [50].
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Figure 17: (a) Equivalence circuit of solar cell and (b) J-V characteristics of a p-n

junction solar cell.
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Figure 18: A plot of open-circuit voltage (Voc) and band gap energy (Eg) for various
Ga compositions of CIGS thin film solar cells [8].

Under illumination, even with zero voltage bias (V=0) applied to the
junction, an electric field exists in the space charge region. Incident photon can create
electron-hole pairs in the space charge region that will be swept out producing the
photocurrent (Ju) or the short-circuit current density (Jsc) in the reverse-biased
direction that has an opposite of the dark current (Juark) direction. Then, the net p-n

junction current, in the reverse-biased direction is
JV)=J_ -3, V)=J_ -3, -1). (2.19)

Practically, the loss current and voltage of the device depends on the contact
resistance and the leakage current. Fig. 17(a) shows the equivalent circuit of a solar
cell that consists of two resistances, i.e., the series resistance (Rs) and shunt resistance
(Rsh). The series resistance is the overall resistance of the solar cell and the shunt or
parallel resistance (Rsn) refers to the leak path or tunneling pathways at the p-n
junction. The leakage current increases with the decreasing of the shunt resistance.
These two resistance parameters can describe the quality of the p-n junction which
low Rs and high Rsh are required for the solar cells. Therefore, the equation that

includes the resistances is
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V +JR,

J — JSC _Jo(eq(V+JRs)/kBT _1)_ R

(2.20)

sh

The open-circuit voltage (Voc) is acquired under the condition J = 0, Rs—0

and Rsh—o0. Then, Eq. (2.20) can be rewritten as

V,, = L In(£+1). (2.21)
q Jo

Additionally, in the experiment on various CIS, CIGS and CGS devices, it

has been found that the Vo increases linearly with increasing band gap energy (Eg) up

to certain point before it becomes nonlinear as shown in Fig. 18 [8]. This

corresponding linear equation is

E
V. =—-05. (2.22)
q
Finally, a plot of the diode current density J as a function of the diode
voltage V (J-V characteristic) is shown in Fig. 17(b). The fill factor is defined as the

ratio of maximum power delivered by the device to the product of Jsc and Vo that is

FF = Jn/n (2.23)
IV

SC ~ oc

where Jn and Vi are the current-density and voltage corresponding to the maximum
power point, respectively. FF is one of the parameters that can predict the stability of
solar cell. The low efficiency solar cell leads to poor FF. The high series resistance
and low shunt resistance also cause low FF in the solar cells. Typically, the fill factor
is between 0.7 and 0.8.

The conversion efficiency (7) of a solar cell is defined as the ratio of output
electrical power to incident photon power (Pi). For the maximum power output (Pm),

we can write

n:%x100%=ﬁx100%=Mx100%. (2.24)
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2.4 Growth Process of CIGS Thin Films

2.4.1 Co-Evaporation Process

The most prosperous method for CIGS fabrication to yield highest efficiencies
to date is the co-evaporation from elemental sources in single or sequential process.
Slightly Cu-deficiency around 10% (y =~ 0.9) with group-IIl element concentration of
30-40% (x ~ 0.3—0.4) is required for the best cell performances. This process needs a
maximum substrate temperature reaching to about 500-600°C during a part of the
deposition process. The composition of the deposited elements corresponds to their
evaporation rates. During the film growth, a Cu-rich stage is also required in order to
enhance large grains growth that are more favorable for electronic properties. Se is
usually over supplied in co-evaporation process in order to minimize Se vacancies in
CIGS film. Then, Se is usually maintained during the growth and cooling down of the
films. The co-evaporation processes for CIGS thin films may be classified as the

followings.

2.4.1.1 Single-Stage Process

Rate (a.u.) y ratio

el y=0.9

> Time

Figure 19: Schematic of the growth profile rate and Cu composition ratio (y) for

single-stage deposition.
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The single-stage process is the most basic co-evaporation process to deposit
CIGS thin films evaporating all elements simultaneously in one step. Substrate
temperature and elemental fluxes are constant until end of the process with pre-
defined composition. The growth profile for this method is shown in Fig. 19. The
CIGS thin films obtained by this single-stage process have more amounts of
triangular-shaped grains as well as some tiny holes between the grains on surface. The

grain size is relatively smaller compared with other processes [51].

2.4.1.2 Two-Stage Process

The 2-stage process is generally known as “bilayer process” or “Boeing
recipe” or noted as CURO (Cu-rich then Cu-off) process. The Cu-rich growth phase is
realized by excess of Cu during the first stage in order to get a large grain growth. The
second stage is followed by In and Ga surplus without Cu flux to convert to Cu-poor
composition ratio (y) around 0.9. The substrate temperature is high and constant in
both stages. Se flux is also oversupplied throughout the process. During the change in
film composition, there is the idea that the hole concentration of the film is abruptly
changed at the stoichiometric composition while the film composition gradually
changed from Cu-rich to Cu-poor composition. Then, the real-time monitoring
method of Cu-atomic ratio is introduced to detect the end-point deposition process
[52, 53]. The obtained CURO films have large grains, but a rough surface with
crevices between the grains. The transport of Cu from CuxSe during the first stage is
segregated in the grain boundaries and subsequently consumed during the second
stage [54]. The growth profile and composition evolution of the films in two-stage
process is illustrated in Fig. 20. The relationship of Cu-atomic ratio and deposition

time process as
y(t)-t, = y(t)) 1, (2.25)

where y(t1) is the required composition at the growth process time t1 and y(t) is the
final desired composition at the end of the growth process time t2 that detected by the

in-situ monitoring.
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Figure 20: Schematic of the growth profile rate and Cu composition ratio (y) for the
2-stage deposition.

2.4.1.3 Three-Stage Process

The 3-stage process is by far the method to achieve the highest solar cell
efficiency for CIGS. It follows by three deposition steps. In-Ga-Se precursor layer is
first deposited onto low heated (250—400°C) Mo coated SLG glass substrates to form
an (In,Ga).Ses phase. Then, followed by evaporation of Cu and Se at higher substrate
temperature (550-600°C) for a small time period until the overall composition is Cu-
rich film (y > 1). Cu atoms are diffusing into (In,Ga).Sesz and grain growth is taking
place by recrystallization. Again, In-Ga-Se contents are co-evaporated at the same
high substrate temperature in the third stage until the required composition is Cu-
deficiency with y = 0.9. The co-evaporation profile is given in Fig. 21. Cu-atomic
ratio and deposition time at 1% and 2" stages are corresponded to Eq. (2.20) while Cu-

atomic ratio and deposition time at 3™ is related to Eq. (2.25)

o) _ ()

4 )

(2.26)
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Figure 21: Schematic of the growth profile rate and Cu composition (y) for the 3-
stage deposition.

Although, the 2-stage process is done by the Cu-poor composition that is
resemble to the 3-stage process. The final film morphologies are different between the
2- and 3-stage processes. The films for the 2-stage process show larger grains and
larger surface roughness, because the nucleation takes place under Cu-rich
composition with CuxSe secondary phase. Oppositely, the Cu-rich at the 2" stage in
the 3-stage process results in a recrystallization of small grained from the 1% stage and
then produce large grains with small surface roughness. Rougher surface has an effect
on thin buffer layer coverage and risk to sputter damage during window layer
deposition. Then, the in-situ spectroscopic light scattering has been reported for
surface roughness. The reduction of surface roughness is found in the end of Cu-rich

stage and the Cu-poor stage, 2" and 3' stages, respectively [55].

2.4.2 Reaction Deposition and H.Se Selenization

The reaction deposition technique is more popular for a large-scale CIGS
absorber production. However, the uniformity of absorber film is one of the problems
for this technique. Generally, the reaction process is separated into two or more
different processing steps. A stack of precursor layer is deposited first. These layers
can be metal layers, alloys, or complete compounds typically deposited without
substrate heating. Then, the precursor is passed to a thermal reaction step in order to
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complete the semiconductor film. The selenization of metallic Cu-In-Ga precursors is
most deposited by sputtering from multi-sputtering sources under Se or H.Se
atmospheres. The sequential RF sputtering (In,Ga).Ses and CuSe targets that is
followed by annealing in Se vapor showed higher efficiency of 13.6% by comparing
to CIGS solar cell sputtering from a quaternary CIGS target of 9-11% [56, 57]. The
sequential deposition for CIGS film causes smoother surface, better crystallinity and

more compact structure of CIGS film.

2.5 CIGS Band Gap Profiling Techniques

The band gap energy is one of the important factors in achieving maximum
conversion efficiency for the p-n hetero-junction solar cells. The CIGS absorber has a
direct band gap with high optical absorption coefficient. In order to improve the CIGS
solar cell performance, the electronic and optical properties of the cell have to be
optimized. In this section, the types of CIGS band gap profiling are reviewed in their

benefit and unfavorable effect compared with non-graded band gap.

2.5.1 Non Band Gap Grading

Formerly, a constant band gap of the CIGS thin film solar cell was usually
obtained from the single-stage and two-stage or even three-stage growth process with
a constant x = [Ga]/([Ga]+[In]) concentration ratio. The conduction band has a
constant energy level throughout the CIGS film thickness as shown in Fig. 22(a).
However, electrons that are excited to the conduction band are possibly recombined
before they are sweep across the junction. Then, the short circuit current density (Jsc)

and open circuit voltage (Voc) are both less than they should be.

2.5.2 Normal Band Gap Grading

In the earlier as 1960, Wolf suggested the improvement of photovoltaic devices
by the modification of band gap energy as graded band gap in absorber semiconductor
[58]. This application enhances quasi-drift electrical field or back surface field in the
space charge region (SCR), then, the conversion efficiency can be improved. Fig.
22(b) shows a normal band gap grading; the conduction band increases gradually
towards the Mo back contact as Ga content increases. The Ga gradient produces a

gradient in the electron affinity that is related to a quasi-electrical field. The diffusion
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length of the electrons can be enlarged and then supported more carrier collection.
Moreover, widening the band gap near the back contact region leads to a lower
recombination current. In fact, for thick CIGS films about 1.5-2.0 um, with an
increased Ga composition ratio (x) towards the back contact can improve the
efficiency of around 0.4% units. Increasing Jsc due to an improved carrier collection at
long wavelengths is the main consequence. There is no significant gain either Voc or
FF [59, 60]. Similarly, the back Ga-graded CIGS film for modified 2-stage profile
shows only higher Jsc and then enhances solar cell efficiency of 0.3% compared with

2-stage profile [61].

2.5.3 Double Band Gap Grading

There is the reverse band gap grading which is linearly decreasing band gap
towards the back contact that results in the increasing of the recombination rate at the
back contact. However, the Voc is high at the SCR owing to widened band gap and
lower recombination rate. In double grading profile, the Ga content increases towards
the front CIGS surface with an optimum distance and then increases to the back
contact as shown in Fig. 22(c). Front grading repels minority carriers away from the
interface and reduces the recombination rate, and then Vo increase, and back grading
increases the band gap that enhances the carrier collection by drifting the carriers to
the SCR by the additional electric field. As a result, the quantum efficiency response
is improved at long wavelengths and enhances Js.. By adjusting an appropriate Ga
content for the three-stage growth process, it can allow the double graded profile [59].
Additionally, Na also plays an important role to the diffusion of Ga and In during the
film growth [17, 62]. Then, the double Ga graded phenomena was also observed via a
NaF precursor before grown CIGS film [63] and NaF during Cu and Se evaporation at

2" stage for the three-stage growth process [64].

2.5.4 Valence Band Offset

The downward valence band shift at the surface region has been automatically
observed on Cu-poor CIGS surface by Cu(In,Ga)sSes (135-CIGS) phase [20]. Many
theoretical and experimental researches notified that the valence band offset is
effective on the solar cell parameters, especially Vo that is improved by enlarging the

high barrier for holes at interface. In fact, the recombination easily takes place at the
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interface by the condition of p = n (high defect zone). Then, the 135-CIGS defect
surface layer can cause a shift of the regime p = n into the absorber and then stay
away from the rich defect zone at CdS/CIGS interface. The band diagram for valence
band offset is shown in Fig. 22(d). Gorji et al. proposed the effects of the valence
band offset at the CIGS surface and proved that the valence band enlarging improved
the solar cell parameters with the exception of Jsc by reducing the recombination rate
at the surface regions as shown in Fig. 22(d). A larger valence band offset less than

0.4 eV can create a sufficient barrier to eliminate interface recombination.
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CHAPTER Il
FABRICATION AND CHARACTERIZATION OF
Cu(In,Ga)Se2 AND Cu(In,Ga)sSes/Cu(In,Ga)Se2> THIN
FILM SOLAR CELLS

The important step for preparation the sample for the vacuum process is the
substrate cleaning. Then, the detail of SLG substrate cleaning process before the film
growth will be presented first. Next, the growth details of the 112-CIGS and 135-
CIGS absorber layers via the molecular beam deposition (MBD) technique are
explained to the calibration of the molecular constituents for obtaining the desired
film composition and thickness. The absorber for the solar cell devices will be passed
through the multi-layer for solar cell fabrication process until reaching the J-V
characteristic and QE measurements. Finally, the analyzed equipment for the CIGS
absorber layer and CIGS thin film solar cells are briefly described in their methods

and basic principles.
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Figure 23: The schematic of 135-CIGS/112-CIGS solar cell fabrication.
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3.1 CIGS Solar Cell Fabrication
3.1.1 Soda-Lime Glass (SLG) Substrate Cleaning Procedures

In order to obtain sufficiently clean surface for vacuum purposes, the SLG

substrate should be thoroughly cleaned even if it is perfectly transparent. SLG is a

typical and suitable substrate for CIGS thin film solar cells. It acts as the Na reservoir

as shown in Table 3 to enhance CIGS solar cell performance as well as the CIGS

texture [65]. It also has a well-matched thermal expansion coefficient (9-10 x10° K-

1) [16] as shown in Table 4. The cleaning steps are as followed [66]:

1.

Immerse the SLG substrates in deionized (DI) water (~18.3 MQ-cm) with
dishwashing detergent at least one hour in order to remove grease from the
surface.

. Thoroughly scrub the SLG substrates with a cellulose sponge and clean
with DI water.

. Immerse the SLG substrates in an ultrasonic bath with a mixture of the
glassware detergent (Micro-90) and DI water at 60°C for an hour, and rinse
with DI water.

. Immerse the SLG glass in the usual cleansing known as chromic acid

(H2CrOg) for an hour in order to create the rough surface before depositing
film. The chromic acid contains a saturated aqueous sodium dichromate in

a litre of concentrated sulfuric acid. Then, rinse the SLG with DI water.

. Thoroughly immerse the SLG substrates again in DI water using an

ultrasonic bath.

. Dry the washed glass with compressed nitrogen gas and keep in a dry

cabinet before loading into the vacuum chamber in the next step.



Table 3: Soda-lime glass compositions.
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Composition

Typical container

Glass (%0)
SiO; 74.42
Al2O3 0.75
MgO 0.30
CaOo 11.27
Li.O 0.00
Na.O 12.90
K20 0.19
Fe203 0.01
TiO2 0.01
SOs3 0.16

Table 4: Thermal expansion coefficients of substrate materials.

) CTE T sub (max)
Material (10° KY) °C) Notes
SLG 9 (20-300°C) ~ 600 Standard glass substrate
Corning 7059 4.6 > 600 Alkali-free glass
4.8-5.9 (20- )
Mo 600°C) > 600 Adhesive layer
Insulating layer and/or
Al20s bR HE® blocking Na
CulnSe; 11.2-11.4 c-axis
CuGaSe; 131 c-axis

3.1.2 Mo Back Contacts

Mo is the most widely used contact material for CIGS thin film solar cells

because of its comparatively low cost, high electrical conductivity, high melting point

(2700°C) and low diffusivity in the semiconductor films.

Mo layer is the first thin film layer deposited on the SLG substrates. The Mo

layer is deposited for the thickness ~600 nm by DC magnetron sputtering using a 4-
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inch diameter Mo target with a sputtering power of 575W for 12 minutes by rotating
the samples of 3 rounds per minute (rpm). Argon atmosphere is controlled at 6x107

mbar. The distance between the substrate holder and the target is approximately 6 cm.

In humid air, the Mo can be oxidized. This is particularly critical for a
decrease in conductivity and possibly loss fill factor. The optical transparent can be
seen for a completely oxidized Mo films. Next, the sputtered Mo films are kept in a

desiccator.

3.1.3 Cu(In,Ga)Sez and Cu(In,Ga)sSes Absorber Layers
3.1.3.1 Molecular Beam Epitaxy System
(1) The MBE System

Molecular beam epitaxy (MBE) was established as a technology of great
potential for the fabrication of high quality epitaxial semiconductor films with the
ability of atomic layer growth. To avoid contaminations, high purity materials and
ultra-high vacuum (UHV — base pressure ~10° Torr) are required for a long mean
free path of the atoms or molecular beam directional flow. The epitaxial film is
achieved through the chemical reaction of multiple molecular beams which originate
from evaporation or sublimation of elements or sources that are kept in separate
effusion cells or Knudsen cell (K-cell), as schematically illustrated in Fig. 24. Each K-
cell consists of pyrolitic boron nitride (PBN) crucible housed with tantalum (Ta)
heater wire with layers of molybdenum (Mo) radiation shield in order to secure
temperature uniformity. The temperature of the heated source is measured by type K
(NiCr-NiAl) and type C (W5%Re-W26%Re) thermocouples for low (0°C-275°C)
and high (-270°C-1,260°C) temperature, respectively, and stable source temperature

is assured by proportion-integral-deviation (PID) programmable controller.

Molecular beam epitaxial system (EIKO model EW-100) is used for this work
either polycrystalline or single crystalline epitaxial bilayer thin films. The system

comprises two main parts:
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(a) Growth Chamber consists of

Evaporation sources or K-cells with thermal isolating shutters; Copper (Cu),
Indium (In), Gallium (Ga) and Selenium (Se) elements,

A heated substrate rotation holder,

In-situ analysis UHV equipment; a residual gas analyzer (RGA), a quartz
crystal thickness monitor (QCM), a beam flux monitor, a reflection high
energy electron diffraction (RHEED) and a pyrometer,

Vacuum gauges; pirani gauge (1.3x10>-1.3x10' Pa) and nude ionization
gauge (10°-10 Torr),

A turbo molecular pump with a rotary backing pump (corrosion resist grade),

Titanium sublimation pump (TSP) for ultra-high vacuum.

(b) Loadlock chamber

A loadlock chamber is a vacuum chamber that is used to exchange a specimen

with the growth chamber in order to keep the vacuum and reduce a contamination the

main chamber. Without an exposure of the main vacuum growth chamber to

atmospheric pressure for substrate exchange, it is the also an advantage for improving

the crucible life-time as well as the ultimate film purity level. The components of the

load-lock chamber are

Vacuum gauges; pirani gauge (1.3x10%-1.3x10! Pa) and nude ionization
gauge (10°-101 Torr),

A turbo molecular pump with a rotary backing pump (regular grade),

A substrate holder,

A transfer rod for specimen exchange with the main growth chamber.

(2) UHV Analysis Equipment
(a) Residual Gas Analyzer (RGA)

A residual gas analyzer (RGA) is operated based on the quadrupole mass

spectrometer (QMS) for analyzing the contamination and residual gas such as Ha, Og,

H>0, N2 and hydrocarbon compounds, etc. in the vacuum systems. The instruments

measuring the partial pressure of the residual gases are basically ionization gauges in
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Figure 24: (a) The schematic illustration of the MBE system with RHEED and
pyrometer setting. (b)The photograph of molecular beam epitaxy system contains all
of the components needed for growth and in-situ analysis (SPRL, Chulalongkorn

University).
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which the ions formed are resolved by a mass spectrometer. For our system, the RGA
has a capacity for determining the composition of gas in the range 1-100 AMU, with
a resolution of 0.5 The AMU and the measurement of partial pressures about 102

Torr.

(b) Quartz Crystal Thickness Monitor (QCM)

To measure a film thickness or a deposition rate for film growth, a quartz
crystal thickness monitor is generally used to measure the amount of deposition via its
own surface of acoustic resonator. The quartz crystal performs based on a principle of
the piezoelectric effect. At a constant temperature, the quartz vibrates at its natural
frequency, and this frequency is still stable as long as it is not interrupted by the
materials deposited on its surface. Depositing of the material on the crystal’s surface
induces the change of the mass of the crystal. Increasing mass from the deposition
results in the change of the resonant frequency of the crystal that is lower and can be
detected electronically and converted into the thickness or deposition rate. Due to the
fact that quartz crystal is an indirect monitor and stand in the different position from
the specimen, the quartz presents an accurate indication only of the film thickness on
the crystal itself. Thus, it is not a true representation of the thickness of the film being
deposited on actual substrate position. However, it can give a very close to real values
of thickness or deposition rates with appropriate correction factor.

(c) Reflection High Energy Electron Diffraction (RHEED)

A RHEED system consists of an electron gun and a phosphor screen, the
acceleration voltage for a commercially available RHEED system is typically between
550 keV. Electron beam is directed towards the sample at grazing incidence.
Electrons scatter through small angles, only the top 1-2 atomic layers of the crystal,
and a diffraction pattern appears on the phosphor screen. Thus, it can be used to
monitor the growth of epitaxial films with the resolution of atomic layer that is also

known as RHEED oscillation.

(d) Pyrometer
A pyrometer is normally used for monitoring the radiation from the front surface of
the substrate which converts the radiation signals into the temperature obeying the

Stefan-Boltzmann’s radiation law. The pyrometer (IR-FA model) contains a high
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resolution monochromatic (InGaAs, 1.55 um) fiber optic type that responds to the
range of infrared radiation of 250-1000°C. For CIGS thin film growth using the 2-
stage or 3-stage processes, the thermal radiation signals from the pyrometer can be
used to observe the conversion of the composition of CIGS thin films [67, 68].
Additionally, the signals from pyrometer also yield the thickness of the film by
observing the period of oscillations due to the interference by the multiple reflections
of thermal radiation at the back and the front surface of the growing films.

3.1.3.2 Calibration of Molecular Constituents

Cu(In,Ga)Se; thin films are grown by MBE system from solid sources of
Cu (6N =99.9999% of purity), In (6N), Ga (7N) and Se (5N) by co-evaporation of the
elements in each K-cell. The elements have different vapor pressures that are related
to their melting point temperature. Then, the working ranges of temperature to
provide the evaporation rate of the elements are also different. Before the growth
process, it is necessary to check the evaporation rate of each source at different
temperatures in the range of working temperature by using the quartz thickness
monitor (QCM). These data will be plotted following the relationship between the
deposition rate and the effusion cell temperature given by

In(r):aTian, (3.1)

where r is the deposition rate (A/s), T is the effusion cell temperature (°C), a and b are
parameters obtained by the least-square fit. The plot of the logarithm of deposition
rate versus the inversed effusion cell temperature of Cu, In and Ga are shown in Fig.
25. It is noted here that the deposition rate of Se is not involved in this calibration

because it is always oversupplied during the film deposition.
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3.1.3.3 Calculation of the CIGS Film Deposition
After obtaining the fitting parameters a and b from Eq. (3.1) for each
source and suppose a certain thickness of film is required, one must know the
deposition rate of the elements in order to set the deposition temperature of each K-
cell. Firstly, it is necessary to determine the rate of Cu (rcu) by using the equation
Vo = h, (3.2)

tC U

and d. =
“ NCIGS'(MCu+Mln'(l_x)+MGa'x+2'MSe)'(p

N «(M.)- (1I—x)+ X
o (M) (s )+ Pegs ) )'dchs’ (3.3)
Cu

where rcy is the deposition rate of the Cu elements (A/s),
dcy s the thickness of the Cu element (A),
tcu is the total time for deposition of Cu element,

Ncu and Ncies are the number of Cu atoms and CIGS molecules that is set

Ncu/Ncies equal unity,

X is the ratio of group-111 elements, [Ga]/([Ga]+[In]), that corresponds to
the alloying combination between CulnSe, (CIS; x = 0) and CuGaSe> (CGS; x
= 1) of Cu(In1xGax)Se> film,

i is the elemental symbol of Cu, In and Ga,
Mi is the molecular mass of each element,
and pi is the density of each element.

The rate of Ga and In (rin, rea) can be derived from the Ga and In elements

ratio and Cu-atomic ratio,

[Ga] NGa (3.4)

xX= = ,
[Ga]+[In] N, +N,

_ [CM] _ NCu
Y lGal+[] N_+N,’ (3:5)

The number of atoms for each element (Nga, Nin and Ncy) is
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N =L Ny
M

i

—p M "dAN, (36)

Then, the x and y ratios in a unit area of CIGS thin film are rewritten as;

-1
and x= jOIGa Mg, dg, "i' N, , (3.7)
('OGa .MGa .dGa -I_pln 'Mln .d[n)'A.NA

where A is the unit area for growing film,
Na is Avocadro’s constant = 6.02x10?% atoms or molecules.

The parameter i is defined as the ratio of density to molecular mass of each

element.
e, = Pey-Mey (3.82)
a, =p, M ,}l, (3.8b)
and Uga = Pea Maas (3.8¢)

where the density (o) and molecular mass values (M;) of the materials are given in
Table 5

Table 5: Density, mass per mole and «; parameter of the materials.

Material p (g/cm?) M (g/mole) a = p/M (mole/cm?)
Cu 8.96 63.55 0.1410
In 7.31 114.82 0.0637
Ga 5.91 69.72 0.0848
Se 4.79 78.96 0.0607
CIS 5.89 336.29 -

CGS 5.27 291.19 -
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Substituting Egs. (3.8a), (3.8b) and (3.8¢c) into Egs. (3.6) and (3.7), then the

relationship of the metal film thicknesses is obtained;

e -ty + s s = oy Gy = Qe e 9)
Rearranging Eq. (3.9) to obtain

Ao, =§. Zg d.,. (3.10)

g —4=% % 4 (3.12)

y a,

Since, the thickness of the element is proportion to the total time of deposition
of the element, di =ri;. Thus, Egs. (3.10) and (3.11) become

= X

o= Ty (3.12)
y aGa
- 1-x) 2P (3.13)
y a,

Substituting rcu, reaand rin back into Eq. (3.1), including fitting parameters, a
and b, then the working temperatures of the sources for the deposition of CIGS thin
films can be obtained. The details for the deposition of 3-stage CIGS (112-CIGS) and
Cu(In,Ga)3Ses (135-CIGS) thin films are described in the next section.

3.1.3.4 Deposition of the CIGS Thin Films

As previously mentioned in chapter I, the 3-stage process is widely used
to achieve high efficiency device. For this experiment, the deposition method of the
112-CIGS thin film is based on the 3-stage growth process. For example of the CIGS
thin film of 1.8 um thick and a thin layer capping of 135-CIGS of 10 nm thick. The
deposition time (ti)) and composition x and y parameters of CIGS and 135-CIGS films
are listed in Table 6. The expression (3.3) shows that the amount of Cu film depends

on the total thickness of CIGS film. Thus, by substituting the number of Cu atoms and
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CIGS molecules, the density of each element, group-Ill element ratio (x) and Cu-
atomic ratio (y), the Cu thickness (dcy) is obtained, and hence the deposition rate of
Cu (rcu) using Eq. (3.2). Finally, the operating temperature for Cu (Tcy) is achieved
from Fig. 25. In the same way, the Eq. (3.12) and (3.13), the rate of Ga and In can be

attained and thus their operating temperatures.

Table 6: Parameters for the growth of CIGS.

Parameters Required data
CIGS 135-CIGS
dcics, 135-CIGS 1800 nm 10 nm
tcu 1800 s 90s
X 0.37 0.37
y 1.3 0.33
Calculated data
Parameters
CIGS 135-CIGS
deu 2,268.8 A 126 A
reu 1.260 A/s 0.140 Ass
ra 0.593 A/s 0.259 A/s
Fin 1.350 A/s 0.591 A/s
Teu 1061°C 914°C
Tea 927°C 883°C
Tin 861°C 814°C

The in-situ monitoring signals of the 3-stage 112-CIGS and 135-CIGS
fabrication are shown in Fig. 26. These main signals compose of (i) emission of
radiation from the front surface of the growing film detected by a pyrometer (Tpyro)
(if) substrate temperature (Tsw) and (iii) output power of substrate temperature
controller (OP). During the process, Tsub, OP and Tpyro are monitored simultaneously.
Nishiwaki and his group found that the existence of a Cu>xSe secondary phase affects
the infrared (IR) emissivity of the growing CIGS film [68, 69]. Then, the desired Cu-

rich and Cu-deficient composition can be obtained. In the first stage, In Ga and Se are
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deposited by setting the substrate temperature at 300°C in order to form (In,Ga).Ses
(IGS). Afterwards, only Cu and Se are deposited and the substrate temperature is
ramped up to 450°C within 7 minutes. Then, the overall composition of
[Cu)/([Ga]+[In]) is continuously increased towards y ~1.0 (stoichiometry) at the
process point namely tswi,1 Where Tpyro suddenly decreases while OP rises up due to
the surface segregation of CuxxSe. This secondary phase has a higher emissivity in
the IR range than Cu-poor CIGS materials and the increased emission of heat
radiation results in a lowering substrate temperature, and then the heating OP of
substrate increases in order to keep the heating power at the setting point. After tstoi,1,
the time for the 2" stage by Eq. (2.26) is terminated at a typically y ~1.3 (Cu-rich).
Cu-rich film is a beneficial impact on film morphology and electronic properties [68].
Again, In Ga and Se are co-evaporated in the 3" stage until tswi2 to convert from Cu-
rich to Cu-poor. The heating OP decreases because Cu,.xSe segregation disappears.
The OP signal is descending and reaching stable value until its composition becomes
to Cu-poor at y ~0.9. Next, the thin layer of 135-CIGS is thereupon deposited after the
completion of the 3-stage CIGS layer with the deposition time of 90 seconds. Finally,
the as-grown film is over supplied with Se during the decreasing of the substrate

temperature until room temperature.
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Figure 26: In situ monitoring signals during the 3-stage CIGS growth and capping

layer.
3.1.4 CdS Buffer Layer
Chemical bath deposited (CBD) is employed for the deposition of CdS layer.

CdS is formed by aqueous solutions using thiourea as the sulfur sources and
cadmium-ammonia complex ions as cadmium precursor. DI water is used to dissolve
the solids Cd salt and thiourea. The CdS liquid solution is prepared by using Cd salt
(CdSOQ.), thiourea (CS(NH3)2) and ammonia (NH4OH). The amount of each solution
is summarized in Table 7. Finally, the as-grown CIGS film is immersed into a beaker
containing the prepared CdS prepared chemical solution with the bath temperature of

65°C and 150 rpm stirring using a magnetic stirrer. After 15 minutes, a CdS film of

50 nm thick is obtained.
The general chemical reaction of the CdS process [70] is given by

Cd(NH,)." + SC(NH,), + 20H — CdS+CN,H,+4NH,+2H,0 (3.14)
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Table 7: Parameters for the CdS chemical bath process.

Chemicals Quantity
CdSOq4 0.3546g + 50ml DI water

SC(NH2):2 2.85g + 100ml DI water
NH+OH 80ml

DI Water 270ml

Ammonia supplies the ligand for the metal ions and controls the hydrolysis of
thiourea. At the end of the process, the saturation phase is reached where the solution
has been depleted from non-reacted Cd atoms. In order to minimize Cd particle on the
surface and reduce film roughness, the deposition must be terminated before the
saturation phase. The films are then rinsed with DI water and dried with compressed

nitrogen gas.

3.1.5 Window Layers of CIGS

The window layers of the CIGS thin film solar cells consist of two layers; (i) the
high resistance (HR) window layer which is deposited onto the CdS buffer layer (ii)
the low resistance (LR) window layer. The high resistance intrinsic ZnO (i-ZnO) and
the low resistance n-type of ZnO(Al) semiconductor are a typical combination for the
CIGS thin film solar cells. The role of i-ZnO is to permit the junction of CIGS and
CdS to be more stable during the deposition of ZnO(Al). Moreover, it would be
favorable for the band alignment. Intrinsic ZnO and ZnO(Al) have band gaps of 3.2
eV and 3.6-3.8 eV, respectively. The role of ZnO(Al) is to provide maximum
electrical conductivity with its minimum optical absorption to collect and move

electrons to the front contact (Al grid).

In the deposition process of i-ZnO, the RF (13.6 MHz) magnetron sputtering is
used from a ceramic i-ZnO target (2-inch diameter) in Ar atmosphere of 6x10° mbar
with the sputtering power of 40 Watt for 20 minutes. The thickness of i-ZnO layer is
about 50 nm. Then, the ZnO(Al) is subsequently deposited by the RF magnetron
sputtering using the ZnO target with 2wt.% doped of Al,Os3 (4-inch diameter) in Ar
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atmosphere of 3x10 mbar with the sputtering power of 220 Watt for 17 minutes. The
samples are rotated at 3 rpm in order to allow the relaxation of the film. The distance
between a substrate holder and a target is about 6 cm. The desired thickness for

ZnO(Al) is approximately 200 nm.

3.1.6 Al Metal Grid

Al grid is used as the front contact in order to collect and move current to an
external circuit. This Al grid is an advantage for a reduction of ZnO(Al) thickness
which minimizes optical losses. The metal Al grid is evaporated through a shadow
mask by the thermal evaporation system at vacuum pressure in the order of 10°® mbar.

Al grid thickness is approximately 1.5-2.0 um.

3.2 Sample Characterizations

3.2.1 Scanning Electron Microscopy (SEM)

SEM is an important apparatus used for the measurements of microscopic
features. For imaging, a beam of electrons in a pinpointed spot impinges on the
surface or cross-section of a specimen. Then, the image collections and displays are
produced by scanning the sample with a focused electron beam and detecting the
secondary and/or backscattered electrons from the target materials. The electron
energy is typically 10-30 keV for most samples, but for insulating samples the energy
can be as low as several hundred eV. The use of electrons has two main advantages
over optical microscopes; (i) much larger magnifications are possible since electron
wavelengths are much smaller than photon wavelengths and (ii) the depth of field is
much higher.

The JEOL JSM-7001F SEM equipment is used to apply in this work. Its
resolution is about 1.2 nm at 30 kV with a wide range of magnification about 25x to
1,000,000x. The SEM is used to investigate the surface texture in comparing CIGS
and 135-CIGS films. The samples to be analyzed using SEM are often bound with a
thin conductive layer such as silver paint to achieve better resolution and signal

quality.
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3.2.2 Energy Dispersive X-Ray Spectroscopy (EDS)

EDS analysis system is generally attached to the SEM, where the electron beam
serves to excite characteristic X-rays from the area of the specimen being probed.
EDS is used for inspection of the elemental composition or chemical characterization
of thin films. Ordinarily, EDS has an effective probe depth of ~1 um and is restricted
to detect elements with Z > 5 (Boron, B). The detection limits for the EDS are ranging
from ~0.1 to 1 at.% when a Beryllium (Be) window is used. In this work, the samples
are analyzed with an acceleration voltage of 15 kV.

3.2.3 X-Ray Diffraction (XRD)
The crystalline structures of 112-CIGS, 135-CIGS and bilayer systems of 112-
CIGS and 135-CIGS are investigated by XRD technique to identify and compare their

crystallographic phases.

X-rays used for diffraction are electromagnetic waves with wavelengths ~0.5—
2.5 A. In this work, the Bruker D8 Advance X-ray powder diffractometer emitted the
wavelengths of Cuka1 (A = 1.5406 A) and Cukaz (A = 1.54439 A) radiations at 40 kV
was used. When an incident beam of X-rays strikes the crystal planes that act as
mirrors in reflecting the incident X-ray beams, at an angle such that the wave patterns
of the beam leaving the various planes are in phase, then the constructive interference
of waves occurs as shown in Fig. 27. These constructive waves satisfy Bragg’s

condition,
2d,,, sin@ =nA4, (3.15)

where dnw is the interplanar spacings. In most cases, the first order of diffraction (n =

1) is used.
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Figure 27: Schematic illustration of the diffractometer of crystal analysis and of the

conditions necessary for diffraction.

For the tetragonal unit cell with lattice parameters a and ¢ of chalcopyrite
structure, dnw can be determined from
1 h*+k®> 1P

LN oL NN Ny 3.16
d?, a’ c? (3.16)

where h, k and | are the Miller indices of the diffraction planes.

3.2.4 Optical Transmittance and reflectance Spectroscopy

As previously mentioned on the optical absorption in chapter Il, the band gap
energy can be determined through the transmission measurements. Perkin-Elmer
model Lambda 900 UV-VIS-NIR spectrophotometer is used to measure optical
transmission and reflection for this study. From Eq. (2.6), the film thickness must be
known before calculating absorption coefficient (o). The thickness of the film on the
SLG substrate can be determined from the interference fringes of transmission or

reflection spectra as shown for example in Fig. 28 and corresponded to Eq. (3.17)

_ MM\

= (3.17)
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Figure 28: Example of optical transmittance spectrum of i-ZnO.

where M is the number of cycles observed from wavelength A1 to A2 and n is the
refraction index of measured film. The number of interference fringes increases with
increasing of film thickness. The cut-off wavelength shows no interference because of
the complete light absorption near the band edge.

3.2.5 Photoluminescence (PL)

The photoluminescence setup is illustrated in Fig. 29. The sample is excited by
He-Ne laser (632 nm) with 35 mW. A closed-circuit helium cryostat (Leybold: Model
RDK 10-320) is used to cool down the sample from room temperature 300 K to 10 K.
The PL system consists of two lenses that are used to collect photoluminescence
signals into the adjustable entrance slit of a doubled grating monochromator (Jobin
Yvon SPEX 750M). The signal in the IR range is detected by a liquid-nitrogen cooled
Ge (Edinburgh Instrument model EI-L). The detected signal is then filtered and
amplified by a lock-in amplifier. The spectrometer is controlled through Syner jy™
Jobin Yvon Horiba program and the collected signal is recorded in a computer. The
measurements are performed both temperature-dependent from 10 K to 300 K and
excitation power-dependent from 0.1 to 35 mw.
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Figure 29: Schematic diagram of photoluminescence spectroscopy setup.

3.2.6 Atomic Force Microscopy (AFM)

The atomic force microscope is generally used in the fields of surface science,
electrochemistry biology and technology. AFM is used to measure the surface
morphology, grain size evaluation, the roughness of the film, i.e., peak-to-valley
roughness, average rough and root mean squared (RMS) roughness. AFM operates by
the measuring force between a probe and sample. This force depends on the nature of
the sample, the distance between the probe and the sample, the probe geometry, and
sample surface contamination. AFM is suitable for conducting as well as insulating
samples. The AFM principle is illustrated in Fig. 30. The instrument consists of a
PZT tube scanner, a laser with position-sensitive photo detector and a cantilever with
a sharp tip mounted on its end. The vertical sensitivity depends on the cantilever
length. For topographic imaging, the tip is brought into continuous or intermittent
contact with the sample and scanned across the sample surface. The changes in
surface topography results in a deflection of the cantilever. The deflection of the
cantilever is measured using a laser spot reflected from the top surface of the
cantilever into an array of photodiodes and generates a surface topography. In this
study, the surface texture of samples is investigated by AFM (Veeco model

Dimension 3100) counterpart with SEM surface. The operation mode of this
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measurement is the tapping mode which maps topography by lightly tapping the

surface with an oscillating probe tip.

3.2.7 Current-Voltage Characteristics

The solar cell parameters, e.g., open-circuit voltage (Voc), short-circuit current
density (Jsc), fill factor (FF), series resistance (Rs), shunt resistance (Rsh) and solar cell
efficiency (7) are obtained under the light irradiation of AM 1.5 at 25°C. Xenon arc
lamp is served as a light source with the power density about 100 mW/cm?. Keithley
model 238 is a bias voltage source and a current measurement unit. The solar cell is
contacted using a four-probe configuration. The solar cell area is approximately 0.5

cmq.,

3.2.8 External Quantum Efficiency (EQE) Measurement

The quantum efficiency is used to determine the capability to generate
photocurrent when a solar cell is illuminated by photons at particular wavelength. The
EQE can be defined as

EQE()) = number of collected electrons (3.18)
number of incident photons '

In other words, the EQE is the probability that the number of charge carriers
produced by the solar cell when irradiated by photon of a particular wavelength. The
EQE also shows the carrier collection and defects that possibly agree to the leak path
of poor solar cell. In fact, the ideal EQE is equal to one. However, the actual EQE can
be reduced from unity due to the capable a layer film to generate its photocurrent as
shown in Fig. 31. The EQE system is composed of a KEITHLEY 238 High Current
SMU (Source-measure unit) with a four-probe configuration. A monochromator is
used to apply monochromatic light in the range of 300—-1300 nm. The Js at zero

voltage bias is measured and collected by a computer with a reference cell.
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CHAPTER IV
EFFECTS OF Cu(In,Ga)sSes THIN LAYER ON

Cu(In,Ga)Se2 ABSORBER THIN FILMS
Cu(In,Ga)Sez (112-CIGS) and Cu(In,Ga)sSes (135-CIGS) semiconductor thin

films have in common a direct band gap energy, chalcopyrite crystalline structure or
even higher absorption coefficient. However, there are a few differences between
them in their values of energy gap, lattice parameters and carrier types. In order to
understand effects of 135-CIGS on 112-CIGS thin films (135-CIGS/112-CIGYS), this
chapter describes in details about the influences of 135-CIGS capping layer on the
properties such as morphologies, XRD patterns and optical band gap energy.
Moreover, the solar cell parameters and external quantum efficiency (EQE) by the

effects of 135-CIGS capping layer on the devices are investigated.

4.1 Motivation

CulnGaSe: (112-CIGS) is a chalcopyrite semiconductor that was introduced
as a photon absorber material for high efficiency thin film solar cells, whose world-
record efficiency of 22.9% was reported by Solar Frontier [2]. The world-record cells
were achieved with the Ga composition ratio x = [Ga]/([In]+[Ga]) in the ranges of
0.30-0.33 that corresponds to a band gap energy (Eg) of less than 1.4 eV. It has also
been shown that the Eq of CIGS varies with Ga content [10, 71]. The highest
efficiency is relatively lower than the optimum value given by the theoretical
calculation [72, 73]. The wider Eq has an effect on the increase in open-circuit voltage
(Voc) of the photovoltaic devices. However, excessive Eg or Vo leads to a negative
impact on the device performance due to the decrease in generated current in the long
wavelength region [74]. Grading of the conduction band (AEc), e.g., normal grading
or double grading, has been adopted in order to improve the carrier collection and also
to improve Vo with an additional electric field due to the variation of conduction band
of the absorber. The normal grading is achieved from the increase in the band gap
towards the back contact leading to additional electric field which enhances the
diffusion length of the electrons due to a lower recombination at the back contact.

This results in the increase in short-circuit current density (Jsc) of the devices.
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However, the normal grading may lead to lower Voc because of narrower Eq4 at the
front region near the junction. An alternative choice is a double grading of conduction
band at the front and back regions of the CIGS film that can enhance Vo due to the
increase in the Eg of the space charge region (SCR) as well as the improvement of Jsc
due to the additional electric fields and the absorption in the long wavelength region
[59, 60]. However, the design of graded band gap is rather limited by the difficulty in
controlling elemental diffusion in the depth profile. The minimum front band gap
grading should be contained within the SCR without losing fill factor (FF) and Jsc [6].
By increasing Ga concentration for grading band gap configuration, the increase in
charge recombination at CdS/CIGS interface owing to higher deep defect
concentrations of Ga contents can also cause Voc of CIGS devices to decrease [75-77].
Furthermore, the increase in Vo without losing Jsc was also achieved by the
modification of CIGS surface, e.g., through sulfurization to form a Cu(In,Ga)(Se,S):
[14, 78] or post-deposition treatment (PDT) with alkali metal compounds such as KF,
RbF and CsF to form a Cu-depleted layer in the near-surface region [4, 79-83]. It has
been shown that the incorporation of S can cause the diffusion of Ga toward the
surface of the CIGS absorber [78]. This results in the Ga gradient near the SCR and
leads to the increase in Eq and Vo Of the CIGS devices. However, the sulfurization
requires the use of toxic HoS gas to supply sulfur to the Cu(In,Ga)(Se,S)> films. For
the PDT with heavy alkali metal compounds, such as RbF and CsF, they were found
to significantly affect the increase in Eq or Voc Of high Ga CIGS devices. The use of
RbF was shown to be the most effective PDT for reducing the loss of Vo as indicated
by the lowest slope of Voc(t) — transient [81]. For the narrow-E4 CIGS absorbers, RbF-
PDT has also been employed to increase the performance of the CIGS bottom sub-cell
used in the perovskite/CIGS tandem devices [82]. The devices with RbF treatment
yield more than 4 times longer carrier lifetime than those without the treatment [82].
The alkali-PDT, especially RbF, also leads to a noticeable Cu depletion at the grain
boundaries which is an advantage for hole-barriers and thus increases the efficiency of
the CIGS solar cells [83]. Similar effect has also been observed in the PDT using
CaF> [84]. However, the alkali metal treatment requires an extra source, in addition to
Cu, In, Ga and Se, in the deposition system. The alkali-PDT is also in the form of

harmful fluoride compound in the growth process. In addition to the recent
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development in the fabrication of CIGS thin films using the sulfurization and alkali
PDT techniques, the insertion of a wide band gap layer, e.g., Cu(In,Ga)sSes (135-
CIGS) with Eg ~1.4 eV, that causes a valence band offset (AEy) at CIGS surface
provides yet another method for pseudo-homojunction without extra deposition
sources. The valence band offset at CdS/CIS interface was observed using x-ray
photoelectron spectroscopy (XPS). Schmid et al. found that the larger Eq of 135-CIS
layer at the surface can induce a valence band offset between the 135-CIS and 112-
CIS films [85]. Theoretically, the valence band offset between n-type CdS and p-type
112-CIGS can repel holes and eliminate the recombination at the interface. Nishimura
et al. showed that Voc and conversion efficiency of single graded CIGS devices could
be achieved with higher values than those of the devices with double graded band gap
profile due to the formation of ordered defect chalcopyrite compound such as 135-
CIGS, 158-CIGS or 247-CIGS on the surface of 112-CIGS [86]. Their findings also
suggested that the Voc improvement without affecting Jsc was due to AE.. It has also
been reported that 135-CIGS accidentally exists on Cu-poor CIGS surface [27, 28, 30,
31]. In principle, as shown in Fig. 22(d), 135-CIGS layer creates a barrier (AEy) for
blocking holes from reaching the interface and shifts the defect zone at p-n junction
into the CIGS absorber. As a result, this defect layer should help reduce the
recombination rate near the junction [7, 20, 21] despite the fact that it is very
challenging to verify the existence of this defect layer directly. However, excessive
thickness of this barrier could also deteriorate the performance of the CIGS solar cells
[32]. Nevertheless, very few reports exist on the effects of this defect layer on the

optical absorption and the solar cell properties [32, 35, 87-89].

In this dissertation, the experiment on the influence of very thin layers of 135-
CIGS intentionally deposited on the surface of 112-CIGS thin films is carried out. The
correlation between the optical E4 through the optical transmission and reflection
measurements, the lattice parameters by the x-ray diffraction (XRD) and the
photovoltaic parameters via current-density — voltage (J-V) measurements are
investigated among various thicknesses of 135-CIGS layer on top of 112-CIGS films.
We observe indirect evidence of the existence of these very thin 135-CIGS layers on
the 112-CIGS films and devices shall be observed.
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4.2 Experimental Details

A typical structure of standard 112-CIGS thin film solar cell is Al-
grid/ZnO(Al)/i-ZnO/CdS/CIGS/Mo/SLG. First, 600 nm thick Mo layer was deposited
on clean 3 cm x 3 cm SLG substrates by DC magnetron sputtering from a 4-inch
diameter Mo metallic target using Ar gas and DC power of 6.0 x 10 mbar and 575
W, respectively. Then, 112-CIGS absorber was deposited by molecular beam
deposition method under ultra-high vacuum environment using EIKO model EW-100
MBE system. 112-CIGS thin films were deposited by the 3-stage deposition process
whose details are described in Chapter Il and IIl. Briefly, In, Ga and Se were first
deposited onto Mo-coated SLG substrate at 300°C (as measured by a thermocouple
behind the substrate) to form (In,Ga)>Ses precursor, followed by evaporation of Cu
and Se at higher substrate temperature of 450°C in the second stage until the overall
composition was Cu-rich, e.g., y = [Cu]/([Ga]+[In]) ~1.3 in this work. Again, In, Ga
and Se were co-evaporated in the third stage at the same substrate temperature as
performed in the second stage until the required composition was Cu deficient with
y~0.9. Ga composition ratio, i.e., x = [Ga]/([Ga]+[In]) was set at ~0.37. The Cu, In
and Ga fluxes were calibrated prior to the deposition. We note that Se flux was always
over supplied throughout the growth process. The thickness of 112-CIGS films was
set at 1.8 um. Next, n-type CdS buffer layer with a thickness of 50 nm was deposited
by a chemical bath deposition (CBD) process. Then, the 50 and 200 nm thick i-ZnO
and ZnO(Al) were respectively sputtered by RF magnetron sputtering using RF power
of 40 W for i-ZnO and 220 W for ZnO(Al). Lastly, 2 um thick Al front contact was

deposited by thermal evaporation through a shadow mask.

For the samples with Cu-depleted layer, the 135-CIGS thin films with the
thickness of 5, 10, 20, 40, 80, 200 and 300 nm were deposited onto the 112-CIGS
surfaces. In order to limit the diffusion of the constituent elements, the 135-CIGS
layers were grown at 400°C within 90-180 seconds after the completion of 112-CIGS
thin films. The y and x composition ratios of 135-CIGS capping layers were aimed to

be 0.33 and 0.37, respectively.
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Surface morphology and cross-section images of the films were investigated
by atomic force microscope (AFM, Veeco model Dimension 3100) and field emission
scanning electron microscope (FESEM, JEOL model 7001F). The deposition fluxes
of 112-CIGS and 135-CIGS thin film were verified by the energy dispersive x-ray
spectroscopy (EDS, Oxford model PentaFET X3). The accelerating voltage used for
the EDS measurements of all samples was 15 kV which was sufficient for all
constituent elements of the samples. UV-VIS-NIR spectrophotometer (Perkin-Elmer
model Lambda 900) was used to measure the optical transmittance and reflectance of
112-CIGS, 135-CIGS and 135-CIGS/112-CIGS films in the range of 700-1400 nm.
The x-ray diffractometer (PANalytical model Empyrean) was used to investigate the
lattice parameter alteration of the diffraction peak of (112) and (220)(204) phases due
to the 135-CIGS capping layer from the stand alone 112-CIGS thin film. The J-V
characteristics of the devices were determined under AM 1.5 and 100 mW/cm?
irradiance at 25°C. The external quantum efficiency (EQE) of the devices was also

investigated in the range of 300—-1300 nm.

4.3 Surface morphology and cross-section

The evolution of surface morphology of 112-CIGS with 135-CIGS capping
layer is shown by AFM images in Fig. 32. Surface morphologies of 112-CIGS with
less than 40 nm thick of 135-CIGS capping layer are indistinguishable from that of
112-CIGS with large grain size in the order of a few microns. Tiny islands start to
appear on 112-CIGS surface when 135-CIGS capping layer is about 40 nm thick as
shown in Fig. 32(e). When 135-CIGS capping layer becomes thicker, 112-CIGS
surface is covered with small grains of 135-CIGS as shown in Fig. 32(d). We note
here that the grains of 135-CIGS, Fig. 32(b), are relatively smaller than that of 112-
CIGS, Fig 32(a). The surface height (z) of 112-CIGS in Fig. 32(a), Fig. 32(c), Fig.
32(d), Fig.32(e) is in the range of approximately 650-800 nm with the rms roughness
(Sq) of 80-90 nm while the surface height covered with 200 nm 135-CIGS shown in
Fig. 32(f) decreases to approximately 580 nm with the roughness (Sq) of 58 nm. The
variation of the surface height in Fig. 32(a), Fig. 32(c), Fig. 32(d), Fig.32(e) is due to

the crevices that naturally occur in 112-CIGS grown by the 3-stage deposition
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process. In contrast, for the 2 um thick 135-CIGS layer in Fig. 3(b), the surface height
(2) and the rms roughness (Sq) is approximately 360 nm and 50 nm, respectively. The
cross-section images from FESEM in Fig. 33 also agree with the AFM morphology
images that the thin 135-CIGS capping layer residing on 112-CIGS surface is difficult
to observe by physical methods for surface imaging when 135-CIGS capping
thickness is less than 40 nm. The cross-section image of 40 nm thick 135-CIGS on
112-CIGS shown in Fig. 33(e) does not clearly show the capping layer contrary to the
observation of tiny islands in the AFM image in Fig. 32(e). The 135-CIGS capping
layer can be clearly seen on 112-CIGS surface when the thickness is more than 100-
200 nm as shown in Fig. 33(f). In addition, the FESEM image in Fig. 33(b), Fig.33(d)
also shows much smaller columnar grains of 135-CIGS compared to those of 112-
CIGS.
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Figure 32: Surface morphologies of (a) 2 um thick 112-CIGS (b) 2 pum thick 135-
CIGS, 135-CIGS/112-CIGS with 135-CIGS capping layer (c) 10 nm, (d) 20 nm, (e) 40
nm and (f) 200 nm.



69

R RN - Gl AR

' (b) 135-CIGS )

Figure 33: FESEM surface and cross-section images of (a), (c) 1.8 um thick 112-
CIGS, (b), (d) 2 um thick 135-CIGS and 135-CIGS/112-CIGS with 135-CIGS capping
layer of thickness (e) 40 nm and (f) 200 nm.
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4.4 Optical band gap energy

The optical transmittance of the as-grown 112-CIGS, 135-CIGS and 135-
CIGS/112-CIGS with various thicknesses of 135-CIGS was measured through an
intentionally unfilled region of Mo layer on the SLG substrate. The reflectance
spectra over the same area of the transmittance measurements were obtained using the
reflection measurement assembly of the spectrophotometer with the beam set 6° off
the normal of the film’s surface. The transmission and reflection spectra are shown in
Fig. 34 in the range of 700-1400 nm. The absorption edge significantly shifts toward
shorter wavelengths with increasing thickness of 135-CIGS layer as seen in the
transmission spectra of Fig. 34(a). It is relatively difficult to indicate the shifts from
the reflection spectra in Fig. 34(b). The thickness of all 112-CIGS and 112-CIGS with
135-CIGS capping layer films is approximately 1.8 pum while the thickness of 135-
CIGS filmis only 1 um. The transmittance and reflectance were used to determine the

absorption coefficient () of thin films of thickness d according to

1 Tmeas
C(:——In|:(1_R—)2j|, (210)

where Tmeas and Rmeas are the transmittance and reflectance measured by the
spectrophotometer, respectively [44]. We note that expression (2.10) is an
approximation based on the assumption that ad is large near the absorption edge. The

energy gap E4 of each sample was obtained using Tauc plot governed by the relation
ahv = A(hv -E,)"?, (2.7)

where A is a constant, hv is the incident photon energy [45, 46]. The Eg of direct
bandgap semiconductors can be obtained from the extrapolation of the linear section
to the intercept on hv axis in the plot of (ehv)? vs. hyv as shown in Fig. 35. The Eq of
112-CIGS and 135-CIGS were found to be ~1.15 and ~1.46 eV, respectively. The Eg
of 135-CIGS in this work agrees with the Eq4 of single crystal and polycrystalline 135-
CIGS of 1.40 and 1.49 eV, respectively, reported elsewhere [24, 87]. The Eg of 135-
CIGS thin film is about 0.3 eV larger than that of 112-CIGS and agrees with others
[85, 88]. The absorption edge of thin 135-CIGS capping layer on 112-CIGS shifts
toward higher energy, i.e., from ~1.15 eV (112-CIGS) to ~1.23 eV (300 nm thick of
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135-CIGS capping layer). The inset in Fig. 34(a) shows the results of the
transmittance of physically stacked layers of 112-CIGS and 135-CIGS by laying two
samples together, each of about 1.5 pm thick, e.g., 135-CIGS/SLG on 112-CIGS/SLG
(red dash-dotted line), and vice versa (green dashed line). The transmission spectra
are almost identical to the transmission of only 112-CIGS (blue solid line) as
expected, i.e., 112-CIGS, with sufficient thickness whose Eg is also less than that of
135-CIGS, absorbs all photons. In other words, 135-CIGS does not contribute to the
absorption in these physical stacking configurations. However, when the thin 135-
CIGS capping layers were deposited on top of 112-CIGS, the absorption edges shift
towards shorter wavelengths. This indicates that Eq increased when the thin 135-CIGS
was deposited on top of 112-CIGS. It is in contrast to the physically stacked layers of
135-CIGS and 112-CIGS.

The values of x and y of the samples from the EDS measurements as well as
the calculated y (yca) values are listed in Table 8. The values of yca were obtained by
assuming that 135-CIGS layer completely diffused throughout and mixed
homogeneously with the underlying 112-CIGS layer. The values of y by the EDS
measurements are lower than the calculated ones especially when the 135-CIGS layer
becomes thicker, as shown in Table 8, due to more contributions from the x-rays
emitted from the lower Cu-depleted layer deposited on top of 112-CIGS. Thus, it is
worth mentioning that the y values reported by the EDS measurements of the samples
with various thicknesses of 135-CIGS capping layer are not accurate representations
of the Cu composition ratio as a whole due to inhomogeneity of Cu across the
thickness of the films, especially when the 135-CIGS capping layers become thicker.

Further analysis was carried out to confirm that the widening of the Eq is not
artificial due to an incidental change of composition, especially the Ga composition
ratio (x). The Eg vs. x was achieved from the optical transmittance and reflectance
measurements described above for the 112-CIGS films of ~1.8 pum thick deposited
with x =0, 0.1, 0.2,..., 1 and y ~0.9 for all samples. The relationship of Eg vs. x for

CulnxGa1-xSe2 was obtained from

Eg,Cle (X) = (1_ X) Eg,CIS + XEg,CGS - bX(l— X) eV, (4-1)
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where Eg.cis = 1.0 eV, Egces = 1.65 eV and the bowing parameter b = 0.39 eV of our
samples were found from the best fit. Had there been the incidental changes up to
15% of the x values at x = 0.37, by the propagation of uncertainty — this would have
caused the Eg shift by about 0.03 eV which was less than the shift in the sample with
the thinnest 135-CIGS capping layer of 10 nm as shown in Fig. 35. We note that the
15% uncertainty in x at x = 0.37, i.e., (Ax ~ £ 0.06), is chosen to be approximately
the same as the uncertainty in the atomic% reported by the EDS measurements, i.e.,
0.47, 0.47, 0.37 and 0.51 for %Cu, %In, %Ga and %Se, respectively. This suggests
that the band gap widening is due to the actual effect of 135-CIGS capping layer

rather than the inhomogeneity of the Ga and In fluxes during the deposition process.

It has also been reported that the optical transmission of CIGS thin films with
lower Cu atomic ratios (y) exhibits a band gap expansion [87]. For further
investigation, we determined the Eg as a function of y from the CIGS thin films with
y = 0.33, 0.65 and 0.90 and x ~0.37 for all samples as obtained from the EDS
measurements and indicated by open circles in Fig. 36. The relationship between Egq

and y is linear, and is given by
Eg(y) =-0.53y + 1.63 eV. 4.2)

The yca values were chosen to represent the 112-CIGS thin films with 135-
CIGS capping layers shown by black solid circles in Fig. 36. We noticed that Eq from
the absorbers with 135-CIGS capping layer with thicknesses of 10-80 nm are above
the solid line of Eq. (4.2) despite x~0.37 as claimed by the EDS measurements while
those with 200-300 nm 135-CIGS capping layers almost follow the fitted line for x =
0.37, regardless of the higher values of x = 0.41 and 0.46 as reported by the EDS
measurements, respectively. This suggests that the 10-80 nm 135-CIGS capping
layers do not homogenously mix with the 112-CIGS underlying layers, but affect the
widening of E4 of the absorber as a whole more than anticipated by the linear plot of
Eq. (4.2). It could also be explained that the thicker 135-CIGS capping layers of 200
and 300 nm that took a slightly longer deposition time (180 s) than those thinner ones
(90 s) led to a better intermixing between 135-CIGS and 112-CIGS layers. Then, the

increase in Eq from thicker 135-CIGS capping layers was not solely due to the effect
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of 135-CIGS capping layer, but rather due to the coalescence of 135-CIGS and 112-
CIGS layers.

It is worth noting that the x values of those samples with 200-300 nm 135-
CIGS capping layer are quite higher (see Table 8) than those of other thinner ones as
reported by the EDS measurements. The higher values of x could arise from i) longer
deposition time and ii) substantially Cu-poor composition of thicker capping layers.
Both effects allow for the unintended consequence of Ga and In inter-diffusion
between the 135-CIGS capping layer and the underlying 112-CIGS film [19].
Substitutions of Cu with Ga or In are also expected [19]. In this case, more Ga atoms
can be drawn to the upper region of the films that additionally contribute to the x-ray
signals of the EDS detection and thus lead to higher x values than in those films with
thinner 135-CIGS capping layer, leaving the underlying layer with x slightly lower
than 0.37 set by the deposition fluxes. In other words, inhomogeneous Ga distribution
is expected to be the cause of higher x values rather than greater Ga incorporation
throughout the bulk of the films. It can be seen that the E4 of the sample with 200 nm
135-CIGS is slightly below the line for x = 0.37, while that of 300 nm 135-CIGS
deviates further below the line for x = 0.37. This suggests that more Ga diffusion
occurs in the thicker capping layer leaving the lower part with less Ga than in the
sample with 200 nm 135-CIGS. Further verification shows that the Eq of the ~1.8 um
thick CIGS films with the uniform x = 0.46 and y = 0.35, 0.65, 0.78 and 0.90 are
much higher than those of x = 0.37 as indicated by the triangles with dashed line in
Fig. 36. These samples were fabricated using the single-stage deposition process to
avoid the diffusion of Ga. The x and y ratios were confirmed by the EDS. Similarly,
the Eq vs. y for CIS (x = 0) indicated by the diamonds with dashed line are also shown
for lower boundary in the plot of Fig. 36. Moreover, in the CIGS films with non-
uniform x, the Eg obtained from the transmittance and reflectance measurements are,
in general, corresponding to the lowest transition due to the actual minimum x value
of the main portion of the film and analogous to what is described and shown in the
inset of Fig. 34(a). Thus, the results suggest that the widening of Eg in the samples
with 200-300 nm 135-CIGS capping layer should also be due to the effect of the 135-
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CIGS covered layers rather than the effect of inadvertent increase in Ga content in the
bulk of the films.
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Figure 34: Plots of (a) optical transmittance and (b) reflectance spectra of 112-CIGS,
135-CIGS and 135-CIGS/112-CIGS with various thicknesses of 135-CIGS; 10, 20, 40,
80, 200 and 300 nm. Inset in (a) shows the results of the transmittance of physically

stacked layers of 112-CIGS and 135-CIGS by laying two samples together.
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Figure 35: Tauc plot of (ehv)? vs. incident photon energy (hv) for 112-CIGS, 135-
CIGS and 135-CIGS/112-CIGS with various thicknesses of 135-CIGS. A straight line
is extrapolated to determine band gap energy (Eg).
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Figure 36: A plot of band gap energy vs. Cu-atomic ratios. Open circles are from the
measurements with y = 0.33, 0.65 and 0.90. Solid black circles represent the 112-
CIGS with 135-CIGS capping layer with the thickness of 10-300 nm using calculated
values of y.
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Table 8: Ga composition ratio (x), Cu composition ratio (y) obtained from the EDS

measurements and ycal as calculated from overall thickness of the films.

Samples x = [Ga]/([Ga]+[In]) y = [Cu}/([Ga]+[In]) Yeal
112-CIGS 0.37 0.91 0.90
+10 nm 0.39 0.87 0.89
+20 nm 0.36 0.86 0.88
+40 nm 0.36 0.82 0.87
+80 nm 0.37 0.80 0.84
+200 nm 041 0.72 0.77
+300 nm 0.46 0.62 0.72
135-CIGS 0.39 0.31 0.33

Table 9: XRD peak position of (112) and (220) phases, shift of peak position, ratio of
lattice parameters (c/a) and volume of unit cell of 112-CIGS, 135-CIGS and 135-

CIGS/112-CIGS.
5gs?t?2ﬁ es: c/a Volume of unit
Samples (degree) (degree) cell (A%
(112) (220) (112) (220) (112) (220) (112) (220)
112-CIGS 26.98 44.75 - - 1.999 1.995 374.2 374.2
+10 nm
135-CIGS 27.07 44.85 0.09 0.10 1.993 1.989 370.6 370.5
+80 nm
135-CIGS 2710 4491 0.12 0.16 2.006 1.991 369.4 369.3
+200 nm
135-CIGS 27.13 44.93 0.15 0.18 2.004 1.986 368.2 368.1
135-CIGS 27.25 45.33 0.27 0.58 2.010 2.010 363.4 363.4
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4.5 Crystal structure

The broad XRD spectra covering 26 of 5-80° showing (112) and (220)(204)
chalcopyrite phases of 112-CIGS, 135-CIGS and 135-CIGS/112-CIGS with various
thicknesses of 135-CIGS films are presented in Fig. 37(a). The (110) plane of Mo
layer on SLG substrate is also visible and can be used to align the samples for the
XRD measurements. The normalized intensities of (112) and (220)(204) chalcopyrite
phases of the samples were determined for the XRD peak shift at the diffraction angle
of 25°-28° and 44°-46°, respectively, using Lorentzian function fitted to the XRD
data as illustrated in Fig. 37(b)—(c). It can be seen that the peak positions of both (112)
and (220)(204) phases of CIGS shift toward larger diffraction angle as the thickness
of 135-CIGS capping layer increases. It can also be noticed in Fig. 37(c) that the
(220) and (204) phases almost coincide with each other for the 112-CIGS. The shift of
the (220) phase at higher angle was found to be slightly larger than that of the (112)

phase as summarized in Table 9.

For simplicity, further analysis of the XRD peak shifting shall be done on the
(112) phase. The calibration curve for the 28 position of the (112) phase of CIGS with
various Ga composition ratios was obtained from the XRD measurements of the 1.8
pm 112-CIGS thickness with x = 0, 0.1, 0.2,..., 1 and y~0.9 for all samples. The 26

position of the (112) peak vs. x was found from linear regression to be

26112)(X) = 1.04x + 26.56°. (4.3)

This is then used to propagate the uncertainty in x to the uncertainty in the shift of the
XRD peak of the (112) phase. The 15% uncertainty in Ga composition ratio or x at x = 0.37 or
Ax =~ + 0.06 was considered similar to that previously discussed and thus led to the
uncertainty in the (112) peak of about 0.06°. Here, in this work, the shifts of the (112) peak
due to the 135-CIGS capping layers are all greater than 0.06°.
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Additionally, we noticed that there is no peak broadening in the XRD pattern
when the 135-CIGS covered layer becomes thicker, e.g., the sample with 200 nm 135-
CIGS covered layer. Had the x value of the sample with 200 nm 135-CIGS covered
layer been 0.41 to represent the bulk of the film, its 26 peak position would have been
at 26.99° for y = 0.9 according to Eq. (4.3). In fact, the 26 peak position of this +200
nm 135-CIGS covered layer is at 27.13°, as indicated in Table 9, which is higher than
the value expected from Eq. (4.3). This is mainly due to the effective y value being
less than 0.9 caused by the 135-CIGS capping layer. The reasons above suggest that
most lower portion of the film should have x slightly less than 0.37 and the 135-CIGS
capping layers affect the crystal structure of the underlying 112-CIGS as a whole.
These results are unlikely due to the incidental changes of the Ga composition ratio of
the bulk of the film despite the fact that it can also cause the XRD peak shift.

The 26 peak positions, the shift of 26 peak positions, the calculated lattice
parameters in terms of c/a and the volume of the unit cell (V = ac) from both (112)
and (220) phases are listed in Table 9. 112-CIGS and 135-CIGS gave the largest and
smallest volume of the unit cell, respectively. It was found that the volume of the unit
cell decreased as the thickness of 135-CIGS capping layer increased. The Egq is related
to the lattice constants or the volume of the unit cell, i.e., as the volume of the unit cell
decreases, the Eq is widened. When the thinner 135-CIGS layer is on top of 112-
CIGS, the lattice mismatch between 135-CIGS and 112-CIGS layers can induce strain
at the interface of 135-CIGS and 112-CIGS layers. For the thin 135-CIGS capping
layer of 10-80 nm, the whole 112-CIGS bottom layer accommodate its
crystallographic structure by reducing its unit cell size which can cause the decrease
in both lattice parameters (a and c¢) and the volume of the unit cell, as listed in Table
9. Thus, these thin 135-CIGS capping layers can cause a significant shift toward
larger 26 and also increase the Eg of the underlying 112-CIGS. The unit cell
contraction has also been observed with decreasing Cu content in bulk CIGS [90].
Moreover, the XRD patterns shown in Fig. 8(b)—(c) are unresolvable for separated
112-CIGS and 135-CIGS structures. The estimated full width at half maximums
(FWHMs) for every XRD pattern are approximately 0.08°. The broadening of 135-
CIGS/112-CIGS layers cannot be observed. For those samples with 135-CIGS
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capping layer thicker than 200 nm, the decrease in the volume of the unit cell should
be less affected by the strain at the interface induced by 135-CIGS capping layer, but
rather by the diffusion of elements, especially group-I1l elements, from 135-CIGS
upper layer into 112-CIGS bottom layer to form a substantial amount of Cu vacancies.

4.6 Raman spectra and Raman shift

Commonly, the 135-CIGS has the space group P42c and point group 42m
which is known as ordered vacancy compounds (OVCs) [91]. In order to see if 135-
CIGS is chalcopyrite structure or not, the Raman measurement is used to investigate
the vibrational spectra modes of 112-CIGS and 135-CIGS thin films. Moreover, the
Raman shift is investigated to observe the stress and strain in 135-CIGS/112-CIGS
samples. From the XRD results in Table 9, the lattice parameters calculated for 112-
CIGS and 135-CIGS are: a =5.720 A, ¢ = 11.437 A and a = 5.654 A, ¢ = 11.367 A,
respectively. These values are fairly comparable with the unit cell of 135-CIGS being
slightly smaller. Then, what is expected for Raman measurement is the vibrational
spectra of 112-CIGS chalcopyrite structure and 135-CIGS ordered vacancy compound
must be nearly the same as well. The plot in Fig. 38 shows the Raman spectra of 112-
CIGS, 135-CIGS and 135-CIGS/112-CIGS with 10 and 200 nm thick of 135-CIGS.

According to the character for the point group 42m of chalcopyrite structure, the
representations for the zone center Raman-active optical modes in these structures
are: 1A1+3B1+3B>+6E. Then, the strongest Raman spectra of 112-CIGS, 135-CIGS
and 135-CIGS/112-CIGS at 168.26 cm™, 169.44 cm™, 169.02 cm * and 169.31 cm™
are due to the symmetric A1 mode which results from the motion of Se atoms with the
cations remaining at the rest. These values are in the range that is generally observed
in the Raman spectra of chalcopyrite structure [92, 93] at 300K. Both compressive
and tensile strain can be determined with compressive strain giving an upward and
tensile strain a downward shift from the unstrained 169.44 cm™ of 135-CIGS shift.
For thinner 135-CIGS capping layer, 112-CIGS has larger lattice constant than 135-
CIGS. Thus, the 10 nm thick of 135-CIGS grown on 112-CIGS sample is under
tensile strain leading to downward shift. Moreover, the shift of 200 nm thick of 135-
CIGS is under the relaxed strain because of the elemental diffusion as mentioned

above in XRD section. Then, these Raman shifts can confirm the chalcopyrite
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structure of 135-CIGS and strain in the heterostructure of 135-CI1GS/112-CIGS with

thin 135-CIGS capping layer.
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Figure 38: Raman spectra of 112-CIGS, 135-CIGS and 135-CIGS/112-CIGS with

135-CIGS capping layer of 10 and 200 nm thick.
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4.7 J-V characteristics and QE of CIGS devices

The photovoltaic parameters of the CIGS solar cells, e.g., Voc, Jsc, FF and
power conversion efficiency (7) with various thicknesses of 135-CIGS film are shown
by the box chart in Fig. 39. The upper and lower bars represent the maximum and
minimum values, respectively. The numbered solid squares indicate the average
values. The upper and lower boundaries of the box correspond to the upper and lower
quartile, and the middle line is the median for the statistical analysis of the devices.
Higher Vo was achieved in range from 650 to 670 mV for 135-CIGS thickness below
80 nm. The thinnest 135-CIGS capping layer of 5 nm gives the highest value of Voc. It
is shown that the Vo decreases when the thickness of 135-CIGS increases. The
devices with 200 nm thick 135-CIGS have the lowest Voc which are significantly less
than the standard 112-CIGS devices. Short-circuit current densities (Jsc) are not
significantly different among the 135-CIGS thicknesses of 5-200 nm. Fill factor (FF)
of 200 nm thick 135-CIGS capping layer is significantly lower than others due to
lower Voc. The maximum conversion efficiency of the devices with 135-CIGS
thickness below 10 nm is a bit lower than the standard 112-CIGS devices due to a
slight decrease in the value of Js.. The thin 135-covered layers affect the increase in
Voc Without significant loss of Jsc which could be caused by the suppression of
recombination at the interface. The larger valence band offset (AEy) of less than 0.4
eV can create a sufficient barrier to eliminate interface recombination, thus the Vo is
increased [21]. However, the Vo is reduced significantly with increasing thickness of
135-CIGS film to 200 nm. The decrease in the values of Vo, FF and efficiency of the
devices as the thickness of 135-CIGS increases is inferred by higher defect
concentration in the 135-CIGS layer, e.g., a neutral defect of 2Vcy+Incy (Cu vacancy
and In on Cu site defects), deep defect of Illcy (the substitution of group-111 elements
on Cu sites) and also excessive Vcy that may, on the other hand, cause the interface

recombination [18].
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cells.

The EQE of 112-CIGS and those with various thicknesses of 135-CIGS
capping layer solar cells are shown in Fig. 40. The standard 112-CIGS devices show
the highest generated photocurrent from the light absorption corresponding to the
maximum value of Ji, of 33 mA/cm? as shown in Fig. 39. The generated
photocurrents of all 135-CIGS layers grown on top of 112-CIGS are slightly lower
than that of the 112-CIGS device due to the loss of photocurrent in the long
wavelength region. The cut-off wavelengths of EQE are also qualitatively consistent
with the absorption edge of the CIGS absorber films as shown in the transmission

spectra in Fig. 34(a).

4.8 Summary remarks
It has been demonstrated that very thin layer of 135-CIGS on the surface of
112-CIGS absorber layer significantly affects physical, optical and photovoltaic

properties of photon absorber layer of CIGS thin film solar cells. However, surface
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observation techniques such as AFM, FESEM cannot resolve the 135-CIGS capping
layer when its thickness is less than 40 nm. On the other hand, optical transmission
and XRD measurements clearly show the effect of 135-CIGS capping layer in the
shift of absorption edge and the diffraction peak, respectively. The increase in the
thickness of 135-CIGS capping layer leads to the shift of XRD peak towards larger 26
position that results in the decrease in the volume of unit cell and thus the increase in
Egy of the underlying 112-CIGS layer. This is consistent with the shift of absorption
edge towards shorter wavelengths. For the device performance, the Vo is increased
from 646 mV (without 135-CIGS) to ~670 mV (with 5-10 nm 135-CIGS) with a
slight decrease in the value of Js.. The power conversion efficiencies are comparable
between the devices with and without 135-CIGS capping layer but the increase in Vo
is directly due to the existence of the 135-CIGS capping layer. However, excessive
thickness of 135-CIGS capping layer can also deteriorate the device performance.
Lastly, for future investigation, the optical measurement technique such as
temperature-dependent photoluminescence may be useful for investigating the
electronic structures of this pseudo-homojunction 135-CIGS/112-CIGS or other
ordered defect compound covered layers to verify the anticipated valence band offset
(AEy) in addition to the indirect evidences of widening of Eg and the increase in Voc as
reported here. Also, different deposition techniques that intrinsically deliver Cu-
deficient surface to 112-CIGS could be beneficial to the improvement of CIGS solar

cells.



CHAPTER V
PHOTOLUMINESCENCE OF 135-CIGS/112-CIGS
HETEROSTRUCTURE SYSTEM

In this  chapter, temperature-dependent and  power-dependent
photoluminescence (PL) spectra of 112-CIGS, 135-CIGS, 135-CIGS/112-CIGS and
112-CIGS/135-CIGS thin film heterostructures are investigated. The broad spectra are
observed, especially in 135-CIGS and 112-CIGS/135-CIGS thin films. The nature of
PL emission depends on temperature of 112-CIGS and 135-CIGS/112-CIGS that is
different from 135-CIGS and 112-CIGS/135-CIGS. In this research, donor-acceptor
pair (DAP) transition is mainly observed in the polycrystalline films and identified by
their activation energies. The free-to-bound (FB) transition is only observed for 112-
CIGS and 135-CIGS/112-CIGS heterostructures. Moreover, the effect of interference

in photoluminescence spectra is also discussed here.

5.1 PL of 112-CIGS, 135-CIGS thin films and 135-CIGS/112-CIGS

heterostructure

The excitation power dependence of PL spectra of 112-CIGS, 135-CIGS and
135-CIGS/112-CIGS with 10 thick 135-CIGS from 0.1 mW to 35 mW at 10 K are
shown in Fig. 41. The PL spectra show broad donor-to-acceptor pairs (DAPS)
transition for 112-CIGS and 135-CIGS/112-CIGS films. It can be seen in Fig. 41 that
the broad emission in the PL spectra of 112-CIGS and 135-CIGS at high excitation
power can be resolved into two peaks when the excitation intensity is reduced. The
two resolved peaks at low excitation are identified as donor-to-acceptor pairs (DAPS)
and free (conduction band)-to-bound (acceptor) (FB) transitions. Normally, the nature
of peak position of the FB transition is temperature and excitation power independent,
whereas the DAPs showed blue-shift for a p-type and red-shift for an n-type
semiconductor [94]. It is worth to point out that the broad peak of 135-CIGS cannot
be resolved to observe FB and DAP transitions when the excitation power is
decreased. There is no significant shift of the peak in the excitation power for the 135-
CIGS. In addition, the emission from the 135-CIGS cannot be noticed in the 135-
CIGS/112-CIGS heterostructure.
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Fig. 42—-Fig. 44 show the temperature-dependent PL spectra of 112-CIGS,
135-CIGS/112-CIGS with 10 nm thick 135-CIGS from 10-300 K and 135-CIGS from
10-200 K. Inset is the fitting result of PL spectrum at 10 K. The broad peaks are
observed in range of 1.07-1.12 eV for 112-CIGS and 1.09-1.14 eV for 135-
CIGS/112-CIGS which the energy range for 10 nm thick 135-CIGS capping on 112-
CIGS is slightly shifted to higher energy about 20 meV. The peak energy increases by
reducing of Cu elements for 135-CIGS thin film. With increase in temperature, the
transition to higher energy is apparent. The peak positions of the PL measurements
from 10-300 K at maximum excitation power are plotted as a function of temperature
and shown in Fig. 46. The PL emissions from 112-CIGS and 135-CIGS/112-CIGS
show blue-shift as the temperature increases that are the nature of the DAP transition
of a p-type semiconductor. It is noted that the peak energy at 300 K coincides with the
FB transition at 10K. On the contrary, a 135-CIGS shows red-shift as the temperature
increases that is a characteristic of an n-type semiconductor. The activation energy
can be calculated from the two-channel model of Arrhenius function [95] as shown in
Fig. 45;

I(T) = -

E )
1+ Aex al) + Bex az
+ Aexp( T )+ Bexp( T )

(5.1)

where 1(0) is the PL emission intensity at 0 K, Ea1 and Ea» are the activation energies
in the low and high temperature regime, respectively, A and B are fitting parameters

and kg is the Boltzmann constant.

The types of donor and acceptor in the 112-CIGS and 135-CIGS/112-CIGS
could be regarded as Se vacancies (Vse) and Cu vacancies (Vcu), respectively, and
their estimated activation energies are ~10-30 meV for Vse and ~50-90 meV for Vcy
compared with the values of 5-10 meV for Vs and 80-90 meV for Vcy reported
elsewhere [96]. The slight discrepancies between these results and others are due to
the difference of the Ga concentration. According to their calculated activation
energies for 112-CIGS and 135-CIGS/112-CIGS thin films, the defect states can be
interpreted to an energy level diagram illustrated in Fig. 47(a) and Fig.47(b).
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Figure 41: The PL spectra of 135-CIGS, 112-CIGS and 135-CIGS/112-CIGS thin

films at 10 K. The black line is for the high power (35 mW) and the red line, green

line and blue line are for the low excitation power.
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Figure 42: The PL spectra of the 112-CIGS thin film under temperatures from 10 K
to 300 K. Inset is the fitting result of PL spectrum at 10 K using Gaussian

distribution.
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Figure 43: The PL spectra of the 135-C1GS/112-CIGS thin film with 10 nm thick of

135-CIGS capping layer under temperatures from 10 K to 300 K. Inset is the fitting

result of PL spectrum at 10 K using Gaussian distribution.
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Figure 44: The PL spectra of the 135-CIGS thin film under temperatures from 10 K
to 200 K. Inset is the fitting result of PL spectrum at 10 K using Gaussian

distribution.
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Figure 45: (Continued) The Arrhenius plot of temperature-dependent PL intensity vs.

1/T for fitting peak 1 and peak 2.
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Figure 47: The energy level diagram of (a) 112-CIGS (b) 135-CIGS/112-CIGS and
(c) 135-CIGS thin films.

For 135-CIGS thin film, it shows a broadening shape due to the possible
various defects in the film. Then, in the PL spectrum, there are four fitting curves
using Gaussian function. The energy level diagram of 135-CIGS is shown in Fig.
47(c). It composes of only DAPs transitions. It has been known that 135-CIGS is the
n-type semiconductor, thus, the dominant defect is a donor. The possible donor types
in 135-CIGS thin film are Incy (indium on Cu site) (Ea ~100-200 meV), and Vse
(selenium vacancy) (Ea ~60—-80 meV) [97-103].

The PL spectra among the various thicknesses of 135-CIGS capping on 112-
CIGS at 10 K are compared to that of 112-CIGS thin film as shown by Fig. 48. The
PL peak position of 112-CIGS is at 1.12 eV while the PL peak energies of thin 135-
CIGS capping layer of 1-40 nm are approximately at 1.14 eV, higher than that of
112-CIGS film by 20 meV. It is quite possible that there is the strain for only thinner
135-CIGS capping layer of 135-CIGS/112-CIGS heterostructure. Then, the activation
energies of these defects may form at higher energy. However, the PL peak energy is
shifted to the original position for 80 nm 135-CIGS capping layer and then shifted
towards lower energy as increasing the thickness of 135-CIGS layer for 120-200 nm.
The shifted spectra towards lower energy for thick 135-CIGS capping layer is
possible due to the intermixing between 135-CIGS and 112-CIGS layer as mentioned
in Chapter IV. As a result, the y value (y = [Cu]([Ga]+[In])) is lower and could form

the concentration of deeper defect levels that cause the peak shifted.
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Figure 48: PL spectra of 135-C1GS/112-CIGS with various thicknesses of 135-CIGS
capping layer at 10 K.

5.2 PL of 112-CIGS/135-CIGS heterostructure

It can be previously noticed that the 112-CIGS, 135-CIGS and 135-CIGS/112-
CIGS show only single broad peak of PL emissions at high excitation power. As a
result, the alternate structure of 112-CIGS/135-CIGS is also fabricated for comparison
with 135-CIGS/112-CIGS structure. The SEM cross-sectional images of 135-
CIGS/112-CIGS with 40 nm thick 135-CIGS was compared to 112-CIGS/135-CIGS
with 50 nm and 200 nm thick 112-CIGS as seen in Fig. 49. In Fig. 49(a), the 40 nm
135-CIGS capping layer is barely seen on the 112-CIGS, whereas the 112-CIGS
capping layer is noticeable on the surface of the underlying 135-CIGS layer as shown
in Fig. 49(b)—(c). The 112-CIGS has relatively larger columnar grains than that the
135-CIGS.
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Figure 49: SEM Cross-sectional images of (a) 135-CIGS/112-CIGS with 40 nm thick
135-CIGS and 112-CIGS/135-CIGS with (b) 50 nm and (c) 200 nm thick 112-CIGS.

The PL emission spectra of 112-CIGS/135-CIGS with 50 nm and 200 nm
thick 112-CIGS prepared on ~2 pm thick 135-CIGS are shown in Fig. 50.
Surprisingly, when 112-CIGS is deposited on top of 135-CIGS, the emissions from
underlying 135-CIGS and (50, 200 nm thick) 112-CIGS capping layer are resolved
and noticeable. The PL emissions from 112-CIGS/135-CIGS, shown in Fig. 50, are
significantly distinguishable from those of 135-CIGS/112-CIGS (single-band
emission), i.e., they have no temperature and excitation power dependence as those
mentioned previously. However, the PL signals are only observed from 10 K up to
~200 K. There are five or six distinguishable PL emissions from both 50 and 200 nm
thick 112-CIGS capping layers on 135-CIGS. Our previous interpretation, the peak
energy positions indicated above 1.12 eV were from the sub-gap states of the
underlying 135-CIGS layer since the emitted energies are greater than the Eg4 of the
112-CIGS capping layer, and thus the peak positions lower 1.12 eV were from the
sub-gap states of 112-CIGS upper layer. However, when observing the experimental
results more carefully, it was found that the PL peaks are equally separated by 70-90
meV. But, it does not come from the result of phonon replica as shown in other works
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Figure 50: The PL spectra of 112-CIGS/135-CIGS with 50 and 200 nm thick 112-
CIGS capping layers at lower (red line) and higher (black line) excitation power from
10-200 K.

[104, 105] because the height of intensities did not descend equally. These PL spectra

may cause from the interference effect which is going to be discussed hereafter.

5.2.1 The interference effects in PL of 135-CIGS and CIGS thin
films

There are some researchers studied the effect influenced the measured PL
spectrum, i.e., thin film interference that originated from, e.g., sample tilt, film
roughness, film layer thickness and y values [106]. The thin film interference can
strongly affect the PL spectrum of smooth surface that follows from the coherent
superposition of the luminescence emitted and internally reflected at the surface of the
sample. The artifact PL spectrum may show multiple peaks like it was in 112-
CIGS/135-CIGS structure in Fig. 50 that was almost overlooked in this effect. As
shown in Fig. 33 of Chapter IV in AFM measurement, 135-CIGS has the surface
height and the rms roughness less than 112-CIGS and 135-CIGS/112-CIGS thin films.
Consequently, this effect would lead to misinterpretation of PL spectra.
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PL ® Interference => Signal Detection

Figure 51: Schematic illustration of PL generated in the CIGS absorber film and
collected at angle é: to the surface normal. Red and black lines perform up-going and
down-going rays, respectively.

The interference circumstance can directly affect the smooth surface film, here
is 135-CIGS layer. In order to make it clear to understand the interference effect, Fig.
51 shows schematic illustration of the interference source. The PL generated in the
absorber film can be distinguished between two directions, the first one is up-going
beam to be the real PL signal and the another one is down-going beam that incidents
to the Mo surface and reflects to the top of film. As the result, the interference effect
will occur because of its combination between the real PL and the internal reflection.
Then, the PL emission can be approximated by 1-R, where R is the sample
reflectance. Thus, in an attempt to understand the cause for the interference effect, the
reflection counterpart with surface roughness, 135-CIGS layer thickness and CIGS

film composition (y = [Cu]([Ga]+[In])) are investigated.

5.2.1.1 Effect of surface roughness

The 112-CIGS, 135-CIGS, 135-CIGS/112-CIGS with 40 nm thick of 135-
CIGS capping layer and 112-C1GS/135-CIGS with 50 nm thick of 112-CIGS capping
layer are investigated for the correlation of surface roughness and PL emission. The
surface roughness parameter corresponding with PL emission are shown in Fig. 52 for
an absorber layer of 112-CIGS and 135-CIGS with a thickness of 1.8-2.0 um. The

surface roughness of the samples can be determined by root-mean-square (rms)
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roughness measured by AFM. The maxima of the fringes are well-matched to the
maxima of PL spectrum for 135-CIGS and 112-CIGS/135-CIGS samples. Since the
135-CIGS film has a smoother surface (low rms) than the 112-CIGS, there is the
effect of roughness on the PL spectrum for both 135-CIGS and 112-CIGS on top of
the 135-CIGS bottom layer. 112-CIGS and 135-CIGS/112-CIGS thin films have
rougher surface (high rms) that show no interference effect. Moreover, full width at
half maximum (FWHM) of the PL spectrum of 112-CIGS and 135-CIGS/112-CIGS is
also smaller than the wavelength of the reflectance fringes. In order to understand of
this effect, various FWHM of PL spectrum and reflectance fringes are simulated and
illustrated in Fig. 53. The FWHM less than the wavelength shows no interference
effect while the FWHMs of those samples that greater than or equal to the wavelength

show the dominant interference effect for the measured PL in grey line.
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Figure 52: Effect of rms surface roughness on PL emission for (a) 112-CIGS, (b)
135-CIGS, (c) 135-CIGS/112-CIGS and (d) 112-CIGS/135-CIGS thin films.
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Figure 53: Simulation of Gaussian distribution (measured PL) counterpart with full
width at half maximum (FWHM) affected by the interference effect.

5.2.1.2 Effect of 135-CIGS layer thickness

The only 135-CIGS films with various thicknesses are investigated from
SEM surface images, rms roughness and reflection to see the interference effect. Fig.
54 shows the summary of SEM surface morphology, rms value and PL spectrum with
the measured 1-R. SEM surface images exhibit the smallest grain size for 50 nm thick
135-CIGS. The grain size is gradually increased as the thickness of film increased. It
has already been known that grain growth is particularly regarded to factors such as
growth temperature, deposition time and composition (x or y). Here in this work, the
growth temperature, x and y values at 450°C, 0.37 and 0.33, respectively. The rms
roughness increases as the film thickness increases. Although smoother film surface
directly affects the reflection, but the thickness of the film has more effect on the
interference pattern as shown in the measured 1-R. For samples thinner than 1um, the
interference effect is less significant due to the period of the oscillations in the fringes
is wider or approaches the width of the PL peak. Then, the interference effect is rarely
affected the very thin layer films. For very thick layer, the value of 1-R coincides with

the PL peak significantly and the PL peaks are separated almost equally that would be
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the result of the interference. The PL spectrum here is assumed by the Gaussian
distribution, and when the reflectance is known, the actual PL can be obtained, i.e., by
dividing the measured PL with (1-R)*c, where c is a factor that scales the fringe
amplitude of the measured reflectance to match the fringe amplitude observed in PL.
Thus, the actual PL spectrum is shown in red line in the shape of Gaussian
distribution. It can be seen that the actual PL peak width (FWHM) is wider than the
period of the fringes. This result is opposites to that of the 112-CIGS thin film that the
PL peak width of 112-CIGS is smaller than the wavelength and shows no result from

the interference.
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Figure 54: The comparison of SEM surface, AFM, and PL measurement corrected by

the interference factor (1-R*c) among the various thicknesses of 135-CIGS layer.
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5.2.1.2 Effect of CIGS film composition

Then, in order to substantiate the effect of interference in PL that could be
influenced by Cu composition, then the y value is varied from 0.20-0.90 and
investigated for surface morphology, rms roughness and PL measurement. As
discussed in Chapter IV, the grain size of CIGS thin films depends on both x and y
values. Here in this work, x is set at 0.37 and y is varied. The varied y composition of
0.20, 0.33, 0.50, 0.70 and 0.90 can be established to be 158-CIGS, 135-CIGS, 247-
CIGS, 235-CIGS and 112-CIGS, respectively [107-109]. The y values of 0.20-0.70
are commonly existed as B-phase or ordered defect compound (ODC) as illustrated in
Fig. 7. As y is decreased from 0.90 to 0.20, the grain size becomes smaller as shown
in SEM surface images of Fig. 55. In addition, the rms roughness is also reduced. The
thickness of these thin films is about 2 pum. The result of interference has a strong
effect on y value, especially when y is lower than 0.50 as depicted in the appearance
of fringes in the PL spectrum. In comparison of measured PL and 1-R, the
coincidence between the maxima of 1-R and the measured PL is obvious for y less
than 0.50. The PL correction of 135-CIGS with lower y value shows the similar
broadening shape. The influence of y composition that affect the interference almost
vanishes when it approaches to 0.90 (112-CIGS).

5.2.2 The PL correction for 112-CIGS/135-CIGS

heterostructures

As it has been shown that what factors can result in the interference in the PL
spectrum, e.g., the surface roughness, the layer thickness and composition of 135-
CIGS. To understand how the thickness of 112-CIGS capping layer affect for 135-
CIGS underlying layer, the thicknesses of 112-CIGS are varied for 5, 10, 25, 50, 80,
140, 200 and 300 nm on top of the 135-CIGS layer for the PL measurements. Fig. 56
shows the temperature-dependent PL spectra of the films of 112-CIGS/135-CIGS
with 10 nm thick of 112-CIGS from 10-200K. Inset is the Gaussian distribution
fitting of PL spectrum at 10 K.
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Figure 56: The PL spectra of the 112-C1GS/135-CIGS thin film with 10 nm thick of

112-CIGS capping layer under temperatures from 10 K to 200 K. Inset is the fitting
result of PL spectrum at 10 K using Gaussian distribution.
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Figure 57: The PL spectra of the 112-CI1GS/135-CIGS thin film with 10 nm thick of

112-CIGS capping layer under various excitation power.
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Figure 58: The PL spectra, PL correction and 1-R of the 112-CIGS/135-CIGS thin

film with various thicknesses of 112-CIGS capping layer.
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The 112-CIGS/135-CIGS heterostructures show more broadening line width
than that of the 135-CIGS/112-CIGS heterostructures. The broad peaks are observed
in range 0.95-1.40 eV. The PL spectra from 112-CIGS/135-CIGS show red shift as
the temperature increases similar to that of only 135-CIGS film, which is the nature of
n-type semiconductor. Moreover, the excitation power-dependent PL spectrum of
112-CIGS/135-CIGS shifts toward lower energy as the power decreases as shown in
Fig. 57. From the temperature-dependent and excitation power-dependent results, the
band diagram of 112-C1GS/135-CIGS can be depicted in Fig. 47(c) that consists only
DAP transitions. The donor and acceptor defects are the same types like in 135-CIGS
thin film.

In order to compare the PL emissions among the various thicknesses of 112-
CIGS layer, the PL spectra depending on 112-CIGS capping layer are compared in
Fig. 58 at 10K. The dominant PL peak of only 135-CIGS is ~1.23 eV. A very thin 5
nm thick 112-CIGS has less effect on the 135-CIGS, i.e., no change the PL peak.
However, the PL peaks of thin 112-CIGS capping layer of 10-50 nm are slightly
shifted to 1.28 eV higher than that of the only 135-CIGS by 50 meV. It may arise
from the compressive strain between the layer that is dissimilar from the tensile strain
in 135-CIGS/112-CIGS heterostructure. For 80 nm thick 112-CIGS, the PL peak is
back to the original position and then shifts toward lower energy for a thicker layer of
112-CIGS capping layer of 200 nm. It can be described that a greater amount of 112-
CIGS layer can cause the PL peak of 112-CIGS/135-CIGS shifting to the peak
direction of 112-CIGS.

5.3 Summary Remarks

In this study, the broad PL emissions from both 112-CIGS thin films and 135-
CIGS/112-CIGS heterostructures are identified as the DAPs and FB transitions with
corresponding temperature and excitation power dependence. The PL spectra of 112-
CIGS/135-CIGS heterostructures exhibit no temperature and excitation power
depedence and resolve to various transitions contributed from the interference effect.
The sub-gap states from 135-CIGS and 112-CIGS/135-CIGS heterostructures are
indicated as the DAPs transition due to the defect compound of 135-CIGS. The
dominated DAPs transition is slightly shifted to higher photon energy for a very thin
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of 135-CIGS or 112-CIGS capping layer. The nature of the PL emissions from the
sub-gap states observed in the 135-CIGS/112-CIGS and 112-CIGS/135-CIGS
heterostructures are distinguishable depending upon the sequence of the deposited
layers.



CHAPTER VI

CONCLUSION
High efficiency 112-CIGS thin film solar cells usually require additional

techniques to enhance the solar cell parameters. One of the techniques that is
motivated by pseudo-homojunction of the absorber is the inserting of a wider band
gap of a thin 135-CIGS defect phase layer between n-type CdS and p-type 112-CIGS.
Thus, understanding of the effects of 135-CIGS capping layer on 112-CIGS film is

necessary to develop CIGS devices with high efficiency.

The effects of thickness of 135-CIGS capping layer on 112-CIGS film (135-
CIGS/112-CIGS) were investigated in this work through bare absorbers and solar cell
devices. The absorbers of 135-CIGS/112-CIGS were observed for their optical band
gap energy via the transmittance and reflectance measurements, crystal structure by
X-ray diffraction, morphology by the atomic force microscopy (AFM) and scanning
electron microscopy (SEM), defect states by photoluminescence (PL) technique for
both 135-CIGS/112-CIGS and 112-CIGS/135-CIGS heterostructures, solar cell
performance by |-V and quantum efficiency (QE) measurements, respectively.
Moreover, the film composition of 112-CIGS, 135-CIGS/112-CIGS and 135-CIGS
was assured by the energy dispersive X-ray spectroscopy (EDS) technique.

Important conclusions for the macroscopic observation are, (1) 135-CIGS thin
film has larger band gap energy (Eg) compared to 112-CIGS, (2) when 135-CIGS is
on 112-CIGS structure, the Eq increased more than the stand-alone 112-CIGS as the
thickness of 135-CIGS capping layer increased due to the decreasing of volume of
unit cell. The increasing of band gap energy can be affected by two mechanisms, (i)
the strain induced by a thinner 10-80 nm of 135-CIGS upper layer to the whole 112-
CIGS structure, (ii) the overall composition of CIGS thin film changes to lower Cu-
atomic ratio (y = [Cu]/([Ga]+[In])) because of the elemental diffusion from 112-CIGS
diffusing to a thick 135-CIGS capping layer of 200-300 nm. For the device
applications, the parameter of open circuit voltage (Voc) is increased with the
thickness of 135-CIGS capping layer because of the increasing of Eg, except when the
135-CIGS layer is too thick (> 200 nm). The current densities (Jsc) are comparable to
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112-CIGS devices, except for 200 nm thick of 135-CIGS layer shows slightly lower
values. Hence, it is likely that a very thin 135-CIGS layer is a benefit for CIGS solar
cells. The defect phase of 135-CIGS by a post-deposition may lead to the valence
band offset (AEy) at the surface because of its larger Egthan 112-CIGS approximately
0.30 eV. The valence band bending at the interface of n-CdS and p-CIGS layer can
retard the recombination rate by blocking holes from the interface with high energy
barrier. As a result, the open circuit voltage (Voc) distinctly increases. One important
problem that can be misled by the effect of 135-CIGS is the elemental diffusion from
112-CIGS layer diffusing to a very thick of 135-CIGS covered layer to form another
CIGS composition as a whole. The results obtained in this dissertation yield a
suggestion that can improve the Vo of devices and to substantiate the existing of 135-
CIGS layer by indirect means. Those techniques are such as secondary ion mass
spectrometry (SIMs) or grazing incident X-ray diffraction (GIXRD) may be useful to
verify the existence of 135-CIGS covered layer directly but they are very time

consuming.

Apart from the macroscopic observation of the device performance, the
microscopic investigation for 135-CIGS/112-CIGS or even 112-CIGS/135-CIGS
heterostructure is also essential. The defect energy level can be achieved by the
photoluminescence (PL) measurement in order to investigate the effect of 135-CIGS
capping layer. The PL transitions were observed for both the temperature-dependent
and excitation power-dependent. The general defect states detected in 112-CIGS thin
film are Cu vacancies (Vcu) and Se vacancies (Vse) that are the acceptor defects and
donor defects, respectively. The deep donor defects, i.e., group-1ll elements on the
Cu site (Illcy) is found only in 135-CIGS and 112-CIGS/135-CIGS structures. The
transitions found in this work are donor to acceptor (DAP) transition and free-electron
to bound-acceptor (FB) transition. The 112-CIGS and 135-CIGS show the nature of
p-type and n-type, respectively. The first one exhibits blue-shift while the latter one
shows red-shift as the temperature increases. The PL of 135-CIGS/112-CIGS samples
with a very thin of 135-CIGS capping layer of 1-40 nm shift to higher energy as
compared to only 112-CIGS film which is the same as the PL of 112-CIGS/135-CIGS
samples with a very thin of 112-CIGS capping layer. These suggest that the widen Egq
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at the interface that can induce a shift in the energy levels of either conduction band or
valence band to higher energy level. Another interesting results for this experiment is
the interference effect from a smoother surface of 135-CIGS that can conceal the real
PL and show the artifact PL instead, especially the structure of 112-CIGS/135-CIGS.
This has a direct effect on a very broad PL spectrum in which the full width at half
maximum (FWHM) is larger than a wavelength of interference fringes. As a result, in

order to prevent the misleading, the PL spectra need to be corrected.

In this work, the capping layer was always kept thinner than the bottom layer.
Thus, the properties under investigation were mainly influenced by the bottom layer.
Therefore, further experiments with the variations of 135-CIGS and 112-CIGS
thickness may reveal the preeminent phenomena, such as blue-shift or red-shift,
depending on the layer thickness. For example, in the PL measurements, it remains
unclear whether n-type or p-type the films would exhibit in the 135-CIGS/112-CIGS
and 112-CIGS/135-CIGS bilayer structures when the thickness of capping layer and
bottom layer is comparable. This leaves some questions for future investigation.
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