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Introduction

For more than 30 years the chalcopyrite Cu(In,Ga)Se, materials have been described as
a "promising candidate” for thin film solar cell applications. The work on chalcopyrite—
based solar cells started in the early 1970s, even though the first reports on synthesis
and characterization of CulnSe; and CuGaSe; were published already in 1953 [1]. The
pioneering work was mainly performed at the Bell Laboratories, where a CulnSe; solar
cell with a 12 % efficiency was demonstrated under outdoor illumination “on a clear day
in New Jersey” in 1975 [2, 3]].

Today, Cu(In,Ga)Se; can be regarded as a mature technology. Cu(In,Ga)Se,—based small
area solar cells with an efficiency of above 20% has been realized lately [4], and chal-
copyrite based solar cells are not any more restricted to the research laboratory. In these
years Cu(In,Ga)Se; solar cells are installed on rooftops of the electricity consumers. With
an annual production of Cu(In,Ga)Se, commercial solar modules of 439 MW in 2010 (an
increase of 144 % compared to 2009) the market is developing rapidly. An even higher
growth rate in the production of 193 % is expected in 2011 [5]. The efficiency of thin film
chalcopyrite modules is approaching the one obtained by small scale laboratory cells,
though a large efficiency gap still remains. The highest efficiency of a commercial size
module is 15.7 % [6], while the current world record for modules out of mass production
is 13.4 % [7Z].

Even though high efficiencies have been demonstrated and the Cu(In,Ga)Se; technology
is entering the market for commercial solar cells, there are still many questions regarding
basic material properties that remain unanswered. The fact that so good results have
been obtained may even be regarded as a minor miracle in the light of the many unsolved
mysteries [8].

The aim of this work is to investigate some of the aspects of the CuGaSe, and CulnSe,
materials that are not yet understood. The investigations are all related to different kinds
of inhomogeneities observed in the absorber material. Chapter 2 will form the founda-
tion for this by giving a general introduction to the chalcopyrite material system and
explaining some of the aspects that are already well understood.

In order to understand the inherent properties of chalcopyrites, and unambiguously as-
cribe the observations to different effects, it is necessary to be able to investigate material
with as few artefacts as possible. It is for example highly desirable to be able to exclude
the effects of grain boundaries and interfaces, which are often seen to affect the device
properties of chalcopyrite solar cells [9, 10]. In this work this is achieved by investiga-
tion of single crystalline material epitaxially grown on GaAs. With this approach one can
exclude the influence of grain boundaries on the measurement results. The studies fur-
thermore focus on only the properties of the absorber material. The formation of a p-—n
junction with appropriate choice of buffer material is avoided, thereby simplifying the
studied system.

High efficiently solar cells are based on Cu(In,Ga)Se, — an alloy containing both In and
Ga [4]. Balancing the [Ga]/[In] ratio allows tuning of the band gap to match the solar
spectrum ideally [3, 8]. One disadvantage of the Cu(In,Ga)Se;, alloy is, however, that



1 Introduction

inhomogeneities of the band gap can potentially occur due to local fluctuations of the
[Ga]/[In] ratio [11]]. In this work the effect of alloying is avoided by restricting the study
to only the ternary CulnSe; and CuGaSe,.

Following this argumentation CulnSe; and CuGaSe, samples investigated in this study
are grown epitaxially on GaAs. All epitaxial samples investigated in this work are grown
by metalorganic vapour phase epitaxy (MOVPE). The MOVPE system is a new instal-
lation installed four months after my arrival at the University of Luxembourg. A part
of this work is therefore devoted to development and establishment of a growth process
yielding high quality epitaxial samples. This is the topic of chapter 3.

The main tool for analysis in this work is photoluminescence (PL). The advantage of PL is
that it is a contact free, and non—destructive measurement technique. Room temperature
PL gives insight into the optoelectronic properties of the material and can be analysed
to extract information about parameters that directly influence the performance of solar
cells such as the band gap and splitting of quasi-Fermi levels [11, 12]. PL performed at
low temperature is, furthermore, a very sensitive tool to study defects in the material
[10]. In this work the advantages of PL are utilized in a system with sub-micron spatial
resolution. This opens the possibility to study interesting effects such as spatial variation
of defect related recombination and the influence of localized secondary phases.

Various inhomogeneities are investigated in this work with PL. One of the studied effects
is potential fluctuations. Several studies have shown that Cu-poor ([Cu]/[IlI]<1, where
[III] is the concentration of In and Ga) Cu(In,Ga)Se; shows potential fluctuations at low
temperatures which dramatically reduce the mobility and thus the diffusion length in
solar cells [10,[13} 14, 15]]. It is however often assumed that the fluctuations persist at room
temperature [16, [17]. In order to characterize the properties of these fluctuations and
their temperature dependence epitaxial CuGaSe; and CulnSe; absorbers are examined
by temperature and intensity dependent photoluminescence. Record Cu(In,Ga)Se; solar
cells with an efficiency around 20% are obtained for [Cu]/[III] ratios ranging from 0.80 to
0.92 [4]. Chalcopyrites with a significant Cu deficiency are therefore industrially relevant
as well as scientifically interesting. This is the topic of chapter 4.

Chalcopyrites grown under Cu-rich conditions (meaning [Cu]/[III] > 1) are not less in-
teresting than their Cu—poor counterparts. It has even been shown that many properties
such as defect densities, transport properties and bulk recombination are improved when
growing under Cu—excess [15} (14} 18, [19]. The record devices with efficiencies exceeding
20 % are obtained by a three stage process [4]. This commonly applied growth process,
interestingly also involves a growth stage with Cu—excess where Cu,Se crystallites form
at the surface [20]. A simplified process, which still includes a Cu—excess phase, is also
used in industrial production [21]. The Cu—excess step is usually thought to be necessary
to achieve large grains [22]. Nevertheless, the fundamental effect of the very common
Cu—excess stage on crystal quality is not fully understood yet, calling for further well de-
signed experiments in which the effect of grain size, morphology, and alloying of In and
Ga can be excluded, allowing for an investigation of solely the effect of the Cu—excess on
the absorber properties. This will be one of the experiments discussed in chapter 5 along
with other results of spatially resolved photoluminescence.



Background and Review

This chapter gives an introduction to the chalcopyrite material, heteroepitaxial growth,
and the main experimental method used in this work, namely photoluminescence.

Basic material properties of the chalcopyrite materials CuGaSe; and CulnSe; will be pre-
sented. This includes a description of the crystal structure, the phase diagram and the
band structure of the two materials, followed by a discussion of defect formation in chal-
copyrites. Further material properties of CulnSe; and CuGaSe; are collected in appendix
The second section of this chapter aims to describe some of the phenomena encountered
when performing heteroepitaxial growth experiments. This includes a discussion of the
lattice mismatch, the critical thickness and the consequence of different thermal expan-
sion coefficients of layer and substrate. This section is finalized by a discussion of the
strain measured in epitaxial CuGaSe; and CulnSe; and the influence of strain on the
band gap.

The third section finally focuses on the theoretical background of low temperature pho-
toluminescence. This is included since photoluminescene is the main experimental tech-
nique used in this work. A brief explanation of other experimental techniques is found
in appendix [D} The in-depth description of photoluminsece is included since it is im-
portant to understand the various transitions that can be observed in the measurements.
The theory of different transition types observed at low temperature and the experimen-
tal discrimination between them is presented. Experimental PL results from literature are
finally discussed and a model that describes the experimentally observed defect transi-
tions in CulnSe; and CuGaSe; is presented. The theory of room temperature photolumi-
nescence will be discussed in chapter[5|

2.1 Introduction to Chalcopyrite Materials

2.1.1 Crystal Stucture

CuGaSe; and CulnSe;, both ternary I-III-VI, compounds, crystallize in the chalcopyrite
lattice structure. The chalcopyrite lattice is tetragonal with a unit cell that is described by
the lattice constants 2 and c, as shown in figure

The chalcopyrite structure can be derived from the crystal structure of the II-VI semi-
conductor ZnSe (a structure also known as zincblende). By isoelectronic substitution of
the group II element (Zn) with with an equal amount of elements from group I (Cu) and
elements from group III (Ga or In) the chalcopyrite lattice can be derived. It is, however,
a bit more complicated than the simple substitution due to the different chemical nature
of the elements. Where the ZnSe unit cell is cubic the chalcopyrite unit cell contains two
ZnSe unit cells stacked on top of each other thereby becoming tetragonal. A tetragonal
distortion 77 observed in CuGaSe; and CulnSe; can be defined as 7 = 5. # 1. The tetrago-
nal distortion is a result of the different chemical nature of the bonds. The bond strength
of the Cu-Se and the III-Se bonds differ leading to slightly different bond lengths [3].
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Figure 2.1: Unit cell of the chalcopyrite structure of Cu(In,Ga)Se; [23].

From X-ray diffraction measurements values of the lattice constants and the tetragonal
distortion can be determined. For CulnSe; the unit cell is slightly dilated along the c-axis
giving 7 = 1.006 [24]. The unit cell of CuGaSe; is on the other hand compressed along
the c—axis leading to 7 = 0.982 [25]]. The lattice constants used here are given in table
Another difference between the ZnSe structure and the chalcopyrite is the anion displace-
ment to position u also arising due to different bond lengths of Cu-Se (R;_yr) and III-Se
(R1rr—vr). The position of the Se atom is given by:

1 RZ ., —R%
ng_}_ 1-VI az 111 VI’ (2.1)

where a is the lattice constant of the short edge of the unit cell [26]. With values for the
bond length in CulnSe; [27] of R;_y; = 2.484 Aand Rjj;_y; = 2.586 A a Se displacement
of u = 0.23 is found, slightly different from u = 0.25 for ZnSe. For CuGaSe; an u = 0.264
has been theoretically calculated [28].

The different bond lengths and the displacement of the Se atom from its zincblende po-
sition has an influence on the electronic structure of the chalcopyrite since a crystal field
arises. This issue will be discussed in section 2.1.3|

2.1.2 Phase Diagram

In order to grow high quality epitaxial absorber layers it is advantageous to know the
phase diagram of the material system. This knowledge is needed to predict the phases
present under different growth conditions. Phase diagrams are in principle only valid
under equilibrium conditions but still give an idea which phases one can expect under
different growth conditions. The phase diagram for the Cu—Ga-Se system [29] and the
Cu-In-Se system [30] will be discussed in the following.

Thin films prepared under Se excess, have compositions that fall on or very close to the
pseudo-binary line between Cu,Se and In;Ses for indium containing material and Ga,Se;
for gallium containing material [3]. It is therefore relevant to investigate this pseudobi-
nary section of the phase diagrams. Figure [2.2| shows the phase diagrams of this section
near the compositions where the chalcopyrite phase is stable.

The material system Cu-In-Se is well characterized compared to the less studied Cu-
Ga-Se system [31]. According to Stanbery, who reviewed the phase diagram of CulnSe;
there are, however, many inconsistencies and incompleteness to be found in the extensive
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Figure 2.2: (a) Phase diagram for the Cu-Ga-Se system along the CuySe-GaySes pseudobinary section. The
phase labelled « is the chalcopyrite and the B region contains the ordered defect compound (ODC) phase
CuGasSeg. Redrawn after [29]]. (b) Phase diagram of the Cu-In-Se system along the pseudo-binary section
between CuySe and InySes. The a phase is the chalcopyrite, § is the high temperature zincblende phase
and B an ordered defect compound (ODC) phase. Cuj;Se exist in a high-temperature (HT) phase and a
room-temperature phase (RT) [30]. Notice that the temperature scales of the phase diagrams are different.

literature on the subject [31]. It will therefore only be attempted to give an overview of
the general properties of the material system.

Figure 2.2(b) shows the phase diagram along the Cu;Se-In;Ses pseudobinary section.
The region labelled & represent the compositions, which crystallize in the chalcopyrite
structure. It is noticed that the chalcopyrite phase at 100 °C is found for a Cu content in
the range between ~ 24 % and ~ 24.9 %. This means that the chalcopyrite phase can exist
with a significant deviation from stoichiometry. The chalcopyrite in which [Cu]/[III]<1
is said to be Cu-poor. In order to form these materials a large number of Cu vacancies
must be formed.

When the Cu content is increased above ~ 24.9 %, one enters the Cu-rich growth regime
([Cu]/[1II]>1), and a secondary phase consisting of CuxSe with x~2 appears in addition
to the chalcopyrite. In other words, the chalcopyrite is not able to accommodate a Cu-
excess and the additional Cu ends up in the Cu,Se phase. On the Cu-rich side of the
phase diagram it is interesting that the chalcopyrite phase is not stable for a Cu-In-Se
composition with a Cu content of 25 %. In equilibrium it is found that samples with the
stoichiometric CulnSe, composition in fact consist of a mixture of slightly Cu-poor chal-
copyrite and a secondary Cu,Se phase. In other words, perfectly stoichiometric CulnSe,
does not exist under equilibrium conditions [31]].

The other phases seen in figure[2.2(b) should also be briefly discussed. The high temper-
ature zincblende ¢ phase, where the occupation of the III and Cu positions is disordered,
is found with a wide range of compositions. This phase is unstable at room temperature
and therefore normally not observed. This phase is under equilibrium conditions trans-
formed into the chalcopyrite a phase around 800 °C for samples with a composition close

10
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to the stoichiometric point. The phase labelled B is the rather controversial ordered defect
compound (ODC). There is no agreement whether the  phase is a single phase with a
wide existence range or if this part of the phase diagram is in fact composed of a series of
closely spaced phases with narrow ranges of stability. At least eight different compounds
have been found in this region of the phase diagram, the most commonly mentioned is
the CulnsSes. For even more Cu—poor compositions the ODC also referred to as the 7y
phase with the composition CulnsSesg is found [31]].

Figure[2.2(a) shows the phase diagram of the Cu-Ga-Se system along pseudobinary sec-
tion (CuySe)y—1 — (GazSes), [29]. The lowest temperature in this diagram is 800 °C, but
the general characteristics of the phase diagram are similar to the more studied Cu-In-Se
system. It can therefore be expected that the overall behaviour will be the same. Like the
In containing chalcopyrite, the Ga containing chalcopyrite structure is stable with a sig-
nificant Cu—deficiency. Also for both material systems, a secondary Cu,Se appears when
crossing the border to the Cu-rich regime.

In the Ga containing material it is similarly found that phases such as CuGazSes [32]
or CuGasSeg [33] are found under very Cu-poor growth conditions. These phases are
included in the region labelled B in the phase diagram. This region of the phase diagram
with a high mole fraction of Ga,Sejs is not well characterized [29].

2.1.3 Fundamental Band Gap

Chalcopyrites have a direct band gap located at the center of the Brillounin zone known
as the I' point. The electronic structure of the chalcopyrites is, like the crystal structure,
closely related to the structure of ZnSe. Figure [2.3]illustrates how the electronic structure
at the I' point can be derived from ZnSe.

CulnSe2 Zinc_blende CuGaSe:
Aso Acr>0 like Acr<0 Aso
c/2a>1 c/2a<1
Conduction
band
Ec Eb Ea Ea Eb Ec
‘ 1x
1x
Ix Valence 1x
"’~...:"—:::;;:= an . 1x
1x 3x 2x
Ix I 7
1x

Figure 2.3: The band structure of CulnSe, and CuGaSe; as it is derived from the cubic zincblende by tak-
ing the spin orbit and crystal field splitting into account. The degeneracy of the valence band is denoted
3x,2x,1x. The three fundamental band gaps E;,E;, and E, are indicated [23) 34].

The ZnSe structure has one conduction band and a three—fold degenerate valence band
at the zone center if spin orbit coupling is ignored. The fact that atoms are displaced from
their ideal zincblende positions in the chalcopyrite structure leads to the appearance of
a crystal field splitting Acr of the valence bands. Due to the crystal field splitting which
is negative in CuGaSe; (7 = 0.982) and slightly positive in CulnSe; (7 = 1.006) the
valence band splits into a non-degenerate level and a twofold degenerate level. This

11
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is, however, not a complete description of the band structure. The spin-orbit coupling
due to the interaction of the electron spin with its angular momentum leads to further
splitting of the valence bands. If the effect of spin—orbit splitting Agp is taken into account
it is realized that the valence band in chalcopyrites is in fact composed of three non-
degenerate bands as illustrated in figure [34]. Please note that the zincblende band
structure is hypothetically shown without spin—orbit coupling in the figure.

The presence of three valence bands leads to three fundamental band gaps with energies
Es, Ep, and E,.. The energies of these band gaps are collected in appendix |C] It is worth
noticing that for CulnSe,, which has a very small tetragonal distortion the crystal field
splitting is so small that the difference between the a band gap E, and the b band gap E,
is experimentally very difficult to distinguish at room temperature [34].

2.1.4 Defects in Chalcopyrites

Formation of crystal defects in chalcopyrites plays a key role in the performance of the
material in a solar cell device. In general crystal defects can be grouped in four classes:

1. Dislocations or line defects where several atoms are misaligned in the crystal. The
two basic types of dislocations are screw and edge dislocations. During epitaxial
growth line dislocations often develop into threading dislocations [35].

2. Planar defects which can be understood as an array of dislocations. An example of
a planar defect is a grain boundary where the crystal orientation changes abruptly
at the interface. Another example is a stacking fault, which is an interruption of the
atomic layer stacking order [36]].

3. Three dimensional defects where a part of the crystal is either missing (voids) or
replaced by another material (inclusions).

4. Point defects occurring at single lattice points. This includes both extrinsic and
intrinsic defects. In Cu(In,Ga)Se; intrinsic defects are extremely important since
they are responsible for doping of the material [37]. Since these defects are also
involved in the photoluminescence transitions observed in CuGaSe; and CulnSe;
the intrinsic defects will be briefly discussed. The three different types of native
point defects that can appear are [38]:

e A vacancy is an unoccupied lattice site. Vacancies are e.g. denoted V-, mean-
ing a vacancy at the Cu lattice position.

e An interstitial is an atom occupying a position in the crystal that is usually not
occupied. Interstitials are e.g. denoted Cu; meaning a Cu atom in an interstitial
lattice site.

¢ An antisite is an atom of one species placed on the lattice position of another
species. Antisite defects are e.g. denoted Inc, meaning that an In atom is
occupying a Cu lattice site.

Some point defects form very easily in chalcopyrites. According to the reviews [31} [37]
and the most cited work on the topic [39] the isolated point defects in CulnSe, and
CuGaSe; with the lowest formation enthalpy are the cation antisites Cupyj, 11, and the
copper vacancy V. The defect formation enthalpy is, however, not a simple constant. It

12
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depends on the Fermi level and the composition of the material. The Cu vacancy has for
example lower formation enthalpy and is more likely to form in material grown under
Cu—poor conditions [39]. Due to the dependency of the formation enthalpy on the Fermi
level the formation of different defects is not independent. If for example a positively
charged I na donor is formed this leads to an increase of the Fermi level since two free
electrons are released. The increased Fermi level will at the same time lower the forma-
tion energy of negatively charged V., making it more probable to form Cu vacancies
[37]. In this way a Cu-vacancy can form as a counter reaction to the increase of the Fermi
level. This self-compensating effect explains the doping limits observed in chalcopyrites
[10].

In CuGaSe; the V;, has a very low formation enthalpy that even becomes positive when
the Fermi level is raised. This means that the formation of Cu vacancies becomes exother-
mic. The fact that the formation enthalpy becomes positive already before the Fermi level
reaches mid—gap explains that CuGaSe; cannot become n-type. In CulnSe,, the Fermi en-
ergy for which the formation of Cu vacancies becomes positive lies above mid-gap. This
explains that CulnSe; can become n-type under Cu—poor and Se—poor conditions [40].
The Fermi level dependent defect formation enthalpy also explains the doping limits for
extrinsic dopants [39].

The ability to form large concentrations of defects has important consequences for the
material. For CulnSe; first principles calculations have revealed that Inc, and V¢, can
form in very large concentrations of several percent. These two defects are known to
form a neutral strongly bound defect complex consisting of (InZ + 2V, ). This explains
that CulnSe; can exist with a significant Cu—deficiency [37].

The chemical nature of defects in chalcopyrites is not only investigated in theoretical
calculations. Experimental studies of vacancies in CulnSe, with positron annihilation
lifetime measurements are also available. Based on investigations of epitaxial layers on
GaAs it has been proposed that the (Vs, — Vi, ) divacancy is the most probable defect [41].
A similar conclusion is drawn in a recent positron Doppler spectroscopy study performed
in collaboration between our group and the positron annihilation spectroscopy group at
Aalto University, Finland. In the not yet published work it is proposed that the divacancy
(Vse — Veu) and a defect related to the single vacancy V¢, are the dominating defects in
CuGaSe; and CulnSe; [42].

Experimental information about defects can also be obtained with photoluminescence
measurements, various capacitance methods and Hall measurements. Low temperature
PL measurements are utilized to obtain information about the energetic distance of shal-
low defects to the bands. Capacitance measurements yield information about the ener-
getic position of deeper defects, and Hall measurements can give defect densities and the
energetic position of the shallow defects [37]. All these methods have in common that
they do not give direct information about the chemical nature of the defects involved
in the transitions. Energies of shallow defects identified with PL measurements are dis-

cussed in section

2.2 Hetero—epitaxial Growth of Chalcopyrites on GaAs
One of the main aims of this work is to develop an epitaxial growth process. This section

therefore discusses the issues and problems of heteroepitaxial growth from a theoretical
and experimental point of view. The aim is to introduce and discuss the general problems
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that are faced when performing heteroepitaxial growth. Issues treated here are important
to understand and have in mind when performing epitaxial growth experiments. Since
the effects discussed in this section also affect the properties of the final layers, it is im-
portant to be aware of these effects when investigating the properties of the epitaxial
absorber layers.

The term epitaxy is used to describe the process in which single crystalline material is
grown onto a single crystalline substrate so that the grown layer has the same structural
orientation as the substrate. If the growing layer and the substrate are the same material
one talks of homo—epitaxy (e.g. GaAs on GaAs). If the substrate and growing layer are
different materials (e.g. CuGaSe; on GaAs) it is referred to as hetero—epitaxy.

When attempting to grow hetero—epitaxially one faces a series of problems. The two
materials generally have different lattice constants giving rise to a lattice mismatch m:

Asubstrate — 41
= Substrate ayer’ (2.2)
Alayer

where ag,psirate and aj,y,, are the lattice constants of the substrate and layer respectively.
This lattice mismatch gives rise to strain in the growing layer and eventually introduction
of misfit dislocations. In epitaxial films misfit dislocations (typically edge dislocations)
often lead to threading dislocations that extend throughout the film and terminate at the
surface [43,44] as illustrated in figure

Threading dislocation
1

Glide plane
Misfit dislocation

,~“Strained epitaxial layer

i Substrate

Figure 2.4: Tllustration of a treading dislocation that extends from the substrate-layer interface to the surface
of the layer. The dislocation is able to move in a glide plane in the crystal. Redrawn after [44].

A high density of threading dislocations is very deleterious to the material quality by
leading to short minority carrier lifetimes [45} 46, 43]. Transmission electron microscopy
(TEM) investigations of Cu(In,Ga)Se; epitaxially grown on GaAs(001) have demonstrated
a high concentration of threading dislocations of ~ 10° cm~2 [47].

Another property of the material system that is very important for the success of the
growth experiment is the difference in thermal expansion coefficients between the sub-
strate and the epitaxial layer. Growth is typically performed at several hundred degrees
Celsius, after which the sample is cooled down. If the layer and the sample contract at
very different rates during the cool down this also leads to strain in the layer. In the worst
case this can even lead to crack formation.

Other problems commonly encountered when performing hetero—epitaxy growth experi-
ment includes: Low thermal conductivity of the growing layer, contamination of the film
by elements from the substrate, reactivity of the substrate and layer, and poor wetting
of the substrate. All these effects can influence the resulting properties of the epitaxial
layer [45]. The following will focus only on the issues related to the lattice and thermal
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2 Background and Review

expansion mismatches.

2.2.1 Lattice Mismatch and Critical Thickness

The lattice mismatch between the chalcopyrite layer and the GaAs substrate affects the
growing layer severely. In the beginning of the growth while the layer is very thin the
chalcopyrite will adapt the lattice constant of GaAs. The growing layer will be highly
strained in this phase of the growth known as pseudomorphic growth. As the layer thick-
ness increases the amount of elastic strain energy also increases. At some layer thickness,
known as the critical thickness, d, it becomes energetically favourable to reduce the strain
by introduction of misfit dislocations. Growth beyond this layer thickness leads to relax-
ation of the layer by introduction of dislocations [46].

Growth direction [001]

Pseudomorphic

GaAs CuGaSe, CuGaSe,

aGaAsi

iaCuGaSez

CCuGaSe2

dc

Layer thickness

Figure 2.5: Illustration of hetero—epitaxy of CuGaSe, on GaAs substrate. The lattice mismatch is overcome
by introduction of a dislocation when the layer reaches the critical thickness d. [48].

Figure illustrates the interface region of CuGaSe, with a misfit dislocation grown
on GaAs. The standard model applied to predict the critical thickness is the so-called
Matthews and Blakeslee approach. In this model the dislocation forms when its energy
of formation is lower than the strain energy it relaxes [46]. This model is, however, rather
complex in its entirety and requires precise knowledge of many material parameters and
geometry of the dislocations involved. Since some material parameters such as the elas-
ticity and Possion ratio may differ from their bulk values in very thin films further diffi-
culties arise in the application of the exact Matthews and Blakeslee model [46].

As discussed by Dunstan et al. one can as a general rule of thumb use a simple approxi-
mation to estimate the critical thickness of the epitaxial layers [49]. In general it is found
that the critical thickness is inversely proportional to strain due to the lattice mismatch
d; « mg%, where mgr is the lattice mismatch at growth temperature.The proportionality
factor was empirically determined for III-V semiconductor heterostructures to yield [50]:
_ 0.8nm

dcf'\/

g (2.3)

In order to determine the critical thickness, it is necessary to know the lattice mismatch. If
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it is assumed that the layer grows with the c-axis perpendicular to the GaAs(001) surface
(see section [3.6.3), the lattice mismatch that must be taken into account is the difference
between the a-axis of the chalcopyrite and the a—-axis of GaAs at growth temperature.
The length of the a—axes at growth temperature is given by agr = a + aa,AT, where
AT is the temperature difference between room and growth temperature and «, is the
thermal expansion coefficient.

The lattice parameters are collected along with other material properties in table Lat-
tice parameters given in the table are found in powder diffraction files of the International
Centre for Diffraction Data (ICDD) database. The citations in the table refer to the papers,
which form the basis for the lattice parameters given in the ICDD database.

Applying equation and equation the critical thickness can be determined to
d. = 43 nm for CulnSe; and 153 nm for CuGaSe,. These values are, as mentioned earlier,
just estimates. When the layer reaches the critical thickness dislocations will form, which
relaxes the layer. This does, however, not necessary also mean that the layer is totally
relaxed [49]. Residual strain can remain and additional strain can appear during cool
down as discussed in the following section.

Property CulnSe; CuGaSe; GaAs
a (A) 5.760 [24] 5.614 [25] 5.6538 [51]
c (A) 11.591 [24] 11.022 [25] c=a
ag(-107° K1) 103 [52],11[53] 13.1[54] 5.7 [55], 6 [56], 6.9 [51]57]
ac(-107° K1) 7.9[52],8.4 [53] 5.2 [54] Ke = 0y
C13 (GPa) 45 [58] 53 [58] -
C33(GPa) 63 [58] 72 [58] -
€),a(%) -1.84 0.71 -
€),c(%) -2.45 2.59 -
dc (nm) 43 153 -

Table 2.1: Collection of material properties for CulnSep, CuGaSe;, and GaAs: Lattice parameters a and c,
thermal expansion coefficients along the a—-axis &, and c-axis «., and elastic stiffness components C;3 and
Cs3. Since the elastic stiffness of CuGaSe; is not available the values for AgGaSe; are used. Calculated
properties of the hetero—epitaxial system: strain in a pseudomorph layer for growth with the a—axis parallel
to the substrate €| , and the c-axis parallel to the substrate €| .. d. is the critical thickness.

Before moving on to the issue of strain due to different thermal expansion coefficients, the
assumption that the c-axis is perpendicular to the surface when growing on GaAs(001)
should be discussed briefly. If the chalcopyrite a—axis is oriented || to the GaAs surface the
strain of the a-axis is denoted ¢/ ,. One can in a similar fashion describe the strain along
the c—axis, in the case where it is parallel to the GaAs surface €],c- For the two different

orientations the strain of the chalcopyrite parallel to the substrate surface is given by:

_ Astr — 4 _ Cstr — C
€H,a — s GH,C = ,

where 4 is the a—axis of the unstrained chacopyrite and a, is the length of the stained a—
axis. Similarly c is the length of the unstrained c—-axis and cy, is the length of the strained
c—axis.

In the pseudomorph chalcopyrite growing with ¢ L the GaAs surface we have ay, =
acass- In this case the strain parallel to the GaAs surface is simply given by the lattice
mismatch €, = m. If the layer would grow with the c-axis parallel to the GaAs sur-
face the length of the c-axis would assume the value cs;y = 2ag,45. The strain in the
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pseudomorph layers calculated with this approach are given in table

Based on the amount of the lattice mismatch in the two cases it is possible to predict
the preferred layer orientation. For both CulnSe, and CuGaSe; it is seen that the lattice
mismatch is considerably lower when the c-axis grows perpendicular to the substrate
surface. The layer will, therefore, preferentially grow with this orientation. Experimen-
tally this expectation has been confirmed in previous growth experiments [48, 59]. In
section [3.6.2]it is demonstrated that this is also the case in layers grown in this work.

2.2.2 Difference of Thermal Expansion Coefficients

The lattice mismatch is not the only problem of hetero—epitaxy. The difference in thermal
expansion coefficients of the substrate and film also strongly affect the strain in the final
film. The total strain in the layer due to the combination of the lattice mismatch and the
effect of different expansion coefficients is given by [60]:

Asub — a
€lla = R(ag"" —a "IN + (R — 1), @4)
ayer

where a degree of relaxation 0 <R< 1 has been introduced. AT is the difference between

l .
growth temperature and room temperature, and &, , 54?77 are the thermal expansion

coefficients along the a—axis of the layer and the substrate, respectively. The meaning of
R in the two extreme cases should be briefly discussed.

R = 0 is the extreme case of pseudomorhic growth where the layer totally adapts the
lattice constant of the substrate. In this case the thermally induced strain does not play a
role, as the strain in the layer is determined solely by the lattice mismatch. This will be
the case in films thinner than the critical thickness d..

The other extreme case where R=1 is the case where the strain due to lattice mismatch has
been totally relaxed at the growth temperature. When the layer is cooled down the layer
will again be strained due to the difference of thermal expansion coefficients. The final
strain in the layer is in this case solely determined by the thermal expansion mismatch.
If the strain due to the lattice mismatch would be totally relaxed when the layer thickness
reaches the critical thickness d,, the case with R = 1 should describe all films thicker than
d.. It is, however, found that residual strain remains due to the lattice mismatch even for
films thicker than d. [49]. In reality 0 <R< 1 therefore applies for films thicker than d..
The actual strain measured in CulnSe; and CuGaSe; layers grown on GaAs is discussed
in the following section.

2.2.3 Strain Measured in Epitaxial Layers

Strain in epitaxial chalcopyrite layers has been observed previously. In the previous sec-
tion it was discussed how the a—axis is strained due to the lattice and thermal expansion
mismatch. The strain in the a—axis also manifests itself by a change of the length of the
c-axis. The strain along the c-axis € | . due to a strain of the a—axis parallel to the substrate
€4 is given by:

Cis

€lec= —ZF%GH,W (2.5)

where Cy3 and Cs; are elements xy in the elastic stiffness tensor Cy,, [61]. This expression
is a linear approximation only valid for small strains. The components of the elastic
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stiffness tensor for CuGaSe; and CulnSe; found by theoretical calculations are given in
table

Since the CuGaSe; layer grows with the c-axis perpendicular to the GaAs surface, the
length of the c-axis is measurable in XRD measurements. The strain of the c-axis mea-
sured by XRD in the work of Bauknecht [48] will be summarized here.

(a) (b)
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Figure 2.6: Evaluation of strain in epitaxial layers from XRD measurements. (a) Length of the c-axis as a
function of layer thickness for CuGaSe, redrawn from [48] (b) Length of the c-axis as a function of layer
thickness for CulnSe; based on measurement of samples from this work.

Figure [2.6(a) shows the c-axis of CuGaSe, measured by XRD as a function of layer thick-
ness. It is observed that the length of the c—axis approaches the value of the totally relaxed
crystal with increasing layer thickness. The expected length of the c-axis calculated us-
ing equation and equation assuming R = 0 for pseudomorph growth is shown.
The line indicates the c-axis that is expected in a pseudomorph layer with a thickness
below d.. It is seen that the lattice parameter is larger than expected for pseudomorph
growth, showing that all samples are thicker than the critical thickness. It is noticed that
c increases with increasing layer thickness approaching the value expected in unstrained
CuGaSe;. The reason why the unstrained case in not observed might be partly due to
residual strain and partly due to the fact that the thermally induced strain is expected to
shorten the c-axis as well.

The line labelled thermal strain was calculated from equation and equation with
R = 1 assuming that the layer is totally relaxed at the growth temperature and strained
only during cool down. This illustrates the upper limit expected for the length of the
c—axis. It is noticed that the thickest samples investigated are relaxed to a higher degree
than expected from the thermal expansion mismatch. This can be related to development
of cracks in the film relaxing the layer even further [48]. The probability of crack evolu-
tion increases with increasing layer thickness due to increasing strain energy with layer
thickness. The development of cracks will be further investigated in section[5.5.1] Simi-
lar results as discussed here for CuGaSe; have been obtained for the CuGaS, /GaAs(001)
and CuAlSe;/GaAs(001) systems [61].

Strain in CulnSe; grown on GaAs has the same origin as discussed for CuGaSe;. The
system is, however, different since pseudomorph CulnSe, grows with a lattice constant
c that is longer than in relaxed CulnSe;. The thermally induced strain during cool down
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of CulnSe; that is relaxed at the growth temperature will, on the other hand, result in
a lattice constant ¢ smaller than in the relaxed crystal. This is illustrated in figure [2.6{b)
with the lines indicating the length of the c—axis under the different assumptions.

In order to investigate the strain in CulnSe; layers, XRD measurements were performed
on epitaxial samples grown in this work. The lattice parameter c extracted from the mea-
surements is shown in figure b). The length of the c—axis due to thermal strain (R = 1)
and pseudomorph growth (R = 0) were calculated using equation and equation
with the parameters given in table For CulnSe; it is observed in analogy with
CuGaSe; that the lattice parameter approaches that of the relaxed crystal as the layer
thickness is increased. The fact that the points fall far from the value expected for pseu-
domorph growth shows that all layers have a thickness higher than the critical thickness.
Since the thickness of the thinnest sample is 100 nm, this result is in agreement with the
expectation (d; = 43 nm). All strain due to the lattice mismatch is, however, not released,
but some degree of residual strain is still observed. The amount of residual strain reduces
as the layer thickness is increased. In the case of CulnSe, the thermal mismatch actually
aids to reduce the residual strain during cool down. The fact that the cool down releases
the strain is also observed by SEM investigations of the final layers, where cracks in the
CulnSe; are rarely observed in contrast to CuGaSe; layers. The case where the layer is
totally relaxed at growth temperature is, however, not observed. The thickest layers end
up with a lattice constant very close of the one observed in unstrained crystals.

2.2.4 The Influence of Strain on the Band Gap

As described in the previous section hetero—epitaxial growth often results in layers that
are strained. The stain affects the semiconductor by changing energetic positions of the
valence and conduction bands. Since the energetic transitions measured by photolumi-
nescence depend on the magnitude of the band gap, it is important to be aware of the
influence of strain when analysing the results. Figure 2.7|shows the variation of the con-
duction and valance bands of CuGaSe; at the I' point due to strain.
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Figure 2.7: Influence of strain on the band ordering and band gap in CuGaSe, from tight-binding calcula-
tions [48]62].

The variation of the band gap is calculated from a theoretical tight-binding model, where

the wavefunctions are described by a linear combination of atomic orbitals [62]. The en-
ergies of the bands are shown as a function of the c/a ratio. An increase in this value cor-
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responds to a compressive strain of the unit cell a—axis whereas a lower c/a corresponds
to tensile strain of the a—axis. In the figure the c/a ratio of relaxed CuGaSe; is shown
along with the c/a ratio expected for pseudomorph CuGaSe;/GaAs(001). As shown in
the previous section it is experimentally found that the strain in the layer lies between
these limits. In the figure it is seen that the band gap is reduced due to the lattice mis-
match, which induces a tensile strain along the a—axis of the CuGaSe; crystal. According
to the calculation the band gap of pseudomorph CuGaSe; /GaAs(001) is reduced by al-
most 70 meV compared to the relaxed crystal. The samples investigated in this study
are thicker than the critical thickness, and a lower band gap narrowing due to strain can
therefore be expected. One should, however, be aware that residual strain in the layer
leads to peak shifts in photoluminescence measurements.

Strain in CulnSe, affects the band gap as well. The material properties that are used
in the tight-binding calculation shown in figure [2.7| are the bond lengths and a param-
eter taking the chemical nature of the elements into account. Since Ga and In are both
group III elements the parameter accounting for the chemical nature is similar. One can
therefore expect that the behaviour seen in figure will be similar for CulnSe;. As
mentioned previously a small positive crystal field splitting is present CulnSe;. The or-
der of the top most valence bands in CulnSe; is therefore switched. The band order in
figure 2.7| switches close to ¢/a = 2, which is in fact very close to ¢c/a = 2.01 found in
relaxed CulnSe;. When pseudomorphic CulnSe; is grown on GaAs(001) the a-axis is
compressed and the c-axis is stretched relative to the relaxed crystal leading to an in-
crease in the c/a ratio. With the approach presented in the previous section one can
estimate (c/ a)pseudo,m,ph = 2.1. In figure it is seen that the bands are almost parallel
as the ¢/a is increased from 2.01 to 2.1. Almost no change of band gap due to the residual
strain can therefore be expected in epitaxial CulnSe, layers.

2.3 Low Temperature Photoluminescence: A tool for Defect Spec-
troscopy

Photoluminescence is used as the primary tool to investigate epitaxial CulnSe,; and CuGaSe;
layers in this work. A detailed description of the theory of the method is therefore in-
cluded here.

2.3.1 The Basic Principle of Photoluminescence

Photoluminescene describes the process in which charge carriers generated by light ab-
sorption recombine radiatively. The photoluminescence process can be described in three
general steps explained in the following [63} 64]:

1. The main requirement for emission of photoluminescence is that the electronic sys-
tem is not in equilibrium. In order to obtain luminescence from a system it is there-
fore necessary to perturb the system in a way that results in a non—equilibrium
situation. In PL experiments a non-equilibrium distribution of charge carriers is ob-
tained by illumination with light [63]. Illumination of a semiconductor with light
of energy higher than the band gap fiw>E, excites electrons across the band gab
resulting in free electrons in the conduction band (CB) and free holes in the valence
band (VB).
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2. The generated charge carriers will thermalize with the lattice in a time scale of
picoseconds. This results in a rapid establishment of a quasi-equilibrium where
charge carriers are distributed at band edges and in defect levels at low tempera-
tures [63].

3. The electrons and holes recombine radiatively giving rise to luminescence with
photon energy equal to the energy difference between the two states involved in
the transition. The typical time scale of radiative recombination is in the order of
nanoseconds to microseconds [63]].

Depending on the sample quality, electronic defect structure, temperature etc. one will
observe PL originating from different energetic states [64]. Figure2.8]illustrates schemat-
ically possible radiative transitions in a semiconductor. The difference between these
transition types will be discussed in the following sections.
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Figure 2.8: Schematic illustration of radiative transitions in a semiconductor. The illustrated transitions
include Band-to-Band Recombination (BB), Free Exciton (FX), and Bound Exciton (BX). Recombination
of free electrons with acceptors (CB,A) and free holes with donors (VB,D) are both classified as Free—to-
Bound recombination (FB). Recombination of electrons in donor states with holes in acceptor states are
called Donor-Acceptor Pair recombination (DA).

2.3.2 Band-to-Band Recombination

In general a fraction of the excited charge carriers remain in the band states. The density
of carriers that remain in the bands is, however, strongly dependent on the temperature.
At low temperatures the charge carriers tend to form excitons or get trapped in defect
states from which they recombine as explained in the following sections. When the tem-
perature is increased the excitons dissociate and defect related luminescence is quenched
due to re-emission of the charge carriers to the bands. The radiative recombination from
the conduction band to the valence band therefore becomes more dominant at higher
temperatures [63]. For further details on band-to-band recombination see sectionm

2.3.3 Excitonic Recombination

Excitonic luminescence is the recombination of electron-hole pairs bound together by
Coulomb interactions. Excitons can only form in material of sufficient purity and qual-
ity [64]. In material with high concentrations of defects, excitons will dissociate due to
the presence of local fields. Excitonic emission can, likewise, only be observed at very
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low temperatures where the thermal energy is smaller than the exciton binding energy
(kT < Egx) since thermal dissociation occurs at elevated temperatures [63} 64].

One distinguishes between two types of excitons based on their spatial extension: (1)
highly localized Frenkel excitons with an electron-hole distance in the order of the lat-
tice constant and (2) Wannier-Mott excitons that extend significantly further with an
electron—hole distance of several times the lattice constant. Wannier-Mott are typically
found in materials in which the reduced mass of the exciton is low. This is the case in
Cu(In,Ga)Se, because of the low effective electron mass mj; <<my (see table in appendix

[65].

Free Excitons

Wannier-Mott type free excitons are well described by the hydrogen model. The binding
energy of the exciton in this model is given by [63]:

B mye* 1
212 [47tege, (0)]* 13
where m;, is the reduced mass 1/m, = 1/m; + 1/m;, n; quantum number, 7 is the re-
duced Planck constant, e is the elementary charge, €,(0) is the relative dielectric constant,
and ¢ is the permittivity of free space.
In order to estimate the exciton binding energy, it is necessary to know the effective
masses. This is not trivial, since it has recently been shown by a theoretical evaluation
that the effective hole mass in Cu(In,Ga)Se; is anisotropic [66]. An experimental study of
the reduced mass is available for both CulnSe; [67]] and CuGaSe;[68]. Based on the shift
of excitonic luminescence in a magnetic field a reduced effective mass can be determined
[67, 168]. The experimentally determined value can be expected to represent an average
over the anisotropic hole mass. To simplify the evaluation here, the experimentally de-
termined reduced masses will therefore be used.
For CulnSe; with a reduced mass of m, = 0.095m [67] and a dielectric constant of €,(0) =
13.6 (see table equation gives a binding energy of the exciton of Erx = 7 meV.
This is in very good agreement with the experimentally determined binding energy of
excitons in CulnSe; of 7 meV [67,169] and 7.5 meV [70].
A similar estimation for CuGaSe, using the experimentally determined reduced effective
mass m, = 0.115m, [68] and a dielectric constant of €,(0) = 11 (see table yields
Erx= 12.9 meV, which is almost identical to 13 4+ 2 meV found experimentally [48]. Thus,
the hydrogen model gives a very good description of the exciton in this case.
When measuring photoluminescence, the energy of the emitted photons is simply the
band gap minus the binding energy of the exciton [63, 64]:

Erxn (2.6)

hwrx = Eg — Erx (2.7)
One will rarely observe excitons of n; > 1 except in very good crystals, since the intensity
of the exciton decreases as Irx nf’ [Z1]].
Bound Excitons

When a sample contains a small number of donors or acceptors excitons can bind to
these via van der Waals interactions. Excitons can bind to neutral or charged defects in
the material. Since the interaction of excitons with defects lowers the energy it is likely
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to form bound excitons. These bound excitons can be described as molecular bonds in
the hydrogen analogy. An exciton bound to a neutral defect can be considered as a H»
molecule, whereas an exciton bound to a positively charged donor can be regarded as the
hydrogen molecular ion HJ [64]. The energy of photons emitted due to recombination
of bound excitons is given by [63)] 64]:

hwpx = E¢ — Epx, (2.8)

where the Egy is the binding energy of the bound exciton. The binding Egx depends on
the ionization energy and charge state of the defect to which the exciton binds. The bind-
ing energy of the exciton is, according to Haynes rule [72], proportional to the ionization
energy of the defect Ep or E4. The proportionality constant C depends on the effective
masses of the electrons m; and holes m; in the material. For neutral defects the binding
energy in general increases as the ratio m; /m; increases as discussed in details in [64].
For excitons bound to neutral defects the binding energy can be expressed as

Epx = Cho/poEa/p + Epx 2.9)

By convention the energy of the exciton bound to neutral defects is expressed as a sum of
the free exciton energy and the additional term due to binding to the defect. For excitons
bound to charged defects this is by convention expressed as the complete binding energy:

Epx =Cs-/p+Ea/p (2.10)

The proportionality constants C have been calculated for neutral defects [73] and charged
defects [74].

The photon emitted from recombination of a BX has lower energy than a correspond-
ing FX. An approach to distinguish BX from FX in a PL spectrum is to investigate the
linewidth. Since the bound excitons are not able to move in the crystal, they do not posses
kinetic energy. The linewidth of bound excitons is therefore expected to be narrower for
bound than for free excitons [64]].

Characteristics of Excitons in Photoluminescence

When performing PL measurements it is often of great importance to be able to distin-
guish the different types of transitions. This can be achieved by analysis of temperature
and excitation dependent behaviour of the intensity and energetic position of the peak. In
general, one can describe the photoluminescence intensity Ip;, measured with increasing
excitation density Py according to the power law [10]:

Ipy o Py, (2.11)

For excitons it is in principle expected that the exponent k in equation equals 2 un-
der high injection conditions, since the excitonic emission depends on the concentration
of both electrons n and holes p: Ipr px o« n - p [63], where n and p are both proportional
to Pexc. In reality one finds 1 < k < 2 since excitonic recombination competes with
other radiative and non-radiative recombination pathways [75]. The peak position of
the excitons remains constant when the excitation density is increased unlike e.g. donor—
acceptor—pair (DAP) recombination discussed in the next section [10].

When the temperature is increased the energy of the excitonic recombination is expected
to follow the temperature dependence of the band gap. The intensity is, however, rapidly
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decreased as the temperature is increased, so in the case of Cu(In,Ga)Se, where the band
gap stays almost constant from 1-100 K [70] 76, 77, 78], it is not expected that any shift
of the excitonic emission can be observed. As the temperature is increased one will on
the other hand observe a continuous transition from excitonic recombination to band—to—
band recombination.

The intensity of the excitonic luminescence decreases rapidly with increasing tempera-
ture due to thermal dissociation of the exciton. By measurement of the quenching be-
haviour it is possible to determine the exciton binding energy.

The temperature dependence of a luminescence intensity Ip; in competition with a ther-
mally activated process can in general be described by [10]:

1
1+bexp (%) ’
where b is a proportionality constant, kp is the Boltzmann constant, T is the temperature,
and E,; is the activation energy of the quenching process. For a study of the exitonic

recombination as a function of temperature, the activation energy E, corresponds to the
exciton binding energy [10].

(2.12)

IpL X

2.3.4 Donor-Acceptor-Pair Recombination

States with energies in the otherwise forbidden band gap occur in semiconductors due to
either the presence of impurities or crystal defects. Shallow defects that are responsible
for doping of the material can be described with the hydrogen model mentioned in sec-
tion The only difference is that the reduced mass of the exciton m, in equation (2.6)
should be replaced with the effective mass of the charge carriers in the nearest band (1
for donors and m;; for acceptors). This simple model can be applied for acceptors in chal-
copyrites since the valence band degeneracy is lifted due to the crystal field mentioned
in section

To give an idea of the accuracy of the hydrogen model for the description of shallow
defects, the ionization energies can be estimated using the same material properties used
to calculate of the exciton binding energy in section[2.3.3] For CuGaSe; with m;= 0.14m,
[79]], the experimentally determined reduced mass leads to an effective hole mass of m; =
0.64my [68]. With these values and €,(0) = 11 [80] (see appendix [C) an estimate of the
defect ionization energies gives Ep= 16 meV and E4= 72 meV.

For CulnSe; the effective mass electron is in the order m;= 0.09mg [66] 79]. If assuming
this effective electron mass, the hole mass determined from the reduced mass reported in
[67] strongly overestimates the acceptor energy. Instead if the commonly used value of
my= 0.71m [65] is assumed, with the dielectric constant €,(0) = 13.9 [81], one finds Ep =
7 meV and E4 = 52 meV. These energies very similar to the experimentally determined
defect energies discussed in section[2.3.8} Even though the absolute values are not exactly
in agreement with the experimentally found defect levels the result clearly shows some
notable facts. The acceptor level is deeper than the donor level in both CulnSe, and
CuGaSe; as a result of m;, > m;. The calculation also predicts correctly that the defect
levels in CulnSe; are more shallow than in CuGaSe,.

With both acceptors and donors simultaneously present recombination of charge carriers
via two defect states can occur. If the concentrations of both defects are lower than the
Mott concentration the defects can be described by the following model. The Mott condi-
tion is given by Njyjap ~ 0.27, where ap is the effective Bohr radius of the defect state. The
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Mott concentration is an estimation of the critical concentration Nj; above which defect
states begin to interact [82]. An estimation of the Mott concentration is given in section
4.2

In a donor—acceptor—pair transition the initial state consists of a neutral donor and a neu-
tral acceptor. When the transition occurs the electron is transferred from the donor to the
acceptor leading to a final state with charged donor and acceptor. Schematically this can
be written:

D+ A° - hw+ Dt + A~ (2.13)

Since the donor is positively charged and the acceptor negatively charged in the final
state, an amount of energy due to Coulomb interaction between the two will be liberated.
This energy Ec is transferred to the emitted photon, thereby increasing the photon energy.
The emitted energy due to the DAP recombination can therefore be described by [10, 63,
64]:

hw = Eg— (EA+ED)+EC/ (214)

where E4 and Ep are the energetic distances between the defect state and the band edge
for the acceptor level and donor level respectively. Ec is the Coulomb energy due to
interaction of a donor and an acceptor separated by a distance r:

e2

Ec=——""7+— 2.15
¢ 4rtege,(0)r @15)

It is here noticed that the emitted energy depends on the distance between the defects
involved in the transition. This fact turns out to be important in order to identify a tran-
sition as being of the DAP type [64]. If for example the defect density in the material is in
the order 10'® cm 2 the average distance between donors and acceptors will be r = 40 nm
[13]. With €,(0) = 11 (see appendix |C) equation gives a Coulomb energy Ec = 3
meV.

Characteristics of Donor-Acceptor-Pair Recombination in Photoluminescence

As the excitation density is increased the density of occupied donors and acceptors in-
creases. This leads to a decrease of the average distance between occupied donors and
acceptors from which recombination can occur. The decreased average inter pair distance
r is responsible for an increase of the Coulomb term in equation (2.14) and hence a blue
shift of the emitted luminescence. The upper limit of this blue shift can be estimated
by replacement of r in equation by two times the effective Bohr radius 2ap of the
defect with the largest spatial extension [77, 83, 84]. For CulnSe, where m; << m; [65]
the donors have a much larger Bohr radius than the acceptors. In this case the maximum
shift due to the Coulomb term is determined by the ionization energy of the donor. For
CulnSe,, with the material parameters used in section the effective Bohr radius of
the donors is found to be ag = 8 nm. This leads to a maximum shift of the DAP recombi-
nation due to the Coulomb energy of 6.6 meV.

When the blue shift is measured experimentally it is found that the shift of the peak max-
imum #w is linear with the logarithm of the excitation density Py, [10]:

hw = hw(Py) + Blog (P;ZC> (2.16)
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A blue shift of = 1 — 3 meV/decade of the DAP recombination as function of excita-
tion density is typically measured for CuGaSe; [13], CulnSe; [14], and Cu(In,Ga)Se; [15].
These observations are all below the limit for the total shift. In studies where larger shifts
are observed the DAP theory is no longer adequate. This is e.g. the case in semiconduc-
tors dominated by potential fluctuations discussed in chapter[d} The exponent k in equa-
tion for DAP transitions have experimentally been found to be k < 1. This result
is supported in literature by a model describing the recombination via various pathways
with a set of coupled differential equations also finding that k < 1 for DAP transitions
[75].

When the temperature is increased one observes a blue shift of the peak due to recombi-
nation from donors and acceptors with lower inter defect distance r. The reason for this
is related to thermal emptying of the defect states with increasing temperature. The prob-
ability of recombination between short distance pairs is higher than for pairs with higher
spatial separation because the tunnelling probability decreases with distance. When the
defects are thermally emptied the short distance pairs will dominate because these are
the ones with the highest probability and shortest life time [85].

From the quenching behaviour of the DAP luminescence intensity as a function of tem-
perature it is possible to extract two activation energies. The most shallow defect is emp-
tied first giving rise to one activation energy. As the temperature is increased further
the observed transition is in fact of free-to-bound character. The dominating activation
energy extracted from the quenching process corresponds to the ionization energy of the
deepest of the involved defects [86].

2.3.5 Free—to-bound Recombination

Free charge carries in the bands can recombine radiatively with charged defects. There
are two possible processes which can both be called free-to-bound recombination. Elec-
trons in the conduction band can recombine with holes in acceptor states (CB,A). The
other possibility is recombination of free holes with electrons in a donor state (D,VB).
The peak energy of free-to-bound recombination is given by [10]:

ke

2 4
where E is the band gap, Ep, 4 is the energetic distance of the donor or acceptor defect
to the band edge, and kgT is the thermal energy [10].

ha)pB = Eg - ED/A + (217)

Characteristics of Free-to-bound Recombination in Photoluminescence

FB and DAP recombination have similar peak positions in PL. FB recombination can,
however, be distinguished from DAP recombination in excitation dependent PL mea-
surements, since the peak position of FB recombination is independent of the excitation
density in contrast to DAP recombination where a small blue shift is expected. For FB
transitions the exponent k in equation is expected to be k = 1, since the lumines-
cence intensity is proportional to either the excess electron or hole concentration, both of
which proportional to the excitation density. It is observed that k < 1 due to competition
with other recombination channels [10].

In temperature dependent measurements of an FB transition one expects to see a shift
of the peak with the band gap and kgT /2. The activation energy determined from the
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quenching with increasing temperature can, as mentioned for the DAP transition, give
information about the defect energy.

2.3.6 Phonon Replicas of Radiative Recombination

Interaction with phonons in the radiative recombination process can lead to phonon
replicas of peaks. When this occurs one can observe the zero-phonon line (fwpeq) of e.g.
excitonic or DAP recombination in the spectrum and additionally a number of phonon
replicas with lower energy. In the process the energy of the involved phonon 7w onon
is transferred to each of the N phonons participating in the process. Several phonon
replicas with energies fiwy can therefore appear in the spectrum:

th = hwpeak —N- hwphonon (2.18)

Phonon replicas are often observed in polar semiconductors. In some cases as many
as many as 6 phonon replicas are observed [87]. The intensity of the phonon replica
decreases with the number of involved phonons. The intensity of Iy the N-th replica can
be described with

SN
ﬁ/
where S is the so-called Huang-Rhys parameter [36]. This parameter depends on the
strength of the coupling to the lattice. For weak coupling S << 1, the zero phonon
line is the strongest [36]. This is the case for phonon replicas of free exictons in most
semiconductors [88]. In order to observe phonon replicas the crystal quality must be
good [36].

In < exp(—S) (2.19)

2.3.7 How to Distinguish Different Types of Recombination

In the preceding sections it has been described why different types of transitions behave
differently. In order to give an overview of the temperature and excitation dependencies
of the transition types the characteristics are summarized in table The entry PF de-
scribes the characteristics observed in the presence of strong potential fluctuations. This
phenomena that occurs in semiconductors with a high degree of compensation will be
discussed in details in chapter [4}

Temperature dependence Excitation density dependence
Transition type Peak energy PL intensity Peak energy PL intensity
EX Follows Eg Eact = Eexc Constant 1<k<2
FB Follows kBTT and Eg  Eact = Egefect Constant k<1
DAP Small blue shift Eact = Egefect | P of few meV/decade k<1
PF Non-monotonous B of 5-25 meV /decade k=1

Table 2.2: Characteristic properties of different transition types in excitation and temperature dependent PL
measurements. EX: excitonic recombination, FB: free-to-bound recombination, DAP: donor-acceptor—pair
recombination, and PF: recombinations in presence of potential fluctuations [10]].

2.3.8 Shallow Defects in Chalcopyrites

Defect spectroscopy by photoluminescence measurements of chalcopyrites have been
performed for more than 25 years. A summary and discussion of the results can by
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found in the book chapter by Siebentritt [10]. The model for recombination presented
here explains some of the most reliable PL reports in literature. The models have been
developed through an extensive low temperature PL study of epitaxial CuGaSe; [48] and
CulnSe; [59]. This model only deals with the shallow defect levels observed in PL. These
are also the defects that are responsible for doping of the material.

It has been demonstrated that the electronic structure of Cu(In,Ga)Se; changes smoothly
from pure CulnSe; to pure CuGaSe; [86]. The recombination model for the two materials
are therefore very similar with the main difference being the ionization energies of the
defects. This can be explained by the hydrogen model as described in section [2.3.4]

Energy Cu(In,Ga)Se, CuGaSe,

CulnSe,
Conduction Band

12 meV
D
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‘L A3
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Figure 2.9: Recombination model for CulnSe; and CuGaSe; based on PL measurements. The defect ioniza-
tion energies and transition energies are indicated [10 13} 48} 159, 86].

In PL spectra of epitaxial absorbers one typically observes DAP recombination via the de-
fect levels shown in figure The three DAP transitions shown in figure[2.9|are referred
toas DA1, DA2 and DAS3. It has been found that the growth conditions strongly influence
the presence of certain transitions in the PL spectrum. When the material is grown under
Cu-rich conditions the DA2 transition dominates the PL spectrum. The DA1 transition
is absent in very Cu-rich material with [Cu]/[III] > 1.2. When the Cu-excess during
growth is decreased the DA1 peak gradually appears in the PL spectrum. The intensity
of the DA2 peak decreases simultaneously. For material grown with a composition very
close to stoichiometry [Cu]/[III] ~ 1 the DA2 peak totally vanishes and the PL spectrum
is dominated by the DA1 peak. The relative PL intensity of the DA1 and the DA2 peak
is therefore a reliable measure of the [Cu]/[Ill] ratio during growth under Cu-rich con-
ditions [13,189]. When the [Cu]/[III] ratio is decreased even further the material is grown
under Cu—poor conditions ([Cu]/[III]< 1). Material grown under Cu—poor conditions is
highly compensated, resulting in a high density of charged defects and a low net carrier
concentration [10]. Since the random distribution of charged defects cannot be screened
by the remaining free charges a randomly fluctuating Coulomb potential remains. These
fluctuations will locally perturb the band structure [90]. The photoluminescence from a
highly compensated semiconductor is influenced by the magnitude of the fluctuations
since the carriers recombine from spatially separated potential wells. In material domi-
nated by potential fluctuations a red shifted asymmetrically broadened PL spectrum is
observed as seen in figure[2.10|[13]]. Potential fluctuations are discussed in further details
in chapter [
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It is important to be aware that these signatures refer to the growth conditions as the
defect structure is defined during the growth. Subsequent etching in KCN that removes
the excess Cu in the Cu,Se phase does not change the signatures observed in PL [48].
The typical photoluminescence characteristics discussed here have all been observed in
samples investigated in this work. Figure shows the photoluminescence spectra
containing the characteristic peaks described in literature [10} 13} 48,59, 86].
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Figure 2.10: Photoluminescence spectra measured at 10 K showing the typically observed transitions and
their dependency on the layer composition.

In the previous discussion the DA3 transition has been neglected. There is no reported
composition dependency for this transition. This peak observed in the PL spectrum is
ascribed to a phonon replica in an earlier study [13]. It could, however, based on spatially
resolved cathodoluminescence be demonstrated that the peak is a third DAP transition
[91]]. This issue will be further investigated in section[5.4.1]

Several experiments performed throughout this work apply the recombination model
presented here in the interpretation of the results.
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Growth and Structural
Characterization

In order to understand the inherent properties of chalcopyrites it is necessary to be able to
investigate material with as few artefacts as possible. It is for example highly desirable to
exclude the effects of grain boundaries and interfaces which affect the device properties
of chalcopyrite solar cells [8,137,92]. In this work only bare absorber materials are inves-
tigated in order to exclude any effects of the measured properties introduced by junction
formation. By investigation of single crystalline material one can furthermore exclude
the influence of grain boundaries on the measurement results.

High efficiency solar cells are made form alloys containing both In and Ga. This po-
tentially leads to band gap fluctuations due to inhomogeneous variations of the local of
the [Ga]/[In] ratio [11]]. The effect of alloying can be avoided by restricting the study to
the ternary CulnSe; and CuGaSe;. The study presented here therefore focuses on the
development of a growth process for production of epitaxial samples of the ternaries.
This chapter contains a description and discussion of the growth experiments performed
in this work. The first three sections describe the equipment and the parameters used
when growing CulnSe; and CuGaSe;. This includes a discussion of the functioning of
the MOVPE system as well as a discussion of the metal organic precursors. The second
part of the chapter focuses on the results of the growth experiments. This includes a dis-
cussion of the tools used for monitoring the process, some examples of growth optimiza-
tion experiments, verification that epitaxial growth is obtained and finally development
of a growth model that explains effects observed during the growth at high temperature.

3.1 Principle of Metalorganic Vapour Phase Epitaxy

Metaloragnic vapour phase epitaxy (MOVPE) is a technique to grow epitaxial thin films
from metal organic precursor materials. The method is based on the exact control of
the flow of gases carrying well defined amounts of the precursors. This is achieved by
passing a carrier gas through so-called bubblers where it picks up vapours of the metal
organic material and transports it to a reactor. The metalorganic molecules decompose
when they reach the heated reactor and release the metal that is deposited on a substrate.
In order to obtain epitaxial growth a single crystalline substrate is used.

The advantage of MOVPE is that the technique offers high control of layer thickness,
composition, doping etc. by exact control of gas flows. This opens the possibility to e.g.
grow very well defined layers of different materials with atomic layer abrupt interfaces
[93].

MOVPE, like all other crystal growth techniques, is highly complex. Early attempts to
grow epitaxially from metalorganics were largely empirical, where the MOVPE process
had the character of a ‘black box’. While the technology was still young the develop-
ments were driven by a “turning the knobs” approach until the materials with the desired
properties were obtained. This approach was used due to the complexity of the mul-
ticomponent systems typically of interest. Much has been achieved since these initial
experiments [93]. The worlds most efficient triple junction solar cells with efficiencies
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above 40 % are for example produced with MOVPE [94]. It is, however, inaccurate to
claim that all aspects of the MOVPE process are thoroughly understood [93].

The aim of the following section is not to give a deep insight into all the details and
complexity of MOVPE growth. This section is meant only to introduce the basics needed
to understand the growth experiments.

3.2 The Metalorganic Vapour Phase Epitaxy System
The MOVPE-setup used in this work is a commercial AIX 200 system produced by the

company Aixtron. Figure3.1|shows schematically the main components and gas lines of
the AIX 200.

N, H, Gas mixing system Reactor
- i Pneumatic Liner

valve =} \ Susceptor with
Run Cu ‘ \ sample holder
wc ., Mass flow = B \ p Reactor
controller =1 v \
Pressure [l ( ;‘
PC > =1 [ [ T
controller 6 N
Run/vent valve Vent M T
H=— > —
V , ‘ 17 Run MO /IR heater
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Figure 3.1: Schematic illustration of the MOVPE system showing the gas lines and the main mass flow
controllers and valves. The Cu—precursor is transported to the reactor in a separate heated line illustrated
with gray colouring. The reactor consists of two concentric quartz tubes and a graphite susceptor.

The system can be divided into three main parts: gas mixing system, reactor, and exhaust
gas abatement. The general principle of the system will be described in the following.

3.2.1 Gas Mixing System

Either H; or N is supplied to the gas mixing system through the pneumatic valve in the
upper left corner of figure The figure shows the system in the base state where it is
purged with No. When a process is started the pneumatic valve switches to H; that is
used as carrier gas during the process. The gas mixing system contains the metal organic
precursors, which are kept in stainless steel containers called bubblers. These are kept at
a well defined temperature in water baths. The Cu-source is, unlike the other precursors,
kept in an oven in order to be able to achieve a higher temperature. The Cu—precursor is
furthermore build in so that it enters the reactor in a separate line. Since the Cu—source
is kept at 65°C the downstream lines are heated to 70°C to avoid condensation in the
lines. It is important that the bubblers are kept at constant temperature since the vapour
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pressure of the metal organics, as any other substance, depends on the temperature. If
the vapour pressure varies, this leads to variation of the molar fluxes. The pressure in the
bubblers is controlled by pressure controllers (PC) as depicted in figure

To open the bubblers the pneumatic valves are switched and the gas is led through the
bubblers. Two mass flow controllers are associated with each bubbler. One of these
controls the amount of gas flowing in the bubbler (source MFC in figure and the
other regulates the amount of diluting gas (push MFC in figure 3.1). In all experiments
the sum of the flow through the source and push MFCs is kept constant. The mass flow
controllers determine the amount of gas lead into each bubbler and therefore also the
molar flux of each metalorganic source material. The exact adjustment of the gas flow
gives high control of the amount of metalorganic that is brought into the reactor.

In figure it is seen that the metalorganics can be directed either to a run-line or a
vent-line. The gases carrying the MOs are diluted in these lines with an amount of gas
controlled by the run or vent MFCs. It is possible to switch between the two lines with
pneumatic valves. The run-line leads the gas into the reactor whereas the vent-line leads
directly to the exhaust. The advantage of the run/vent valves is that the gas can be
switched off very abruptly. The system is used in the beginning and end of each process.
The gas is first let through the vent giving a few minutes for the flow to stabilize before
it is switched to the run-line to start growth.

3.2.2 Reactor

The reactor consists of two concentric horizontal quartz tubes, a graphite susceptor with
a rotating sample holder and an infrared heating source as shown in figure The inner
quartz tube known as the liner has a rectangular cross—section designed to obtain a lam-
inar gas flow over the susceptor. The liner can be removed and cleaned in concentrated
HNO3; when needed. The outer quartz tube is flushed with gas in order to cool down the
walls of the liner. On top of the outer quartz tube a window is installed facilitating in-situ
reflectance measurements as described in section[3.2.4]

The susceptor made of siliconcarbide covered graphite is inserted in the liner. It contains
a sample holder that can be rotated with a gas foil rotation system. This system takes
advantage of the momentum of a dedicated gas flow to rotate the sample holder. The aim
of sample rotation is to obtain more homogeneous layers. This is especially critical since
Cu tends to decompose earlier in the reactor than the other components. The susceptor
that contains a thermocouple in its core is heated by absorption of infrared light from the
heat source.

The reactor can be opened into a glovebox where substrates are loaded and samples can
be taken out. The glovebox contains dry nitrogen with concentrations of oxygen and
water below 0.1 ppm. By using the glovebox it is possible to avoid contamination of the
reactor with water and oxygen. It is furthermore used to help preventing contamination
of wafer surface with dirt before deposition and the film surface after deposition. The
glovebox also prevents potentially toxic materials from the reactor or GaAs dust to enter
the laboratory environment.

3.2.3 Exhaust Gas

Below the reactor in figure a pump and valve are shown. The combination of the
two is used to control the pressure in the reactor. Usually a reactor pressure of 50 mbar
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is used during the run. The exhaust gas that is pumped from the reactor is sent to a
scrubber that cleans the gas by adsorption of poisonous compounds before the gas is let
out. The scrubber is of the type Cleansorb CS050CS from the company CS Clean Systems.

3.2.4 In-situ Reflectance

In epitaxial growth, like for any other growth, it is valuable to have real time in-situ
information about the properties of the growing film. Valuable parameters like growth
rate and surface roughness can be obtained by in-situ reflectance measurements. A com-
mercial system designed for surface reflectance measurements (EpiRAS 200) from the
company Laytec has been installed in the MOVPE system for this purpose. The system
facilitates spectroscopic reflectance measurement of light from a Xe light source. By mea-
surement of the reflectance of light with 4-6 selected wavelengths as a function of time
during the growth process information about the development of the growth is obtained.
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Figure 3.2: (a) Schematic illustration of the Laytec EpiRAS 200 system for in-situ reflectance measurements
installed in the MOVPE system. (b) Fabry-Perot oscillations due to interference in the growing layer.

AR Substrate

Figure [3.2(a) illustrates the reflectance measurement setup installed in the MOVPE sys-
tem. The system contains a Xe light source emitting light in a wide wavelength range.
The light is focused onto the sample surface by a lens placed on top of the reactor. The
light is reflected from the sample surface and detected by a detector on a monochromator
placed on top of the MOVPE system. A wobble mirror is installed to send light reflected
in another angle, due to wobbling of the substrate, back onto the substrate. This is done
in order to avoid losing the light beam because of wobbling of the substrate.

In this work the intensity of reflected light is measured at a few predefined wavelengths
as a function of growth time. The so—called reflectance-transients obtained in this way
give information about the growth rate and roughening of the sample surface. When
light with photon energies lower than the band gap of the layer is used the photons are
not absorbed by the growing film. The light is therefore able to travel through the layer
and be reflected at the layer/substrate interface. The interference between the light re-
flected at the surface of the film and from the layer/substrate interface will interfere as
shown in figure [3.2(b). Since there is a phase difference between the light beams that
travel though the layer and the beam that is reflected from the surface constructive or de-
structive interference occurs, giving rise to Fabry—Perot oscillations. The phase difference
depends on the optical properties of the layer as well as the layer thickness. Constructive
interference will occur if the path difference equals an even number m of the wavelength
A. For normal incidence maximum reflectance is therefore observed if m;A = 2n,d, where
1, is the refractive index, m; is an integer and 4 is the layer thickness.
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While reflectance-transients are measured the thickness of the layer d increases contin-
uously with d = r,t, where ¢ is the time and 7, is the growth rate. This gives rise to
modulations in the intensity of the reflected light over time. Maxima will be observed
when 7.t = 72”;1? and minima in the reflectance transient are observed for 7ot = (m’;;r%) A
Based on only the maxima and minima observed in the reflectance transient it is therefore
possible to estimate the growth rate. Software supplied with the EpiRAS 20 system con-
tains a more advanced algorithm to fit the exact shape of the transient. This model is able
to take the wavelength dependence of the refractive index and the absorption coefficient
into account and fit the shape of the modulations in the transient to obtain information
about the growth rate and the thickness of the layer [95].

In addition to the growth rate, it is possible to extract information about the quality of
the surface. Roughening of the surface leads to increased diffuse scattering. The amount
of light reflected onto the detector therefore decreases if the surface roughens. The mean
value of the reflectance signal will therefore decrease in case of increased surface rough-
ening [95].

3.2.5 Precursor materials

Metal-organic precursors are materials that contain metal ions in a complex with organic
ligands. While MOVPE was still a novel technique the only precursor materials available
were compounds manufactured for other purposes. As MOVPE became an established
production method many new metalorganic compounds have been developed.
Precursor materials for use in MOVPE should ideally have the flowing properties [93]:

1. High vapour pressure is desired in order to achieve sufficient material flux and ob-
tain high growth rates. A vapour pressure of at least 1 mbar at room temperature
is preferred for the metalorganic that limits the growth rate, and at around 10-60
mbar for the precursor that is supplied in excess. Typically higher vapour pres-
sures are found for materials with low molecular mass and in compounds with the
weakest intra-molecular interactions.

2. Liquid precursors are preferred since the vaporisation rate from solids depend on
the surface area, which can change over time. Use of solid precursors can therefore
lead to problems with reproducibility.

3. The metalorganic should totally decompose at growth temperature. The decompo-
sition temperature should, however, be sufficiently high so that it does not decom-
pose during storage. Too low decomposition temperature can also lead to prema-
ture decomposition in the reactor.

4. The metalorganic must be pure to avoid contamination of the samples. It is espe-
cially important to avoid presence of oxygen in the precursor.

5. Combination of precursors leading to parasitic reactions are not desirable, since
this can lead to reduction of the reaction efficiency, inhomogeneity of the layers and
irreproducibility.

All precursor materials should preferably fulfil these conditions. The precursor materials
that were found best suited and applied in this study are:

¢ Cyclopentadienyl-Copper-Triethylphosphine (CpCuTEP), CsH5CuP(CoHs)3
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o Triethylgallium (TEGa), (C2H5)3Ga
o Trimethylindium (TMI), (CHsz)3In

e Ditertiarybutylselenium (DTBSe), ((CH3)3C),Se

The chemical structure of the precursor materials are shown in figure
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CpCuTEP TEGa TMIn DTBSe

Figure 3.3: Chemical structures of the metalorganic source materials.

For growth of Cu(In,Ga)Se, compounds good candidates for In, Ga, and Se precursors
are available in the form of TMIn, TEGa, and DTBSe. These standard materials are often
used for fabrication of (III-V) or (II-VI) semiconductors and possess most of the desired
properties. It is, however, not possible to find a Cu—precursor that posses all the desired
properties. This becomes obvious when examining the vapour pressures and decompo-
sition temperatures of the precursors shown in table

Property CpCuTEP TEGa TMIn DTBSe
log(py) (mmHg) 7.26 -3059/T(K) 8.08-2162/T(K) 10.52-3014/T(K) 7.87 - 2040/T(K)
Tp,i/Tp,: (°C) 80/120 [96] 225/340 [97] 250/340[98] 300[99]/n.a.
Tpup (°C) 65 -5 17 17
Po(Tpup) (mbar) 0.021 1.37 1.78 2.82 (9.11)

Ppup (mbar) 95 1000 1000 300

Table 3.1: Physical properties of the metalorganics. Vapour pressure of precursors py as a function of temper-
ature were supplied by the producer SAFC Hitech for all precursors except for CpCuTEP that was estimated
from [100, 48]. Tp,; is the temperature where decomposition begins and Tp , is the temperature of total de-
composition. Ty, is the bubbler temerature, p,(Tj,;) is the vapour pressure of the precursor at the bubbler
temperature, and py,;, is the pressure in the bubbler. The vapour pressure of the precursors at the bubbler
temperature is calculated with the parameters given in the first row. For DTBSe the observed consumption
does not agree with the calculated vapour pressure of 9.11 mbar. From the consumption it was estimated
that the DTBSe vapour pressure is rather 2.82 mbar at 17°C.

The CpCuTEP material, used as the Cu—precursor, is problematic for several reasons. It
has a very low vapour pressure compared to the other metalorganics. It therefore has to
be heated, which is problematic, since the downstream line must also be heated. Even
when increasing the bubbler temperature to 65°C, the vapour pressure of CpCuTEP is
still more than 50 times lower than the other precursors. The Cu-source is, furthermore,
problematic because of its low decomposition temperature starting already at 80°C. This
limits the maximum source temperature, since the precursor molecules would start de-
composing in the bubbler and the lines already at 80°C. The low decomposition tempera-
ture furthermore leads to premature decomposition of the Cu earlier in the liner than the
other components. CpCuTEP is finally problematic since it is a solid at 65°C. Variation of
the evaporation rate from the solid can therefore lead to reproducibility issues [93]].

Following from the previous discussion it is obvious that CpCuTEP is not ideal. It
is therefore desirable to find an alternative Cu—precursor with higher vapour pressure
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and decomposition temperature. Alternative Cu-sources have been tested in a previ-
ous investigation [101]. It was found that the oxygen containing precursors that were
tested could be applied to grow polycrystalline films. In order to grow epitaxial films
oxygen free precursors should be used. The metalorganic cyclopentadienyl-copper—
tertiarybutylisocyanide (CpCuCNtBu) that has a higher vapour pressure and decom-
position temperature than CpCuTEP was among the investigated precursors. No im-
provement of the growth rate over CpCuTEP could however be obtained using this or
other of the tested precursors in the study. It was furthermore concluded that good
layer/substrate interfaces could only be obtained with CpCuTEP [101]. CpCuTEP is
therefore used in the present study in absence of a better alternative.

3.2.6 Substrate

The choice of substrate plays an important role for the outcome of epitaxy experiments.
It has e.g. been observed that the orientation of epitaxially grown chalcopyrite depends
on the type of substrate [102]. In section 2.2|it is discussed how the physical properties
of the substrate such as lattice parameter and thermal expansion coefficient influence the
properties of the epitaxial layers.

The substrate used in all experiments of this study is GaAs with (001) orientation from the
company Wafer Technology. Two types of substrates were used: Zn-doped (p-type) and
undoped (semi-insulating). Except for doping the substrates are identical. The wafers
are sold as epi-ready, meaning that they have been polished, etched, and packed in an
inert gas atmosphere. The wafers are unpacked in the glove-box and put directly into
the reactor before deposition.

3.3 Process Parameters

When performing a growth experiment the process parameters are adjusted to obtain
the desired growth conditions. The process follows a recipe, which is modified for each
experiment.

3.3.1 The Process Recipe

The recipe defines step by step the course of the entire run. The principal steps of the
growth process will be outlined in the following:

o Before the process is started a leak test is performed by pumping the system down
after which the throttle valve is closed and the pressure is monitored. If the pressure
does not increase the process can continue.

e N> is switched off and H, is turned on.
o The reactor pressure is adjusted to 50 mbar.

e Bake—out: The temperature in the reactor is increased to 650°C and kept at this
temperature for 5 minutes.

o The reactor temperature is lowered to the growth temperature of 470°C for CulnSe;
and 520°C for CuGaSe,.
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e Pre—growth: The bubbler flows are adjusted and the bubblers are opened. The gas
flow directed into the vent line is allowed to stabilize for 3 minutes.

e Growth: The gases containing the metalorganics are switched from the vent to the
run-line and the growth begins. The growth time is varied between 1 hour and 16
hours depending on the desired layer thickness.

e Cool down: The gas flow is switched to the vent-line and the heater is switched
off. Shortly after the bubblers are closed and the pressure is increased to 950 mbar.
In some experiments the Se-bubbler is kept open during cool-down to prevent
potential re-evaporation of Se.

e When the temperature reaches 170°C H, is switched off and the system is purged
with Nj.

3.3.2 Adjustment of Partial Pressures

It has been demonstrated for CuGaSe; [48] and CulnSe; [59] that the final layer compo-
sition measured in terms of [Cu]/[Ga] or [Cu]/[In] is linearly proportional to the ratio of
the partial pressures of the precursor materials in the gas phase (pc,/pca or pcu/ pin)- In
order to control the composition of the layers the partial pressures of the metalorganics in
the reactor are therefore varied by variation of the flow through each bubbler. The partial
pressure of the metalorganic in the reactor pyo is given by

Qs po(T)

= ’ 3.1
Pmo PR Qtot Poub — pv(T) ( )

where Q; is the gas flow through the source, Qi is the total gas flow through the reactor,
pr is the reactor pressure, py,; is the bubbler pressure and p,(T) is vapour pressure of the
source material at temperature T [103]. From equation itis seen that a decrease of the
bubbler pressure leads to an increased partial pressure of the metalorganic in the reactor.
This is the reason why a low pressure is used in the CpCuTEP bubbler compared to the
other bubbles. With a total flow of 5 I/minute and the vapour pressures and bubbler
pressures given in table3.1]the flow though each bubbler is adjusted to obtain the partial
pressures shown in table The partial pressures given in the table is the range that was
found suitable to obtain epitaxial growth.

Property CpCuTEP  TMGa TMIn DTBSe
CuGaSe, growth: Partial pressure pp;o (mbar) 0.45 0.14-0.66 - 7.4-9.2
CulnSe; growth: Partial pressure pjio (mbar) 0.45 - 0.32-0.81 21-28

Table 3.2: Range of partial pressures used to grow epitaxial CuGaSe, and CulnSe;.

It is noticed that the a significant Se—overpressure is used with ps./(pcu+pca) =~ 9 for
CuGaSe;. For CulnSe; the Se overpressure needed to obtain good results is even higher
with ps./(pcu+pin)>20. The Se overpressure is needed in order to avoid Se re-evaporation
that has often been reported in literature as for example discussed in [104} 105]].
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3.4 Characterization of the Growth Process

The development of a MOVPE process to grow high quality epitaxial chalcopyrites will
be discussed in the following. The process developed here is based on a recipe used in
a similar MOVPE system at Helmholtz—Zentrum Berlin. The MOVPE system used in
this work is a new installation. One of the first tasks of this work is therefore to estab-
lish growth process parameters. The establishment of an epitaxial growth process and
knowledge of the structural properties of the resulting layers is the prerequisite for fur-
ther studies of the properties of chalcopyrites.

The following sections contains the results of growth experiments performed in this
work. This includes a demonstration and discussion of the tools applied to monitor
and develop the epitaxial growth process. A few examples of optimization of process
parameters and discussion of their influence on the epitaxial growth are subsequently
presented. It is demonstrated that epitaxial growth of high quality material is obtained
after optimization of the growth conditions. The chapter is finally ended with the de-
velopment of a model to explain effects that are observed during the epitaxial growth
process.

3.4.1 Reflectance as a Tool for Process Monitoring

The in-situ reflectance equipment installed in the MOVPE is used to extract information
about the real time evolution of the growth. This is a valuable tool that aids understand-
ing of the growth process. The reflectance transient is utilized several times throughout
this section to understand the growth. Here it will be demonstrated with an example
how the reflectance transient can be interpreted. This will be utilized in later growth
experiments.

Figure 3.4{shows an example of the effect of Cu,Se development on the reflectance tran-
sient. The Cu,Se crystallites form when growing under Cu-rich conditions as explained
in section The reflectance transients of three CuGaSe; samples are shown. This
is combined with SEM micrographs of these samples showing the surface morphology.
In the SEM micrographs it is observed that the density of Cu,Se crystals on the sample
surface is decreased when going from (a) to (c).

It is noticed that the average reflectance measured during growth of these samples is
decreasing for sample (a) and (b), whereas the average value remains almost constant for
sample (c). The decrease in the reflectance can be interpreted as a sign of increased surface
roughness due to increased diffuse scattering. This interpretation is clearly verified with
the SEM micrographs showing the highest Cu,Se density for sample (a) and the lowest
for sample (c). The decrease of the reflectance signal can therefore often be related to the
development of the secondary Cu,Se phase as crystals on top of the growing layer.
When comparing the reflectance transients, it is furthermore seen that the oscillation pe-
riod is getting shorter when going from (a) to (c). The oscillation period is related to the
growth rate of the layer as mentioned in section The initial growth rate can be de-
termined to be 130+5 nm/h for sample (c) compared to 115£5 nm/h for sample (a). It
is also noticed that the oscillation period increases with time for all processes presented
here. This indicates that the growth is slowing down as the growth proceeds. A growth
rate of about 80+5 nm/h can be estimated for all three samples by fitting the reflectance
transient at the end of the growth. This is significantly lower than the initial growth rate
of 1305 nm/h for sample (c).
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Figure 3.4: Example of the reflectance transients for three samples grown at 570 °C with decreasing density
of Cu,Se crystals going from (a) to (c) as seen in the corresponding SEM micrographs.

It seems that the lower initial growth rate of sample (a) and (b) is related to a higher
Cu—excess. For these samples with a higher density of Cu,Se the oscillation length in-
creases faster than for the sample with a lower Cu,Se density (c). This means that the
growth slows down faster with increasing Cu-excess even though the same growth rate
is obtained when fitting the last oscillations. This might be related to the presence of
two phases competing for the supplied Cu. With higher excess of Cu the incorporation
in Cu,Se rather than in the CuGaSe; layer becomes more dominant. The decrease of
the growth rate with increasing Cu—excess has been also observed for CulnSe; in earlier

studies [59].

3.4.2 Photoluminescence as Tool for Process Control

Low temperature PL is used as a tool to verify the properties of each sample in the de-
velopment of a process for growth of epitaxial samples. As discussed in section
the shallow defects in CuGaSe, and CulnSe, are well described with a model with one
donor and three acceptors. The correlation between the observed DAP transitions and
the composition of the layer is exploited to monitor and understand the growth process
in the present study.

PL is measured for the vast majority of samples grown during the development of the
growth process and for all samples grown for different purposes. The measurements are
performed for mainly two reasons. Firstly, it is used to verify the sample composition.
This is done by comparison with earlier PL studies where the appearance of the peaks
have been related to the [Cu]/[III] ratio as discussed in section This relationship
has furthermore been verified in this work (see e.g. the results discussed in section 3.7).
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Secondly, PL is performed to investigate the quality of the grown samples. Features
like peak width and the appearance or absence of excitonic luminescence can both give
information on whether the sample is of good quality. It is furthermore possible to obtain
an idea about strain and homogeneity of samples based on the PL measurements. The
strain is observed as a peak shift due to widening or narrowing of the band gap. One
can obtain information about sample homogeneity by scanning the laser spot across the
sample surface and comparing the obtained spectra. This can be done in an approximate
and qualitative fashion by movement of the sample by micrometer screws or in a more
detailed way by scanning an area of the surface with the y~PL setup discussed in section
5.3

The extensive collection of measurements, can be compared to the model described in
section to further support the energies of the transitions found in previous studies.
Figure 3.5/ shows the PL peak positions measured for CuGaSe, samples grown as a func-
tion of the sample number. Figure[3.5(a) contains only the peaks that could be attributed
to either excitonic recombination or to one of the DAP transitions. Peaks that did not
fit into this model are collected in figure 3.5(b) indicated with triangles. The squares in
this figure are peaks that show the characteristic behaviour observed in the presence of
potential fluctuations discussed in further details in chapter 4 Figure|3.6[shows the same
measurements performed on CulnSe; samples grown and studied in this work. The la-
belling is the same for both figures.
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Figure 3.5: (a) PL peak positions for all measured Cu-rich CuGaSe, samples that fit the model of Bauknecht
[48]. The label EX is given to peaks with the energetic position and intensity dependent behaviour typical for
excitons. DA1 and DA?2 indicates the peaks of donor-acceptor pair type with energies agreeing with defect
model. The peak labelled DA3/pr could be a mixture of the DA3 transition and a phonon replica. (b) PL
of samples with the signature of potential fluctuations (squares) and peaks that could not be explained with
the standard model (triangles). As a reference the DA1 and GaAs peaks from (a) are also shown.

One notices that the peaks measured in this study are nicely separated into four separate
groups. The separation between the groups is a first indication that the model containing
three DAP transitions is generally valid for all Cu-rich samples grown in this study. The
scatter of the points around the average values have several reasons. Samples presented
in the figure are grown under different conditions with e.g. varying growth temperature
and layer thickness. This can give rise to different strain in the layers and therefore dif-
ferent peak positions. Another possible source or error that cannot be totally excluded is
an uncertainty introduced due to small inaccuracies in the wavelength calibration even
though care is always taken to minimize this error. It is estimated that the error in the
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wavelength calibration does not exceed 0.5 nm. The GaAs peak position is not always
constant neither. This is partly due to the mentioned source of inaccuracy and the fact
that different substrates are used. A difference is always observed between undoped and
Zn-doped substrates. It is furthermore possible that small variations between different
batches can exist.

Figure [3.5(a) shows clearly that the first growth experiments performed involved a few
adjustments before a good standard recipe is obtained. A few examples of such opti-
mizations are discussed in the following section. It is seen that the first samples are very
Cu-rich showing only the DA2 transition or Cu—poor with signs of potential fluctuations.
After some runs it is seen that a DA1 finally appears in the PL spectrum of the measured
samples. This is an indication that the recipe has been adjusted to obtain samples with a
composition very close to perfect stoichiometry. It is an important prerequisite to know
the process parameters to obtain stoichiometric growth. From this point on, it is possible
to choose the desired composition of the grown samples by fine tuning the relative partial
pressures of the metalorganics. After growth of around 50 samples it is finally possible
to observe excitonic recombination in the PL of the deposited CuGaSe; layers. This is a
first indication that good quality layers have been obtained. When comparing the devel-
opment of the process for growth of CulnSe; in figure 3.6|with that of CuGaSe; in figure
it is noticed that excitons appear after much fewer attempts for CulnSe;. This is the
case since experience gained from growth of CuGaSe; could be transferred to CulnSe,.
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Figure 3.6: (a) PL peak positions for all measured CulnSe, samples that fit in the model of Rega [59]. The
label EX is given to peaks with the energetic position and intensity dependent behaviour typical for excitons.
DA1 and DAZ2 indicates the peaks of donor-acceptor pair type with energies agreeing with defect model. The
peak labelled DA3/pr could be a mixture of the DA3 transition and a phonon replica. (b) PL of samples with
the signature of potential fluctuations (squares) and peaks that could not be explained with the standard
model (triangles). As a reference the position of the DA1 peak is also shown.

The average energies of the DAP and EX transisions shown in figure[3.5/and figure[3.6|are
collected in table These values should be compared to the transition energies found
in literature. Both free and bound excitons have been observed in PL measurements
on epitaxial CuGaSe; layers. For CuGaSe; a FX energy of 1.707 eV and a BX energy of
1.7027 eV have been reported [48]. This measurement is performed on epitaxial samples
very similar to the ones studied in this work. These values are very similar to 1.704 eV
found here. It should be noticed that this value has a contribution from both free and
bound excitons. An energy between the one found for bound exictons and free excitons
is therefore expected. Studies of polycrystalline CuGaSe; have identified free exciton
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transitions at 1.723 eV and bound excitions at 1.719 and 1.706 eV respectively [106, 107].
An average of these values is slightly larger than the energy found here. This is due to
the presence of strain in the epitaxial CuGaSe; layer that gives rise to a decrease of the
band gap.

Transition type CuGaSe, CulnSe;

EX 1.704eV  1.035eV
DAl 1.655eV  0.993 eV
DA2 1.621 eV 0.972eV
DA3 1.588 eV 0.944 eV

Table 3.3: Average of photoluminescence transitions determined from samples grown in this study.

For CulnSe; an exciton energy of 1.032 eV measured on an epitaxial layer has been re-
ported earlier [59]. This agrees very well with the average exciton energy of 1.035 eV
determined in this study. For single crystal CulnSe, samples a FX recombination energy
of 1.041 eV and several BX transitions in the range 1.038-1.028 eV have been reported
[108]. In polycrystalline material similar values have been found with a FX energy of
1.041 eV and BX transitions in the range 1.038-1.025 eV [109]. A broad exciton peak with
a contribution of both FX and BXs with these energies can be expected to have an energy
very similar to the exciton transitions observed in epitaxial layers. This agrees with the
expectation that the band gap of CulnSe; is not strongly influenced by strain in the layer
as discussed in section

The values obtained in this study for the DA1 and DAZ2 transitions are almost identical to
the results of earlier studies discussed in section This confirms that the transitions
observed in the epitaxial samples grown in this study and earlier studies such as [13, 14,
48, 59] have the same origin. It should be mentioned that the large number of samples
investigated in the present study adds further evidence to the defect model presented in
the introduction. The strong support for this model presented here allows to apply the
defect model in further investigations in the following chapters of this work.

So far the DAS3 transition was not mentioned since it is often questionable if this is in fact
an independent DAP transition or rather a phonon replica. It is shown by CL that this
luminescence peak can be related to a third DAP transition [91]. This is concluded from
the observation that the intensity of the peak varied spatially independently of the other
DAP transitions. In these samples the peak could therefore not be a phonon replica of one
of the other DAP transitions. Similar results will be shown with y—PL studies in chapter
It is, however, not always found that this peak is spatially independent from the DA1
and DA2. In some cases there are indications that the peak is in fact a phonon replica.
It most cases the peak is probably due to a contribution from both a phonon replica and
a DA3 transition. The presence of the DA3 and phonon replica is discussed further in
section

Figure b) and figure b) show the peaks that do not fit the standard DAP model.
This includes the Cu—poor samples that are dominated by potential fluctuations at low
temperatures.

The square symbols show the energetic peak positions of samples with characteristics
of potential fluctuations, i.e. an asymmetrically broadened peak showing a significant
blue shift of the peak with increasing excitation. These characteristics are typically seen
for samples grown under Cu-poor conditions. It is noticed that these samples all have
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PL peaks that are either around the energetic position of the DA1 peak or red shifted
compared to this DAP transition. This is related to the fact that potential fluctuations
give rise to a disturbance of the band edges leading to a red shift of the peak relative
to the unperturbed case observed in Cu-rich material where the DA1 is observed (see
chapter [4).

The triangular symbols in figure 3.5(b) and figure [3.6{b) show the energetic position of
peaks that could not be ascribed to either DAP transitions or classified as samples with
dominating potential fluctuations. These peaks can have several origins. A large number
of the peaks with energies higher than the band gap of the chalcopyrite are most likely
related to the ODC structure (see phase diagram in section . This is supported by
the finding that these peaks appear in material that have been grown under very high
Cu-deficiency. A band gap of 1.86 eV has been reported for the ODC material CuGaszSes
[32]. Similar band gap at 10 K of 1.917 eV has been measured for the even more Cu-poor
ODC CuGasSes [33]. Radiative luminescence from defects in the band gap of one of these
materials could therefore be a source of the peaks observed in the very Cu—poor samples.
The observations for In—containing samples is similar to the result obtained for the Ga
containing counterparts. A 10 K band gap between 1.25 and 1.28 eV has been reported
for a compounds with approximatively the CulnzSes composition [110} 111]. The peaks
observed in very Cu—poor samples with energies higher than the band gap of CulnSe;
can therefore also be related to ODC structures.

Other peaks below the band gap are sometimes observed that do not energetically fit in
the defect model. These are included in order to investigate if the defect model should
include additional levels. There are, however, not many peaks that appear with the same
or at least very similar energy. Only for CuGaSe; several peaks are located around 1.56
eV. This peak could, however, be a second phonon replica to the DA2 peak involving two
phonons of energy 33 meV [112]. The remaining peaks seen in figure [3.5(b) and figure
B.6(b) have not been identified.

3.5 Optimizing Growth Conditions

In order to obtain epitaxial growth it is necessary to tune the parameters of the process.
Parameters that have been adjusted in order to optimize the growth process include: gas
flow through each bubbler (Cu,Ga,In,Se), Cu bubbler temperature and pressure, ratios
of upper (Cu) and lower (other MOs) gas flows, total gas flow, bake—out temperature,
substrate rotation speed, and reactor temperature during growth. A few examples of the
influence of some of these growth parameters are presented in the following sections.

3.5.1 Cu-Bubbler Temperature

A sample series where only the temperature of the Cu-bubbler is varied has been per-
formed. The aim of increasing the bubbler temperature is to increase the growth rate
since the vapour pressure is increased with increasing temperature. The Cu metalor-
ganic limits the growth rate because of its low vapour pressure relative to the other pre-
cursors as mentioned in section It is therefore desirable to increase the amount of
Cu—precursor transported to the reactor and thereby increasing the partial pressure of Cu
during the deposition. One must, however, be aware that the lines bringing the precursor
to the reactor must be heated to avoid condensation. Also one has to be aware that the
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metalorganics will decompose if the temperature is increased too much leading to depo-
sition of Cu in the bubbler and the lines. For CpCuTEP the decomposition temperature is
80 °C. The temperature in the bubbler and the line should therefore be kept significantly
lower than this limit.

Cu bubbler temperature 60 °C 62°C 65 °C
[Cu]/[Ga] 075 087 1.05
Growth rate (nm/h) 90-85 85-79 =80

Table 3.4: Composition measured by EDS of CuGaSe; layers grown with variation of the temperature of the
Cu bubbler. Growth rates are estimated from fits of the reflectance transients.

In order to examine the effect of the Cu-bubbler temperature a small series of three sam-
ples are grown, where the only difference between the samples is the bubbler tempera-
ture. The resulting composition measured with EDS is presented in table The result
clearly shows an increase of the Cu—content in the samples with increasing bubbler tem-
perature as expected. The fact that more Cu is incorporated shows that this approach
facilitates faster growth. It is, unfortunately not possible to see an increase of the growth
rate but rather a decrease. One should, however, keep in mind that it can be difficult to
compare the growth rate of samples with different [Cu]/[Ga] ratios due to the develop-
ment of Cu,Se as discussed in section [3.4.1] The appearance of Cu,Se tend to slow down
the growth of the CuGaSe; layer, which counteracts the potentially increased growth rate.

3.5.2 Influence of Selenium Excess

This section presents the influence of another parameter that influences the properties
of the samples, namely the effect of the Se-overpressure. An example is presented for
CulnSe; that needs higher Se—excess to grow epitaxially than CuGaSe; [59].

A series of four samples is grown to investigate the effect of the Se-overpressure in the
gas phase during growth on the properties of the final CulnSe; layers. The excess partial
pressure of the Se-precursor for the samples investigated here is collected in table
All other parameters are kept the same for the sample series.

Sample number #1 #2 #3 #4
Pse
et 16 20 24 26
Initial growth rate (nm/h) - 8945 1154&£5 11245
Peak shift in PL excitation dependence B (meV/decade) 3 1 15 16

Table 3.5: Influence of the Se precursor excess in the gas phase during growth of four CulnSe; layers. Initial
growth rates are estimated by fits of the first few oscillations of the reflectance transients. The shift of the
main PL peak B with increasing excitation density is also included.

The reflectance transients measured during the growth of these samples is shown in fig-
ure 3.7(a). It is noticed that the reflectance transients of sample #1 only oscillates once
before the sample surface gets very rough and the reflectance drops. Sample #2 also
roughens as seen by the decreasing reflectance. The effect of roughening is, however,
much lower for this sample and three entire oscillations are observed. The final two sam-
ples with the highest Se—excess in the gas phase are very similar, showing four and a half
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oscillations and much lower degree of roughening. The fact that more complete oscilla-
tions are seen in sample #3 and #4 than in sample #1 and #2 shows that the growth rate
increases with increasing Se—excess. This is also expressed in the fitted growth rates dis-
played in table[3.5| Judging from these results only it seems that increasing the Se—excess
is beneficial for the epitaxial growth giving both smoother surfaces and larger growth
rates.
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Figure 3.7: (a) Reflectance transient measured during growth of samples with increasing Se-overpressure
from #1 to #4 (b) 10 K photoluminescence spectra of these samples.

This conclusion must, however, be revised when the photoluminescence spectra mea-
sured on the final films are taken into account. These are shown in figure b). The PL
measurement of sample #1 shows a relatively broad DA1 peak and a low energy shoul-
der. This peak can be ascribed to a DAP transition based on the 8 value of 3 meV/decade
(see table[3.5). Sample #2 has a peak with a very similar energy, probably the DA1 transi-
tion, as well as a peak ascribed to the DA2 and an exciton. It is noticed that the DA1 peak
observed in sample #2 is significantly narrower than the peak measured in sample #1.
The fact that the transition is narrower and the appearance of an exciton are both indica-
tions that the crystal quality is initially improved as the Se—excess is increased. When the
Se—excess is further increased for sample #3 and #4 it is realized that this is not a general
trend. Sample #3 shows the typical PL of weak potential fluctuations with an asymmet-
rically broadened peak that blue shifts with increasing excitation. Sample #4 shows the
sign of even deeper potential fluctuations with a larger blue shift with increasing excita-
tion (see B values in table[3.5). This indicates these samples are highly compensated. The
defect concentrations are high in these materials, which seems to contradict that higher
Se—excess is beneficial as argued initially. The behaviour that the material becomes com-
pensated is normally observed when the [Cu]/[In] ratio is lower than one. This could
indicate that the [Cu]/[In] ratio decreases with increasing Se—excess during the growth.
This idea is in fact supported by investigation of the surface morphology that shows
Cu,Se on sample #1 typical for Cu-rich material and faceting on sample #3 typical for
Cu—poor material. This result demonstrates the complexity of the MOVPE process that
is sometimes difficult to predict. Many parameters influence the final result and a small
change in one parameter might influence other parameters.

The result indicates that the overpressure of Se in the gas phase influences the amount of
Cu and In incorporated in the layer. It is important to be aware of this effect since many
samples in this work are grown with different [Cu]/[IlI] ratios by variation of the partial
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pressure ratio of pc, and pg, keeping the partial pressure of pg, constant. In such sample
series it can not be excluded that the incorporation of Se also changes when the partial
pressures of Cu and Ga or In are varied.

3.5.3 Optimization of Growth Temperature

The growth temperature is an important process parameter. Several properties of the
growth process and the final layers depend on the growth temperature. The growth
dynamics for example are significantly affected by the growth temperature. A detailed
study of the growth dynamics at high growth temperature is presented in section
This section is devoted to the investigation of a CuGaSe, sample series where the only
process parameter differing between the samples is the reactor temperature. The growth
time is four hours for all samples investigated here. An overview of the growth temper-
atures and growth rates of the samples studied in this section is given in table

Sample number #1 #2 #3 #4 #5 #6 #7
Reactor temperature 490 °C 500 °C 510°C 520°C 530°C 550°C 570°C
Growth rate (nm/h) 5545 58+5 105+5 102+5 102+5 9645 8945

B (meV/decade) 2 2 4 8 11 14 14

Table 3.6: Growth rates estimated from reflectance transients of CuGaSe; layers grown with variation of the
reactor temperature. The shift of the main PL peak B with increasing excitation density is also included.

When the reactor temperature is increased from 490 °C to 510 °C an increase in the growth
rate, determined from the reflectance transient, is observed. The growth rate then re-
mains constant for temperatures between 510 °C and 530 °C. When the temperature is
increased further the growth rate decreases again.

In order to understand the observed temperature dependence, consideration of some the-
ories of MOVPE growth is useful. The observed behaviour might be related to changes
in the growth limiting mechanism. Generally speaking the growth rate can be limited by
mass transport, reaction kinetics or thermodynamic effects [93]. In the low temperature
regime the increase of growth rate with temperature can be related to reaction kinetics
[93]. This explanation relies on the fact that several activation barriers must be overcome
in the chemical reactions taking place in the reactor. The thermal energy needed to over-
come these barriers is supplied by increasing the temperature.

A temperature region with more or less constant growth rate is frequently observed in
MOVPE growth. The limiting factor when this case is observed, is often mass transport.
Since gas diffusion is almost temperature independent mass transport limited growth is
almost temperature independent [93]. This could also be a part of the explanation for the
behaviour observed here.

The final decrease of growth rate with increasing temperature might be related to ther-
modynamically limited growth. This could e.g. be re-evaporation of elements as a con-
sequence of the increased temperature. Another explanation for the decreasing growth
rate is the premature upstream loss of Cu.

These explanations for the observed behaviour are, admittedly, rather of speculative char-
acter. If these speculations should be verified a comprehensive series of experiments
varying e.g. substrate orientation, flow rates, rotation speed should be performed.

In order to investigate the effect of growth temperature on the optoelectronic properties
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of the absorbers 10 K PL measurements are performed. The PL measurement can, fur-
thermore, be used to judge the composition of the samples and give further insight into
the reason for growth rate variation. The result is shown in figure
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Figure 3.8: 10 K PL of CuGaSe; layers grown at temperatures increasing from #1 to #7. (a) Sample #1 and #2,
and (b) sample #3 to #7.

The PL spectra are separated into two figures for clarity. Figure [3.§(a) shows the PL
spectra of the samples grown at the lowest temperatures. These both show peaks due
to DAP and exciton recombination. Both show two peaks with energies slightly above
1.7 eV, probably due to FX and BX recombination demonstrating good crystal quality.
Also both samples display two phonon replicas supporting this statement. Sample #1
is dominated by DA2 recombination indicating high Cu—excess during growth. Sample
#2 displays both DA2 and DA1 peaks, a signature of a slightly less Cu-rich growth. The
samples grown at higher temperatures are shown in figure3.8(b). Except sample #3 these
all show clear Cu—poor signatures. The increasing red shift relative to the DA1 peak po-
sition and increasing p value (see table with increasing growth temperature indicates
higher Cu-deficiency. The interpretation of the PL spectrum of sample #3 is not straight
forward in terms of the defect model. The energy of the dominating peak is around the
DA1, but the peak is broadened and shifts with excitation (see table[3.6), indicating some
degree of potential fluctuations. This points towards a composition with a [Cu]/[Ga] ra-
tio around 1 or slightly lower, which fits with the tendency observed in the sample series.
The broad peak around 1.6 eV is less easily interpreted. It might be related with a surface
layer with a different composition. One can imagine that the surface responsible for the
largest contribution to the signal is less compensated giving rise to the main peak. The
low energy peak could be due to a underlying layer with a higher degree of compensa-
tion. Similar results have been obtained for samples with a very Cu-poor surface layer
[113]. Why this should arise for these particular growth conditions is, however not clear.
When summing up the results the tendency is clear that the [Cu]/[Ga] ratio decreases
with increasing growth temperature. This observation is not unique for CuGaSe,, but
also observed in a similar experiment done on CulnSe;. This change of composition
might also be a part of the reason for the observation that the growth rate decreased at
low temperature, due to the development of the secondary Cu,Se phase under Cu-rich
conditions. This has previously lead to lower growth rates as discussed in section
The reduction of the growth rate due to CuxSe formation is, however, much smaller than
the growth rate decrease observed here. This indicates that other effects such as reaction
limited growth [93] play the main role at low growth temperature.

The reason for decreasing [Cu]/[Ga] ratio with increasing temperature is probably re-
lated to the low decomposition temperature of Cu relative to the other precursors. This
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leads to deposition in the entrance of the reactor before the precursors reach the substrate.
This tendency is increased with increasing temperature, hence the lower Cu content in
the layers. The fact that Cu deposits early in the reactor is also observed by inspection
of the liner after a growth process. The entrance to the liner is always covered by a layer
of Cu, supporting explanation of Cu-loss proposed here. Another effect that can explain
the decreasing [Cu]/[Ga] ratio is the decomposition of the GaAs substrate. Ga released
from the substrate is incorporated into the layer leading to an increase of the [Cu]/[Ga]
ratio. This effect is stronger with increased growth temperature as discussed in section
B2

The fact that the composition depends on the temperature once again demonstrates the
complexity of the growth process, where change of one parameter influence several prop-
erties. It can therefore be difficult to investigate the effect of solely one parameter at a
time. Despite the complexity and sometimes unexpected effects a process yielding high
quality epitaxial layers was developed. The structural properties of these layers will be
the topic of the next section.

3.6 Verification of Epitaxial Growth of Chalcopyrites on GaAs

In order to verify that epitaxial growth is obtained TEM and EBSD measurements are
performed. The orientation of the layers is, furthermore, investigated by XRD measure-
ments. A description of the XRD technique is available in section and the EBSD
method is discussed in general terms in section[D.2}

3.6.1 The CuGaSe,/GaAs Interface

Lamella of the CuGaSe; layers on GaAs are prepared with a focused ion beam followed
by ion milling. The thin lamella containing a cross—section of the CuGaSe,/GaAs inter-
face are subsequently investigated by TEM. Figure [3.9|shows the CuGaSe,/GaAs inter-
face region.

It is noticed that the crystal planes in the GaAs continue nicely into the GaAs layer as
shown in figure 3.9 with a blue dotted line. This demonstrates that the CuGaSe; layer
grows epitaxially on the GaAs(001) surface in the studied area. The only difference seen
between the CuGaSe; and the GaAs in the TEM image is that the contrast varies in the
CuGaSe; layer on a length scale of a few nanometers. This variation not observed in
the GaAs could be due to variations of the [Cu]/[Ga] ratio [114]. The angle between the
interface and the crystal planes is estimated to ~ 55°, which indicates that these planes
are the (111) planes in GaAs corresponding to the (112) planes in CuGaSe;.

3.6.2 Crystal Quality measured by Electron Backscatter Diffraction

Electron backscatter diffraction (EBSD) measurements are performed to verify that the
layers grow epitaxially on large areas and to show that the grown layers are of good
crystal quality. The measurements are performed with an angle of 70 degrees between
the sample surface and the direction to the detector.

Figure shows the resulting EBSD patterns. The result shows that the [221] crystal
direction is pointing more or less straight at the detector. This is due to the angle between
the sample and the detector. When correcting for this angle, one finds that the [001]
crystal direction is perpendicular to the sample surface (the angle between the [221] and
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Figure 3.9: TEM cross section of the CuGaSe; /GaAs interface demonstrating epitaxial growth. The arrows
and the red dotted line indicates the interface. The blue dotted line correspond to the (111) plane in GaAs.

CulnSe, 1500um?

CuGaSe, 1500um? CuGaSe, spot

Figure 3.10: EBSD patterns obtained from KCN etched Cu-rich CuGaSe; and CulnSe; under an angle of 70
degrees. (a) and (c) are obtained for an area of 1500 ymz, while (b) is the EBSD pattern measured on a spot
the size of the electron beam.

49



3 Growth and Structural Characterization

[001] directions is ~19.5°). This confirms that the layer grows in the [001] direction as
found by XRD measurements discussed in the next section.

EBSD measurements are performed with two different approaches. Figure [3.10(a) and
(c) are measured by collection of back scattered electrons from an area of ~ 1500 um?,
while scanning the electron beam across the sample surface. Figure[3.10(b) is obtained by
collection of back scattered electrons from only one point of the sample. The information
obtained from this measurement is very local and originates from an area with the size
of the spot of the electron beam with a radius in the range ~ 10 — 100 nm [115]. It is
hardly possible to distinguish the pattern measured on a spot and on a larger area of
the same sample surface in figure a) and (b). In both cases a large number of sharp
lines are visible in the patterns. The fact that many sharp lines are observed is proof
that the quality of the crystal is good. If the crystal would have been highly defected
these lines would blur out and eventually not be visible [116, [117]. The fact that the
EBSD pattern obtained from an extended area and a spot measurement are of similar
high quality demonstrates that the layer is epitaxial. Similar high quality EBSD patterns
are obtained for CulnSe; layers grown on GaAs(001) as seen in figure [3.10(c).

3.6.3 Crystal Orientation

Since chalcopyrite can grow with different orientations on GaAs it is necessary to inves-
tigate the crystal orientation of the layers. In figure it is shown that the c-axis of the
chalcopyrite can be oriented either parallel or perpendicular to the (001) GaAs surface.
As shown in section[2.2.3|for CulnSe; the lattice mismatch between the a—axis of CulnSe;
and GaAs amounts to -1.8%. If the crystal would grow with the c-axis parallel to the
GaAs substrate the lattice mismatch will be -2.4%. Similarly for CuGaSe; it is shown that
the lattice mismatch for the a—axis is 0.7 % and 2.6% for the c-axis.

Chalcopyrite
PR TN

GaAs

Figure 3.11: Illustration of heteroepitaxy of tetragonal chalcopyrite on the cubic (001) GaAs subtrate. The
c—axis of the chalcopyrite can either be oriented parallel to the surface of the substrate or perpendicular to
the substrate surface [61, [118].

Based on the lattice mismatch alone, it is therefore expected that both CulnSe, and CuGaSe;
will grow with the c-axis perpendicular to the substrate surface (along the [001] direc-
tion). XRD measurements on several samples are performed in order to verify that this
is actually the case. The measurements are performed in the standard 6 — 26 configu-
ration, where both the source and detector are moved simultaneously while the angle
between the source and detector is 20. Figure shows the two regions of the diffrac-
togram in which peaks are observed. As expected and found in previous studies of
CuGaSe,/GaAs(001) no peaks are observed outside these regions [48]. The measure-
ment shown here is a typical example of a diffractogram measured for CulnSe;. In order
to aid the interpretation of the result a measurement of a GaAs wafer is included as a
reference.
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Figure 3.12: 6 — 20 XRD of epitaxial CulnSe, (blue) and GaAs (black). The green lines indicate data base
values for the reflections of CulnSe;. The cyan line is the database value of the GaAs reflexes. All red lines
indicate instrumental artefacts. The peak labelled "?” is an unidentified artefact that is specific to the used
instrument. (a) contains the reflections observed at low angles and (b) the reflections at higher angles.

One notices that several peaks are visible in the diffractogram of the GaAs substrate,
these peaks are therefore not of relevance in understanding the layer orientation. These
peaks should, however, be commented. All peaks seen in the measurement of GaAs are
also found in measurements of CulnSe;. The dominating reflections are as expected the
GaAs reflections of the (002) and (004) planes that are perpendicular to the [001] substrate
normal. The angle of the main peaks agrees very well with the database values for GaAs
obtained from the International Centre for Diffraction Data (ICDD). This is indicated with
the cyan lines, that shows the ICDD value for the GaAs (002) and (004) diffraction lines.
All the peaks indicated by red lines are artefacts that originates from several wavelength
components in the X-ray beam. The main component of the X-ray beam is the Cu Kay
component. Normally one expects to measure mainly a contribution from X-rays of this
wavelength. This is also the case here, but a contribution from X-rays with several other
wavelengths is additionally observed. Based on wavelengths of X-ray transitions from
National Institute of Standards and Technology and Braggs law (see appendix @, the
angles of the various X-ray components could be identified. The most prominent are the
different Cu lines, Cu Kay and Cu KB, but tungsten lines W Ka; and W Ka; are also
observed. These are observed due to ageing of the X-ray tube [120].

The diffraction peak around 30.8° and 64.2° are only observed in the CulnSe; sample and
not in GaAs. These two peaks both show splitting into a Cu Ka; and Cu Ka; in analogy
with GaAs. In the high angle part of the diffractogram replicas of the 64.2° CulnSe, peak
are seen due to Cu Kp; at 57.4° and W Ka; at 61.2°. This means that only two peaks that
are observed in the measured sample can be ascribed to Cu Ka; diffraction on CulnSe;.
The green lines in figure[3.12)indicates the position of the relevant CulnSe; given in ICDD.
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It is seen that the peaks observed agree well with the (004) and (008) planes. This shows
that the [001] direction or the c-axis of the CulnSe; unit cell is perpendicular to the sub-
strate surface. If the CulnSe, c-axis had been parallel to the GaAs surface one would
have expected to see the (200) and (400) reflexes illustrated in the figure.

A very slight shift of the CulnSe;(004) and CulnSe,(008) peaks to lower angles compared
to the reference data can be observed in figure This shift can be explained by a small
tensile strain of the c—axis due to the lattice mismatch as discussed for measurements on
samples with different thicknesses in section

The orientation with the c-axis L to the surface is preferred since domains with different
orientation cannot occur. If the c—axis is || to the surface it is possible that the c—axis could
point in either the [100] or [010] directions. This opens for the possibility to form domains
with different orientations as illustrated in figure [96]. It can therefore be expected
that the layer is structurally more perfect when the chalcopyrite grows with the c-axis L
to the surface. Formation of domains of different orientations would lead to additional
strain between the domains. The avoidance of stress energy that would otherwise build
up between different domains is therefore an additional driving force for the orientation
with c-axis L to the surface.
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Figure 3.13: 6 — 26 XRD of epitaxial CuGaSe, (blue) and GaAs (black). The green lines indicate data base
values for the reflections of CuGaSe,. The cyan line is the database value of the GaAs reflexes. All red lines
indicate instrumental artefacts. The peak labelled "?” is an unidentified artefact that is specific to the used
instrument. The blue curve is the sample produced in run number 5, whereas the red curve is measured on
the sample from run number 54. (a) contains the reflections observed at low angles and (b) the reflections at
higher angles.

One last feature in the diffractograms of CulnSe, shown in figure is worth noticing.
On the high angle side of the GaAs peak a shoulder is observed in both parts of the figure.
This shoulder is located around the diffraction angle observed in CuGaSe, that will be
discussed in the following. The appearance of the bump could therefore be an indication
that Ga in—diffusion from the substrate leads to a layer in the interface region consisting
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of CuGaSe,. This issue will be discussed further in section|3.8

Figureshows a similar result obtained for CuGaSe; grown on GaAs(001). The diffrac-
tion peaks observed in the CuGaSe,/GaAs system are basically of the same origin as
discussed in the case of CulnSe;. It is noticed that the CuGaSe, peak is observed at the
high angle side of GaAs. The separation between the (200)/(400) and (004)/(008) angles
are much higher in CuGaSe, than CulnSe;. This happens since 7 = ¢/2a has a larger
deviation from 1 in CuGaSe; than in CulnSe,.

It is observed that the position of the diffraction peaks of CuGaSe; falls close to the liter-
ature values of the (004) and (008) planes showing that CuGaSe;, just as CulnSe,, grows
in the c[001] direction. The distance between the peak position and the literature value
is, however, larger in the case displayed for CuGaSe;. This can be related to strain in the
sample. The CuGaSe, peak is additionally broadened in the example shown here (the
blue curve in figure[3.13). This might be related to a larger strain distribution in the layer
or a less ideal crystal quality with a high density of structural defects such as stacking
faults and dislocations. The low quality XRD pattern obtained from the sample might be
related to the fact that it is one of the first grown in the MOVPE machine (run number 5).
In order to show that the quality of the XRD pattern improved with further optimization
of the growth conditions a sample from run 54 in shown as a comparison (red curve in
figure 3.13). For this sample the peak is clearly spit into a Cu Ka; and Cu Ka; indicating
better crystal quality.

3.7 Model for Cu-rich CuGaSe, Growth at High Temperatures

This section is devoted to an investigation of the dynamics of the epitaxial growth of
CuGaSe; under Cu-rich conditions. The observations observed here are valid for a
growth temperature of 570 °C. Several effects discussed here are not observed at lower
temperatures as discussed at the end of the section.

In the following the development of layer composition and sample morphology during
the growth process will be studied. Special attention is given to the development of the
secondary phase Cu,Se that forms on the surface under Cu-rich growth conditions. In
order to understand the growth dynamics a combination of in-situ reflectance measure-
ments and ex—situ studies by SEM, XPS, and depth profiling AES are applied.

The samples studied in this section are all grown under the same conditions. A basic
recipe with all growth parameters, i.e. temperatures, pressures, and gas flows kept con-
stant is used. The only parameter that is changed from process to process is the duration
of the growth. The standard recipe leads to an effective growth rate of about 100 & 5
nm/h, which is typical for most samples grown in this work. The growth rate is calcu-
lated from in—situ reflectance measurements by fitting the Fabry—Perot oscillations. In the
present study the growth rate remained almost constant throughout the entire process.
The thickness of the final films are confirmed by SEM investigation of the layer cross
sections.

In order to study the temporal development of the layer during growth the four samples
representing different process stages are obtained by interruption of the growth after 1, 2,
3, and 4 h. An additional sample grown with a similar 8 h process, is produced for cross
sectional cathodoluminescence measurements. This layer with a thickness close to 800
nm is used for cross—section studies since a thicker sample is preferred to study in-depth
variations by CL.
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Figure 3.14: SEM micrograph of the epitaxial CuGaSe, surface after (a) 1 hour, (b) 2 hours, (c) 3 hours, (d) 4
hours of growth.

Figure shows SEM micrographs of the surfaces of the samples after different growth
times. After 1 hour of growth (figure [3.14(a)) droplets with diameters of about 100 nm
are visible on the sample surface. It has unfortunately not been possible to determine the
composition of these droplets with any techniques used here. It is, however, observed
that the droplets seem to either evaporate or melt and float away if the electron beam is
focused onto these droplets in an attempt to perform EDS measurements. This could in-
dicate that these droplets consist of a material with a low melting point such as elemental
gallium [12I]. This idea is supported by the fact that similar droplets are observed on
GaAs wafers that are annealed at 570 °C. These droplets appear due to decomposition of
GaAs into Ga(l) and 1/4As4(g) [122]. GaAs is thermally unstable at temperatures higher
than 500 °C due to the high volatility of As. With increasing temperature a change in
stoichiometry of the GaAs surface towards [As]/[Ga] < 1 has been observed [123]. The
formation of Ga droplets on the CuGaSe; sample surface is an indication that the layer is
saturated with Ga during the first hour of growth.

After 2 hours of growth these droplets have vanished as seen in figure [3.14(b). The sam-
ple surface appears very smooth. The dark dots visible in the image are most probably
related to voids at the CuGaSe; /GaAs interface. These so—called Kirkendall voids have
been observed previously in Cu(In,Ga)Se, grown on GaAs. The origin of the voids is
diffusion and accumulation of vacancies [47, [124]. When examining the samples under
study here in cross—sectional SEM such voids are also observed at the interface as seen in
figure

After 3 hours of growth (figure[3.14(c)) the interface voids are less visible. This is probably
due to the increased thickness of the layer. Except a dust particle on the SEM micorgraph
the sample is totally smooth at this stage of the growth.

The SEM micrograph in figure 3.14(d) shows the sample surface after 4 hours of growth.
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It is obvious that the sample morphology has changed significantly during the final hour
of growth. A high density of crystals with sizes around 1 um with lighter contrast have
appeared on the sample surface. These are Cu,Se crystallites that form during Cu-rich
growth as discussed in section

Figure shows an AES and EDS study of the chemical composition of the crystallites
that based on the phase diagram are expected to have a composition close to Cu,Se.

1.6
1.4

1.2

[Cul/[Se]

0.8
0.6

AES: Relative Cu content AES: Relative Ga content EDS: [Cu]/[S€]

Figure 3.15: Chemical surface composition studied by AES and EDS of Cu-rich CuGaSe;. (a) SEM micro-
graph showing crystallites in light contrast. (b) Spatial distribution of the Cu content of the area shown in
(@). (c) Spatial distribution of the Ga content of the area shown in (a). Since the AES data are not quantified
these images merely show concentration variations. (d) [Cu]/[Se] ratio extracted from an EDS measurement
of a similar sample.

Figure 3.15(a) shows the SEM micrograph obtained from the area investigated with AES.
The very surface sensitive spatially resolved AES composition analysis has not been
quantified. The element composition of Cu (figure 3.15(b)) and Ga (figure B.15(b)) there-
fore only show relative spatial variations in the elements. By comparison of the Cu-—
content in figure b) to the locations of the crystallites in the SEM image (figure
B.15(a)) it is noticed that the crystallites are clearly richer in Cu than the underlying film.
The map of the Ga content in figure[3.15|c) furthermore shows that these crystallites have
a low Ga content compared to the film. These observations support the assumption that
the crystallites consist of Cu,Se, where no Ga should be measured and the relative Cu
content is high (66 atomic % in CuySe compared to 25 atomic % in CuGaSey).

A similar Cu-rich sample is studied in EDS to give further indication for the composi-
tion of the crystallites. The analysis of the EDS measurement showed that the [Cu]/[Se]
has the highest contrast compared to e.g. [Cu]/[Ga] in this particular measurement even
though the [Cu]/[Ga] ratio is expected to show the strongest variation. The absence of a
strong variation in the [Cu]/[Ga] ratio may be related to a contribution to the signal from
the layer underneath the crystallites. Here it should be kept in mind that EDS has a much
larger probing depth than AES. The [Cu]/[Se] ratio measured in the sample is shown in
figure d). In CuySe, one expect to find [Cu]/[Se] = 2, whereas [Cu]/[Se]=0.5 is ex-
pected in CuGaSe;. In figure it is observed that the [Cu]/[Se] ratio varies from 0.6 in
between the crystals up to 1.6 on the crystallites. This could indicate a Se—-poor CuGaSe;
layer and Cu—poor CupSe. One however, should remember that the EDS technique has
certain limitations. The accuracy of the EDS technique in the order of 5% (relative) and
matrix effects can play a role. It would therefore be inaccurate to claim that the exact
composition of the secondary phase is determined in this measurement. The crystallites
will thus be referred to as CuySe.

The composition of CuxSe has been investigated in a more exact study [126]. In
epitaxial CuGaSe; grown under Cu-rich conditions on GaAs, it is found by XRD that the
Cu,Se crystallines formed on the surface predominantly consist of a cubic or tetragonal
phase of Cu,_,Se with 0.1< y <0.4 [126]]. Since the samples studied in are

55



3 Growth and Structural Characterization

very similar to ones studied here, it can be expected that this is also the case here.
The reason for the sudden appearance of Cu,Se will be discussed later in this section.
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Figure 3.16: Reflectance transients measured at 3 eV during growth of sample series with the same recipe
but different process durations.

Figure shows the results of time dependent in-situ reflectance measurements for
the four processes described above. All measurements are performed with a photon
energy of 3 eV. The transients show the same behaviour for all processes during the part
of the growth they have in common. This indicates good reproducibility of the recipe.
Because of the similarity of the transients the following discussion will focus on the 4
hour transient.

In the beginning of the process, before the growth starts the reflectance signal from the
GaAs surface is high. The signal decreases steeply as CuGaSe; starts growing on the
surface. This drop in reflectance is due to the lower refractive index of CuGaSe; (1,(3
eV)=3.34)[34] compared to GaAs (1n,(3 eV)=4.5) [127]. After the initial drop of reflectance
Fabry-Perot oscillations appear as the film grows. Since the photon energy is above the
band gap of CuGaSe, the amplitude of the observed oscillations decreases, due to light
absorption, as the layer gets thicker. It should be noticed that the mean value of the re-
flectance stays constant for process durations < 3 hours. This indicates that the surface
of the layer is smooth during this growth stage, and that the layer has a constant refrac-
tive index. For longer process durations a sudden decrease in the reflectance signal is
observed. This is seen after 3 hours and 5 minutes of growth in the top curve in fig-
ure This drop of the reflectance signal is correlated to roughening of the surface,
which starts when passing this point in time. The roughness is dramatically increased as
the growth continues. By comparison of the SEM results shown in figure with the
roughness information of in-situ reflectance it is possible to infer that the decrease of the
reflectance signal is directly connected to the formation and growth of Cu,Se crystals on
the CuGaSe, surface.

At first glance it is surprising that this sudden change in surface morphology appears in a
process where the supply of all source materials is kept constant. In order to understand
this, the evolution of the composition has been analysed with XPS and low temperature
PL. The PL spectra for all samples are shown in figure Low temperature PL mea-
surements are sensitive to the defect structure as described in section Since the
defect structure depends strongly on the composition of the layer during growth the PL
fingerprints can be used to extract information about the [Cu]/[Ga] ratio of the layer. Ini-
tially after 1 and 2 hours of growth the PL shows a red—shifted asymmetrically broadened
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Figure 3.17: 10 K photoluminescence spectra of the samples grown with different process durations.

peak, the typical signature of potential fluctuations. This is a sign that the absorber is Cu-
poor. The peak is positioned at a lower energy after 1 hour of growth compared to the
peak after 2 hours of growth. This indicates that the sample has a larger Cu-deficiency
during the first hour of growth. The sample is still Cu—poor after two hours of growth,
but the [Cu]/[Ga] ratio has increased compared to the first stage of growth. After 3 hours
of growth the PL signature has changed from that of a Cu—poor chalcopyrite to that of a
stoichiometric ([Cu]/[Ga]~ 1). This is seen by the appearance of the DA1 peak discussed
in section Finally, after 4 hours of growth the PL spectrum is dominated by the
DA2 transition, indicating Cu-rich growth conditions. The DA2 peak is typically found
to dominate in material with a significant Cu—-excess ([Cu]/[Ga]> 1.2). All these obser-
vations point in the direction that the [Cu]/[Ga] ratio is not constant during the entire
process as initially expected.

Growthtime 1h 2h 3h 4h
[Cu]/[Ga] 07 0.7 09 >1

Table 3.7: Surface composition of the samples grown with different process durations measured by XPS.

The composition of the topmost surface layer is examined by XPS in order to verify these
results. The XPS spectra are shown in figure[3.23} Quantification of the XPS measurement
are performed considering the Cu 3p and Ga 3p contributions to the signal. When the
evaluation is based on these peaks an information depth of around 6 nm is obtained (see
section 3.7.1). The resulting composition expressed in terms of the [Cu]/[Ga] ratio is
shown in table Note that it is not possible to extract reliable data for the composition
of the 4 hour layer from XPS, since the strong Cu and Se signals originating from the
Cu,Se crystals on the surface superimpose and mask the signal from the bulk.

The results extracted from low temperature PL can be regarded as more bulk sensitive
than the XPS results. Based on the extinction length of the excitation light it can be esti-
mated that the main contribution for the PL signal originates from the top 100 nm of the
layer [34]. Both XPS and PL point to the same result; the layer is Cu-poor in the begin-
ning of the process and turns Cu-rich for longer process durations. This is in agreement
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with the observation that Ga droplets form on the surface in the beginning of the process,
indicating that the layer is saturated with Ga. As the growth proceeds these droplets dis-
appear since the layer changes composition. The observation of temporal changing layer
stoichiometry is also in agreement with development of Cu,Se crystals only in the end of
the growth, once the layer turns Cu-rich.

12} j
1.0 -.i-{.H}.H i ¥ }i..

| P Y, _
06} (] i

u)[Ga]

O, 04t : .

0.2} L i

0.0}

0 200 200 600
Depth (nm)

Figure 3.18: AES depth profile of the [Cu]/[Ga] ratio in the 400 nm layer (the 4 hour process).

The discovery of the variation of the composition with growth time gives rise to the
question whether this causes an in—depth compositional gradient in thick layers. Figure
3.18 shows the [Cu]/[Ga] ratio of the 4 h sample obtained by AES depth analysis. The
AES analysis is done with the same equipment as the previously mentioned XPS studies.
AES is used for depth resolved experiments instead of XPS due to technical limitations
of the equipment. It is seen that the [Cu]/[Ga] ratio of the ~ 400 nm film is constantly
about 1 throughout the entire film. This indicates that there is no gradient in composition
of the final film after the growth process.
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Figure 3.19: Cross sectional CL of a CuGaSe; layer grown under Cu-rich conditions measured at 6 K. The
CL in the bottom of the image originates from GaAs.

In order to verify this result 6 K CL measurements are performed on the cross—section of
a 800 nm CuGaSe; film grown with a very similar recipe with a slightly lower Cu—excess
in the gas phase. The result is shown in figure where each line corresponds to a
full CL spectrum measured at a given depth. A SEM micrograph of the cross section is
obtained simultaneously making it possible to determine the position from which the CL
spectra originate. The CuGaSe; layer emits luminescence around 1.65 eV and is therefore
easily distinguishable from the GaAs substrate, which appears at the bottom of the image
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exhibiting a peak at around 1.49 eV. Low temperature CL and PL both give information
about the defect structure in the material. It has been shown for CuGaSe, that the same
DAP transitions are observed with both methods [91]]. It is therefore possible to interpret
the CL results with respect to the defect model presented in section[2.3.8] The peak at 1.65
eV corresponds to the DA1 transition, which is only observed in stoichiometric absorbers.
This peak is visible throughout the entire layer, showing that the layer has the same defect
structure. This, in turn, agrees with the AES result also showing that the entire layer has
the same composition.

Based on these results it can be concluded that the variation of the [Cu]/[Ga] ratio with
time does not result in a gradient in the final sample. The reason for this is related to the
high diffusion constant of Cu in CuGaSe; [128]. Because Cu rapidly diffuses throughout
the film at growth temperature the entire layer obtains a homogeneous composition.

In the following a growth model, that explains the observations presented here, will be
proposed. The basic idea of the model is illustrated in figure [3.20}

Cu Ga Se /

A \ \ \ Cu,,Se

CuGaSe,

|h

Figure 3.20: SEM cross section of a CuGaSe; layer grown under Cu-rich conditions. Kirkendale voids are
visible at the interface and a CuxSe crystal is seen on top of the layer. It is illustrated how decomposition of
the GaAs substrate leads to an extra supply of Ga.

The first important element in the model is the decomposition of GaAs at elevated tem-
peratures. It is well known that arsenic desorbs from GaAs when it is heated [122,
130} 123]]. This decomposition releases excess Ga into the growing layer. It has been ob-
served that evaporation of As and incorporation of Ga in a metal film occurs already at
a temperature of 420° C [130]. When growing a CuGaSe; thin film the [Cu]/[Ga] ratio
in the layer is therefore not proportional to the material supply from the gas phase. The
effective material supply of Ga includes both the Ga coming from the substrate and the
gas phase. It is proposed that the excess Ga from the substrate leads to the observed
Cu-poor growth in the beginning of the process. As the deposited layer grows thicker,
less Ga from the substrate reaches the surface. Consequently, the material supply at the
layer surface approaches the amount supplied in the gas phase, as the layer thickness in-
creases. Since the recipe discussed in this study is developed to grow Cu-rich CuGaSe;,
the characteristics of the layer therefore switches from Cu—poor to Cu-rich when a cer-
tain thickness has been obtained. When the layer grows beyond this thickness Cu,Se
begin to form at the surface as expected under Cu-rich growth conditions. The model is
supported by a study of Ga diffusion in CulnSe;, where it is shown that the Ga diffusion
decreases when the layer approaches stoichiometry [124]. The combination of the effect
of decreasing Ga diffusion and increasing thickness jointly contribute to the reduction
of the Ga supply from the substrate. This explains the increase in [Cu]/[Ga] ratio with
increasing growth time.
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In order to explain that the [Cu]/[Ga] ratio is homogeneous throughout the final layer,
it is necessary to investigate the diffusion coefficients of the elements in CuGaSe; in fur-
ther detail. Most studies of diffusion coefficients in literature focus on CulnSe;. It has,
however, been demonstrated that the inter—diffusion in a CulnSe; /CuGaSe; couple an-
nealed at 650 °C resulted in very similar diffusion coefficients of Ga in CulnSe; and In in
CuGaSe;. Both diffusion coefficients are under these conditions determined to be in the
order of 10~ ecm?s~! [131][132]. At lower temperatures in the range 400 °C — 600 °C the
diffusion coefficient of In in CuGaSe; is found to vary from 3.5:10~13 cm?s~! to 4.5-10~12
cm?s~ ! [131)[132]. A detailed study of the out—diffusion of Ga from GaAs into CulnSe; at
725 °C investigate the effect of the layer composition on the diffusion coefficient [124]. It
is found that the diffusion coefficient of Ga is strongly dependent on the [Cu]/[In] ratio
of the layer, being lowest around the stoichiometric composition with 2.7-1071% cm?2s~!
at [Cu]/[In]~ 1 and higher in Cu-rich films with 5.-10711 em?s~! at [Cu]/[In]= 1.4 and
in Cu—poor films with 7-10712 em?s ! at [Cu]/[In]= 0.43. The diffusion of Se in CulnSe;,
has been studied with a radioactive tracer experiment [133]. In this investigation a diffu-
sion coefficient of Se at 700 °C of the order 2:107 13 — 10712 cm?s~! has been found [133].
The diffusion of Cu in CulnSe; has similarly been studied with a radioactive tracer [128].
Here it is found that the diffusion coefficient in the temperature range 380 — 430 °C vary
in the range 1078 — 107 ecm?s~! [128]. Since this experiment is performed at a lower
temperature than the other studies mentioned here it can be expected that the diffusion
coefficient of Cu under similar conditions will be even higher. Based on these numbers it
can therefore be assumed that the diffusivity of Cu will exceed the diffusivity of both Ga
and Se at the growth temperature by orders of magnitude. This explains that [Cu]/[Ga]
ratio becomes homogeneous throughout the final layer.

When it is observed that Ga from the substrate is incorporated in the thin film, it is also
relevant to ask what happens to the As from the substrate. This issue is investigated with
SIMS depth profiling measurements discussed in section

The proposed model explains the development of the [Cu]/[Ga] ratio from Cu-poor to
Cu-rich with increasing growth time. One remaining open question at this point is the
influence of Cu,Se on epitaxial growth of the CuGaSe; for the long duration processes.
This will be the topic of the following section.

3.7.1 Epitaxial Growth in the Presence of Copper Selenide

When a secondary phase develops during growth further epitaxial growth can be prob-
lematic. If the secondary phase forms on the surface with random crystal orientations it
is possible that these prevent further epitaxial growth leading to a polycrystalline film.
In order to examine the development of the epitaxial growth of CuGaSe; in the presence
of Cu,Se, CuGaSe; samples grown under Cu-rich conditions are investigated with SEM,
EBSD, XRD, and AES.

From cross sectional SEM measurements as shown in figure it is seen that the Cu,Se
crystals appear only on the surface of the CuGaSe; layer. It is also known that the layer
grows epitaxially even after the formation of Cu,Se. These observations indicate that
Cu,Se can be transformed continuously to epitaxial CuGaSe; during growth.

In order to support this hypothesis a growth experiment is designed. A sample is grown
with a slightly modified recipe with Cu-excess for the first 4 hours of the growth and
conditions identical to the samples discussed in the previous section. In the end of the
process the Cu-source is switched off while the Ga and Se source are kept on. The in—situ
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reflectance measurement of this growth is shown as the bottom curve in figure

Reflectance (arb.u.)

2
Time (hours)

Figure 3.21: Reflectance transients measured during growth of sample series with the same recipe but dif-
ferent process durations. The lowest curve shows a process in which the Cu—precursor is switched off in the
end of the run.

Three stages are visible in the growth reflectance transient. For the first 3 hours and about
15 minutes of growth (a) the layer grows under Cu—poor conditions leading to a smooth
surface. At a point of growth the stoichiometric point is reached after which the sample
grows under Cu-rich conditions (b). This leads to formation of Cu,Se and roughening
of the sample, hence the decreasing reflectance. After 4 hours of growth the Cu supply is
switched off and an increase in reflectance is observed (c). This increase can be explained
by a decrease of surface roughness. The smoothing of the surface is an indication that
the density of Cu,Se decreases or that the shape of the surface structures changes. The
process is terminated when the real-time in-situ reflectance stopped increasing. The
resulting duration of the final conversion step (c) amounts to 12 minutes.

Figure 3.22: SEM micrograph of epitaxial bumps on a CuGaSe, surface arising after a growth step that
converts CuxSe into CuGaSe, by switching off the Cu supply. The EBSD patterns demonstrate that the
bumps are epitaxial.

Figure 3.22]shows local EBSD measurements on a SEM micrograph of this CuGaSe; sam-
ple under an angle of 70°. The bumps seen on the sample surface are not Cu,Se as one
could imagine. These bumps are in fact composed of CuGaSe; as confirmed by the EBSD
pattern that is exactly the same on the bump and the surface of the film in between the
bumps. This also proves that these bumps have the same crystal orientation as the rest of
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the layer. They are epitaxial in other words. It is therefore demonstrated that Cu,Se can
be continuously converted into epitaxial CuGaSe, during the growth process.

Formation of a Continuous Layer of Cu,Se

The results presented here demonstrate that Cu,Se can be turned into CuGaSe, during
the growth. When looking into literature several studies for the growth in presence of
Cu,Se are, available e.g. [134,135,[136,[137]. It has been proposed in literature that Cu,Se
exist in a liquid phase floating on top of the layer during the growth [135]. The reflectance
transients discussed in the previous section, however, show that the surface roughens
already during the growth when Cu,Se forms on the surface. This contradicts that Cu,Se
is liquid during growth in agreement with the conclusion of Niki et al. [134]. In the work
by Niki it is proposed that Cu,Se forms a thin continuous layer on the top of the absorber
layer when grown under Cu-rich conditions in addition to Cu,Se crystallites. This is
proposed to explain the high conductivity of Cu-rich samples, that could be reduced by
KCN etching, whereby the Cu,Se layer is removed [134].

In order to examine the presence of a thin continuous layer of CusSe on the layers an
evaluation of the low kinetic energy photo electrons based on the XPS measurement dis-
cussed in section [3.7)is performed. The result of the XPS measurement is shown in figure
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Figure 3.23: XPS spectra measured on four samples with growth durations between 1 and 4 hours. The
peaks labelled KLL and LMM are due to Auger electrons.

Figure[3.23|shows the main electron peaks ascribed to copper, gallium and selenium but it
is noticed that a contribution from contamination of oxygen and carbon also contribute to
the signal. The lower x—scale in figure shows the binding energy Ep. In the following
the kinetic energy Ex of the detected electrons will be discussed. These are related via
Ex = hw — Ep, where hw = 1253.6 €V is the energy of the X-rays from the Mg Ka source
as shown as the upper x-axis in figure The signal from the XPS measurement can
be quantified to yield relative element concentrations discussed in the following.

The low kinetic energy electrons with energies in the range 100-300 eV are not able to
escape from deep inside the material. In this kinetic energy range the mean free path of
electrons is limited to only a few monolayers [138]. Based on reference [139] and assum-
ing that the detected electrons originate from three times the mean free path, the analysis
depth can be estimated. In case of CuGaSe; an evaluation of the low kinetic elections
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means quantification based on the Ga 2p, Cu 2p electrons. This evaluation of the XPS
data gives an information depth of around 2 nm, compared to around 6 nm obtained
when the quantification is based on the photo electrons with kinetic energies in the range
1100 — 1200 eV (Cu 3p, Ga 3p and Se 3d) discussed earlier in this section. For Se no low
kinetic energy electrons are detected. To quantify the amount of Se it is therefore neces-
sary to use the Se 3d photo electrons with a kinetic energy of 1200 eV. The contribution
from Se to the signal therefore contains information from a depth of around 6 nm. If the
element is distributed heterogenously in depth this will of course give rise to inaccurate
quantification. Also one should notice that oxygen and carbon on the surface gives rise
to a significant signal. This is especially prominent for the sample with a growth time
of 4 hours where more carbon is seen. The surface contamination leads to a decrease of
especially the low kinetic energy electrons (Ga 3p and Cu 2p) while the high kinetic en-
ergy electrons are less affected. This certainly leads to inaccuracies when attempting to
quantify the element concentrations.

The evaluation based on high kinetic energy electrons that can escape from deeper within
the material is shown in table expressed as the [Cu]/[Ga] ratio. The result
of most surface sensitive evaluation is shown in figure The figure depicts the ele-
mental concentrations for the four samples with different growth time discussed in the
previous section.
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Figure 3.24: Composition of the top surface measured by evaluation of low kinetic energy electrons (Ga 2p
and Cu 2p) and Se 3d in XPS study of samples grown with different process durations.

First, it is noticed that the absolute values obtained with this analysis do not agree with
the composition of stoichiometric CuGaSe;. For the first 3 hours of growth while the layer
grows under Cu—deficiency the [Cu]/[Ga] ratio is very low, much lower than the one ob-
tained by the more bulk sensitive evaluation. This could be related to the very thin layer
of ODC that has been found on the surface of Cu—poor chalcopyrites [140]. The compo-
sition measured for the first 3 hours is not far from the ODC material CuGasSeg,where
Cu: 7%, Ga: 36%, Se: 57% is expected. It must, however, be kept in mind that the Se
signal used in this quantification has a contribution from a larger depth than that of Cu
and Ga. This questions the absolute concentrations obtained with the very surface sen-
sitive evaluation. One furthermore has to keep in mind that contamination with oxygen
and carbon decreases the signal from low kinetic energy electrons more than high kinetic
energy electrons. In this case this can lead to an overestimation of the Se content. The
ratio [Cu]/[Ga]~ 0.2 during the first three hours can, however, still be trusted. This leads
to the conclusion that the top 2 nm of the layer is extremely Cu-poor in the beginning of
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the growth.

After 4 hours of growth the surface composition changes significantly. The [Cu]/[Ga]
ratio is suddenly higher than 7 and hardly any Ga is observable. This dramatic change
of surface composition can not be explained by the partial coverage of the surface by
CuySe crystals. The SEM micrograph showing the surface of this sample is seen in figure
B.14(d). Based on this SEM micrograph it can be estimated that the Cu,Se crystals cover
about 2 % of the total surface. 98 % of the CuGaSe, surface is therefore still exposed. The
dramatic decrease of the Ga signal can therefore not be explained by the partial coverage
of Cu,Se crystals. The reason for the large change could be explained by a continuous
Cu,Se film forming on the surface. Another possible explanation for the low Ga 3p signal
is that this sample had a significantly higher carbon contamination (see figure 3.23). This
leads to a reduced signal of especially the low kinetic energy electrons.

If the carbon contamination is not the reason for the observed behaviour the result con-
firms observations in previous studies that the CuGaSe; surface is covered by a thin
CuySe layer in addition to the CuySe crystals. The thickness of this layer is, however,
so thin that it is only measurable when the XPS data originating from the first 2 nm is
taken into account.

3.7.2 Temperature Dependence of Void Formation

The decomposition of the substrate is dependent on the growth temperature. Since the
substrate decomposition leads to formation of voids and diffusion of Ga into the substrate
it is desirable to decrease the growth temperature. Figure [3.25 shows the SEM cross
sections of two samples grown at different temperatures.

€)) T =570°C T =510°C
"Cu,Se '

CuGaSe,

GaAs

Figure 3.25: Examples of cross sections of samples grown at different temperatures. (a) CuGaSe; layer is
grown at 570 °C and contains voids at the interface. (b) CuGaSe; layer is grown at 510 °C without interface
voids.

The sample shown in figure 3.25(a) is grown at 570 °C clearly showing the voids in the
interface region. This sample also interestingly shows a cross section of a Cu,Se, where it
can be observed that the Cu,Se crystal is only present at the sample surface. It does not
extend into the layer, in agreement with the discussion in the previous sections.

The sample in figure 3.25(b) is grown at a lower temperature of 510 °C. The cross sec-
tion shows that the interface between the CuGaSe; layer and the GaAs substrate is very
smooth under these growth conditions. The void formation can therefore be efficiently
avoided by reduction of the growth temperature. It is furthermore expected that the
in—diffusion of Ga from the substrate will be decreased at lower temperature.

This observation in combination with the results discussed in section 8.5.3]lead to mod-
ification of the standard recipe of CuGaSe, growth to temperature to a temperature of
520 °C rather than 570 °C used in the original recipe. The reduced growth temperature
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furthermore has the advantage that the Ga supply from the substrate is reduced. The
sudden drop in reflectance shown in figure due to the transition from Cu—poor to
Cu-rich growth conditions is therefore not observed at a growth temperature of 520 °C.

3.8 Composition Gradients and Inter-diffusion in Epitaxial Thin
Films

As shown in the previous section, GaAs decomposes at elevated temperatures leading
to diffusion of Ga from the substrate. It is therefore necessary to investigate if As re-
leased from the substrate remains in the film. Another interesting question that should
be investigated is whether Ga is present in the CulnSe; layers leading to formation of a
Cu(In,Ga)Se; interface region. In order to answer these questions depth resolved SIMS
investigations are performed on a CulnSe, sample grown at 470 °C and a CuGaSe; layer
grown at 570 °C, both with a thickness of around 400 nm. A basic description of the SIMS
technique is included in appendix
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Figure 3.26: (a) SIMS depth profile of a CulnSe; layer on GaAs. (b) SIMS depth profile of a CuGaSe; layer
on GaAs.

Figure a) shows the normalized element concentration profiles of a CulnSe; layer
measured with SIMS. It is first noticed the interface seems poorly defined in the SIMS
measurement with a profile of As stretching into the layer and In and Se stretching into
the substrate. The width of the interface region can, based on the sputtering rate, be
estimated to around 60 nm. This does not seem to agree with the result from cross-section
TEM investigation in section that showed that the interface appears to be abrupt.
There are several possible reasons for the appearance of a broadened interface. First it
is possible that the elements inter—diffuse. There is also the possibility that roughness of
the samples gives rise to a broadened interface in the SIMS measurement. Finally it is
possible that the interface broadens because elements are pushed further into the sample
during the sputtering process.

It is noticed that the signal from Ga and As do not show the same behaviour as expected
if no intermixing would take place. Since the Ga signal extends further into the CulnSe,
layer the result indicates that CulnSe; contains Ga near the interface. Based on the dif-
ferent profile of Ga and As the distance from the interface where Ga seems to be present
can be estimated. It may be assumed that the point where the As signal reaches its min-
imum and starts to fluctuate after a sputter time of around 3500 seconds represent the
sputtering time where a contribution from the substrate begins to appear. The Ga signal
already starts to increase after around 2200 seconds, significantly earlier than the signal
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of the substrate seems to appear. With a sputter rate of approximately 8.4 - 1072 nm/s
in the CulnSe; layer, this leads to a thickness of close to 100 nm. If this estimation is to
believed one can expect that the fist 100 nm of all CulnSe; layers grown in this project in
fact contain an amount of Ga. The interface region therefore seems to consist of rather
Cu(In,Ga)Se; than CulnSe;.

In the XRD measurement of a CulnSe; sample shown in figure[3.12 on page 51|a bump is
observed on the high angle side of the GaAs peak. It is possible that this bump is related
to an interface layer rich in Ga. The position of the broad bump could indicate that a layer
of pure CuGaSe; in fact forms at the interface or at least a Cu(In,Ga)Se; layer with a high
[Ga]/[In] ratio. The SIMS observation presented here, support that Ga is present in the
layer close to the interface. The results do, however, not prove that a Ga rich Cu(In,Ga)Se;
layer exist at the interface region. Formation of an interface CuGaSe; layer when growing
Cu(In,Ga)Se;, epitaxially on GaAs has, however, been observed in literature [47]. In [47]
it is observed that a CuGaSe; layer is formed when Cu(In,Ga)Se, with [In]/[Ga]=2 is
grown at 570°C. It is also concluded that no pure CuGaSe; layer could be observed if the
layer is grown at 500°C. In this case a gradient of Ga is observed, similarly to the results
presented here.

In figure [3.26(a) it is noticed that the Cu seems to extend further into the substrate than
In and Se that are broadened by the effects discussed earlier. This could indicate that Cu
diffuses into the GaAs layer. The validity of the Cu profile measured for this sample is,
however, questionable. It shows a high content of Cu at the interface. A feature which
has not been observed for any other sample with any measurement technique applied
in this work. To my knowledge there have also been no reports in literature that could
explain this behaviour. Also increasing signals of all elements are seen at the sample
surface, which points towards an artefact observed at the surface and interface. This
could by a matrix effect e.g. related to the accumulation of primary Cs™ ions in the layer
and different sputter rates of the same element in different matrices.

Figure b) shows the Cu, Ga, Se, and As profiles in the CuGaSe; layer grown with
the four hour process discussed in the previous section. It is demonstrated that this layer
has a homogeneous [Cu]/[Ga] ratio with AES depth profiling and a CL cross section
measurement. The same appears to be the case in the SIMS measurement presented
here. The SIMS measurement of this sample does not display the Cu accumulation at
the interface. It does however also show a Cu-poor and Se rich surface. A result that is
clearly not in agreement with the XPS measurement that showed a Cu,Se layer formation
on this surface. The behaviour observed at the surface in the SIMS measurements is
probably therefore related to artefacts.

Regarding the out-diffusion of As into the layer it would be interesting to be able to
determine the concentration of As in the layer. The signal from As in the bulk of the layer
is so low that it can be regarded as being below the instrument limit of the operation mode
where the sample is bombarded by Cs* ions and clusters of As—Cs™ are detected. All
elements M are detected as MCs™ molecules in order to reduce the matrix effects. Under
the experimental conditions it is, unfortunately not possible to determine the detection
limit (see further explanation in appendix D). In a similar SIMS study of diffusion of As
into Cu(In,Ga)Se, from GaAs, it is found that the As concentration is too small to cause
significant doping [47].
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3.9 Summary

Epitaxial CulnSe, and CuGaSe; layers with wide range of compositions from Cu-rich to
Cu—poor are grown in this work. In-situ reflectance measurements proves to be a good
tool to monitor the process by yielding useful information about surface roughness and
growth rate. PL measured at low temperature is used as a tool to understand and de-
velop the epitaxial growth process and to control the layer composition. The process
recipe is improved through a series of optimization growth experiments where the in-
fluence of various parameters is tested. It is often found that parameters influenced the
growth in more than one way. It is for example demonstrated that changes of the growth
temperature lead to changes of the layer composition. As a result of the growth experi-
ments an epitaxial process for production of high quality epitaxial CulnSe; and CuGaSe;
is obtained as demonstrated with TEM and EBSD studies.

A study of the growth dynamics at 570 °C demonstrate the importance of the growth
temperature. Via study of four samples grown with the same recipe but for different
growth times a model for the dynamics of the growth is developed. A recipe designed
to achieve Cu-rich growth conditions is used in this study. The sample composition
develops from Cu—poor to Cu-rich with increasing process duration. This behaviour
can be explained by Ga supply from the GaAs substrate, which especially affects the
composition of the thinnest layers. Interestingly, this evolution of layer composition does
not lead to depth inhomogeneities in the final samples. The depth profile shows a very
uniform [Cu]/[Ga] ratio.

As the composition of the layers switches from Cu-poor to Cu-rich a secondary CuySe
phase appears on the surface. The epitaxy of CuGaSe; is not hampered by the presence
of the secondary Cu,Se phase. The results indicate that Cu,Se is converted continuously
to CuGaSe, during the epitaxial growth. There is no reason to assume a different be-
haviour for CulnSe; regarding the effect of CuSe. In addition to the Cu,Se crystallites
it is found that a thin continuous film cover the CuGaSe; layer when grown under Cu-
rich conditions. Under Cu—poor growth conditions the surface is found to be extremely
Cu—poor, probably due to formation of an ODC on the layer surface. By reduction of the
growth temperature to 500 °C it is shown that the tendency to form voids at the inter-
face and in—diffusion of Ga is reduced. For CulnSe; growth it is demonstrated that the
decomposition of the substrate leads to an interface region of around 100 nm where the
Ga in—diffusion leads to formation of Cu(In,Ga)Se;.
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Photoluminescence of
Compensated Chalcopyrites

It has been demonstrated that chalcopyrites grown under Cu-poor ([Cu]/[III]<1) condi-
tions are highly compensated, resulting in a high density of charged defects and a low net
carrier concentration [10, [13] [15]. Since the random distribution of charged defects can-
not be screened by the remaining free charges a spatially fluctuating Coulomb potential
remains. These fluctuations will locally perturb the band structure [90]. The photolu-
minescence from a highly compensated semiconductor is influenced by the magnitude
of the fluctuations since the carriers recombine from spatially separated potential wells.
The characteristics of potential fluctuations have been observed in PL spectra at low tem-
perature in numerous studies e.g. [13] 15, 83]. It is, however, often assumed that the
fluctuations persist at room temperature [16,[17]. In order to characterize the properties
of these fluctuations and their temperature dependence epitaxial CuGaSe, and CulnSe;
absorbers are examined by temperature and intensity dependent photoluminescence.

4.1 Potential Fluctuations in Highly Compensated Semiconduc-
tors

A semiconductor with both donors and acceptors present at comparable concentrations is
compensated. The degree of compensation, which depends on the relative acceptor and
donor concentrations, is defined as K = Np/N4 in a p—type semiconductor. Material
that is highly compensated (K ~ 1) has properties that are significantly different from
weakly compensated material. One example of a property that is strongly influenced
is radiative recombination. A weakly compensated semiconductor can be described by
the standard theory for DAP recombination explained in section In material that is
highly compensated the PL characteristics are significantly different.

The aim of this section is to present a model that can explain the properties of Cu—poor
Cu(In,Ga)Se; in PL measurements. In the following we will therefore consider a highly
compensated p—type semiconductor. At low temperatures all donors in this material will
be ionized and the donated electrons will be trapped by acceptors Np = Ng = Ny,
where Np and N4 are the concentrations of donors and acceptors respectively and the
superscripts indicate the charge state. This results in a high concentration of charged de-
tects Nc in the semiconductor Nc = N, + N g . These defects are randomly distributed
in the crystal. In the p-type material a number of acceptors remain uncompensated.
These will be neutral at low temperatures Ng = N4y — Np, but will be ionized as the
temperature is increased. It can therefore be assumed that the hole density at an elevated
temperature (e.g. room temperature) will be p = N4 — Np. The electrostatic potential
in this material varies throughout the crystal and will differ from the pure crystal by
the Coulomb potential produced by the ionized defects in the crystal. Since the charged
defects are distributed randomly, this leads to a random electrostatic potential that mod-
ulates the band energies. At low temperature the fluctuations are not screened, since the
free charge carrier density is low compared to the density of ionized defects.

The average amplitude of the fluctuations has been determined by Shklovskii and Efros
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[90]. The general idea will be outlined here. Consider a typical fluctuation of size Ry.
The mean number of charged defects in this volume is NcR>. Since it is assumed that the
defects are distributed according to Poisson statistics the standard deviation is the square

1/2
root of the mean (NCR?> . The potential due to this defect fluctuation is given by

Ry) = — (ner2)? 4.1

,Y(f)_47'£e()eer<Cf) ’ (4.1)
where e is the elementary charge, € is the permittivity of free space and ¢, is the static
dielectric constant of the material. v can be understood as the lowering (or increase) of
the energy of a test charge in a typical fluctuation of size R;. The spatial extension of
the typical fluctuation Ry has yet to be determined. In order to find Ry it is necessary
to take screening into account. A fluctuation will be totally screened when the number
of free charge carriers p in the volume R? equals the mean number of charged defects in
the same volume. This can be expressed as pRg = (NCRE’ )1/2, where R; is the so—called
screening length. Rearrangement of the equation gives an expression for the screening

length:

1/3

R
s p2/3

(4.2)

Large (and deep) fluctuations that are larger than the screening length (R > R;) will be
screened. Fluctuations that are smaller than the screening length (R < R;) will, however,
persist. It is therefore argued that the typical size of the fluctuation is given by the screen-
ing length [90]. Inserting equation in equation therefore yields the amplitude
of the average potential fluctuation:

B 2 Né/3
 dmepe, p1/37

Y(Rs)

To get a feeling of the typical magnitude of the potential fluctuation an example will be
presented here. If it is assumed that N4y ~ Np the density of free charge carriers at room
temperature is approximately p = (1 — K)N¢/2. Assuming a total density of charged
defects of Nc = 10'® cm™3 and a degree of compensation K= 0.99 therefore gives a
free charge carrier density of p = 5-10'> cm~3. Inserting these values and ¢, = 11 for
CuGaSe; [80] in equation yields a value for the amplitude of the fluctuations of 76
meV. Equation is widely used in papers to explain the behaviour of compensated
semiconductors [141} 142, 17, [143]. It is, however, a relatively simple approach and the
general validity of equation can be questioned.

One can also attempt to calculate the typical fluctuation length at low temperature where
the charge carrier concentration is very low. If a charge carrier density of p < 10° cm ™3
is assumed one finds a screening length of more than one meter and a fluctuation ampli-
tude of more than 100 eV using the same parameters as in the previous example. These
values are clearly unrealistic. This simple approach is therefore only useful to give an
idea of the physics involved. A more sophisticated approach to take the screening phe-
nomena into account should be developed in order to improve this model.

For very low charge carrier densities the model presented here clearly fails. When the
sample is measured in PL it is, however, under illumination. Under these conditions a
high density of charge carriers is generated. In 10 K PL measurements a fluctuation am-
plitude of 15-70 meV is measured (see section[4.5.1). In the following it will be estimated

(4.3)
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if this is a realistic value for a cold sample under illumination. It is assumed that all excess
acceptors are neutral at 10 K, that is p ~ 0 in absence of photo—excited charge carriers. In
order to obtain a fluctuation amplitude of 15-70 meV it is necessary to generate a photo
carrier density in the order of 10! — 10'® cm~3 to screen potential fluctuations generated
by 10'® cm~3 defects according to equation . To estimate if this is a realistic value
for the excess charge carrier density Ap it is necessary to determine the volume in which
the charge carriers are generated. The penetration depth of the laser can be estimated
as the inverse of the absorption coefficient a~!. With an absorption coefficient of a(514
nm)~ 1-10° cm~! [144] this gives a penetration depth of ~ 100 nm. The charge carrier
generation rate can therefore be estimated to G= 6 - 10** s~'cm 3 based on the excitation
density used in the experiment. Under steady state conditions, the excess charge carrier
density is given by p = Gt, where 7 is the carrier lifetime [145] [146]. The charge carrier
life time measured in Cu(In,Ga)Se, depends strongly on the measurement conditions.
The lifetime found immediately after sample preparation was e.g. 100 ns, but this life
time decreased to only 1 ns after exposure to air for only 24 hours. Also, the injection
level is important for the measured life time. One typically finds around 8 ns for bare
absorbers under high injection conditions [147]. This is very similar to a life time of the
order 10 ns reported for CuGaSe; in [148]]. Using a carrier life time of T = 10 ns a value
of p = 6-10'°cm 3 is found. Based on this evaluation it is therefore likely that the fluc-
tuations of the measured depth appear at low temperature under the given excitation
density.

4.2 Photoluminescene of Compensated Semiconductors

It is evident that the presence of potential fluctuations will significantly affect the proper-
ties of a semiconductor. Fluctuations are clearly visible in photoluminescence measure-
ments as discussed from a theoretical standpoint [149, 150] as well as experimentally in
numerous studies e.g. [13} 151} [152]. Description of radiative recombination in the pres-
ence of potential fluctuations is, however, not straight forward. In the following it will be
explained that several recombination bands are theoretically and experimentally found in
highly compensated semiconductors. The comprehensive but not easily comprehensible
review by Levanyuk and Osipov deals with the theory of luminescence in semiconduc-
tors dominated by potential fluctuations [149]. The main results will be briefly summa-
rized here. The model describes a p-type material where the heavy doping condition
(Mott condition) is fulfilled for donors but not for acceptors. The Mott condition given
by Nma3 ~ 0.27, where ap is the effective Bohr radius of the defect gives in approxima-
tion of the critical concentration Nj; above which defect states begin to interact [82]. For
CuGaSe;y, using the same material parameters as in sectionto calculate defect ioniza-
tion energies, Bohr radii for the donor and acceptor are ap p = 4.2 nm and ag 4 = 0.9 nm
respectively. This gives Mott concentrations of Ny p = 2.7 - 107 cm 3 for the donors and
Np,a = 2.7 - 10" cm ™2 for the acceptors. In the range between Ny p and Ny 4 the heavy
doping condition is only fulfilled for the donors. This is generally found in most direct-
gap semiconductors with defect concentrations in the range 107 — 10! cm 2 when the
effective mass of the electrons is much smaller than for the holes m; << m;} [149]. Heavy
doping is achieved when the distance between the defects is lower than the Bohr radius
of the state leading to overlapping defect states. Due to the overlap of the very shallow
donor states it is assumed that the donor state are no longer localized but merges with
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the fluctuating conduction band. The deeper acceptor states, however, remain localized
but smear out into a band due to the potential fluctuations. This is illustrated in figure

41

DOS Arbitrary direction

Figure 4.1: Schematic illustration of potential fluctuations in a highly compensated semiconductor. The
vertical dashed lines show the valence and conduction band in absence of potential fluctuations. The solid
line are the band edges in presence of the spatial fluctuations. The fluctuating dashed line illustrates an
acceptor level [150]. Recombination of BI (band-impurity) type and TI (tail-impurity) type are illustrated.

It is often assumed in literature that this model is adequate to describe Cu(In,Ga)Se;
[15, 183] [153]. According to this model one distinguishes between two main radiative
recombination channels; tail-impurity (TI) recombination and band-impurity (BI) re-
combination. These channels that are dominant at low temperature and excitation are
illustrated in figure TI recombination occurs between electrons that are trapped in
localized states in the conduction band with holes in a nearby acceptor state. The local-
ized states in the conduction band occur at regions where an unusual high number of
donors are clustered together in a small volume. It should be mentioned that these local-
ized well states are only present at very low numbers compared to the number of typical
fluctuations of size Rs and depth <. Electrons are considered to be free in the typical fluc-
tuations. The TI recombination channel can be compared to DAP recombination since
it involves two localized states [149]. The so called band—impurity (BI) recombination
involves free electrons in the typical fluctuations with holes bound to localized acceptor
states. It is therefore comparable to a free-to-bound recombination process [149]. The
temperature dependence of the TI and BI channels will be further discussed in section
453

The advantage of the model by Levanyuk and Osipov is that it can explain the appear-
ance and disappearance of several bands as the temperature is changed. A slightly
simplified version of this model sometimes referred to as quasi-donor—acceptor—pair
(QDAP) recombination is, however, often presented in literature [13| [143] 141] 151]. In
this version of the model the recombination in the presence of potential fluctuations is
described as a tunnel process between a donor level and an acceptor level. This model
is able to explain the main characteristics of PL spectra of compensated semiconduc-
tors such as peak energy and excitation density dependence. These characteristics are
discussed in the following section along with different approaches to estimate the ampli-
tude of potential fluctuations from PL spectra.
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4.3 Estimation of the Fluctuation Amplitude by Photolumines-
cence

Potential fluctuations have been discussed for decades in literature as described in the
previous section. Several ideas for estimation of the amplitude of fluctuations have there-
fore been proposed. This section will aim to describe approaches that can be applied to
estimate the amplitude of the fluctuations from PL measurements.

4.3.1 Peak Position Relative to Flat Band Conditions

In the presence of potential fluctuations it can be argued that the PL peak is lowered in
energy by an amount equal to 2. If it is assumed that the observed luminescence is
due to donor-acceptor pair recombination, the maximum of the PL peak can therefore be
expressed as:

This simple measure of the average fluctuation depth is in fact applied in numerous stud-
ies in literature [13] 83} 142}, (143|151}, [154]. In most of these studies, the Coulomb term E-
is, however, ignored. This leads to an overestimation of the amplitude of the potential
fluctuations. It should also be kept in mind that this approach is simplistic. Equation
is for example not valid in the case that the observed luminescence is due to tail-impurity
recombination rather than quasi-donor-acceptor recombination.

4.3.2 Excitation Density Dependence

A sign of potential fluctuations in a semiconductor is a strong blue shift of the PL peak en-
ergy with increasing excitation density that can not be explained within the standard the-
ory of DAP recombination described in section This behaviour has been observed
in numerous compensated materials such as ZnSe [143], GaAs [142} [151], CuGaSe; [13]
and CulnSe; [155], and Cu(In,Ga)(S,Se)> [83]. It has been observed that the magnitude of
the shift per decade, often referred to as § in literature (see definition in equation (2.16)),
is related to the degree of compensation [13,142]. A value of S up to 25 meV /decade has
been observed in strongly compensated semiconductors [142]. It has even been proposed
that the magnitude of the shift  is proportional to the average fluctuation amplitude *y
[83, 151} [154]. The reason for the peak shift is explained as reduction of the fluctuation
potential by several authors [13} 83, (143, [154]. It is argued that the peak energy shifts
to higher energies due to flattening of the fluctuations for two reasons. First, the photo-
generated carriers neutralize the charged defects, which decreases N¢ in equation
and therefore reduces the fluctuation amplitude. The excited charge carriers, secondly,
increases the free charge carrier density p in equation leading to decrease of the fluc-
tuations due to increased screening. Another explanation for the peak shift as a function
of excitation that does not rely on flattening of the bands has been proposed [142]. These
authors explain the shift as a result of filling the states in the deeper potential wells. As
the excitation is increased probability to occupy wells of lower depth is increased. The PL
is therefore dominated by recombination from wells of lower amplitude at high rates of
excitation. The problem with this explanation is, however, that it does not take screening
into account. When potential wells are filled it is expected that the potential flattens out
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due to screening. Since this is ignored in this model, it is questionable if it describes the
situation correctly.

4.3.3 Analysis of the Peak Shape

The density of states (DOS) from which carriers recombine affects the low energy tail of
the PL peak, whereas shape of the high energy tail is characterized by thermal broad-
ening [149, 156]. Since the density of states depends on the amplitude of the potential
fluctuations, it has been proposed that analysis of the low energy peak shape can be uti-
lized to extract information about the potential fluctuations [17]. Two models for the low
energy peak shape have been proposed. For fluctuations that are sufficiently deep the
tail states can be described by a Gaussian distribution. This is comparable to recombina-
tion via the TI path discussed in section[4.2] This defect-like description of the density of
states leads to an expression for the low energy emission tail [149, [157]:

2
Ipp (hw) o exp <—W> (4.5)
where Ej according to Levanyuk and Osipov [149] is the energy of the transition in the
unperturbed semiconductor in absence of potential fluctuations. Experimental results
however finds that Ey is affected by the potential fluctuations [17].

Shallower fluctuations are better described by Urbach tails with a density of states that
decays exponentially. This model corresponds to recombination of BI type discussed in
section The low energy spectral peak shape in this tail-like case is therefore better
described by [149]:

(4.6)

Ipp (hw) o exp <—hw_EO)

v

These expressions can be utilized to extract information about the fluctuation amplitude
v by fitting the shape of the low energy peak slope of the PL spectrum.

4.3.4 Temperature Dependence

The influence of the temperature on the peak position of compensated semiconductors
has been investigated in several studies, see for example [15]48) 83| 151} 152, [158]. When
the temperature is varied over the entire range from 5 K to room temperature these stud-
ies report that the peak shifts in a non—-monotonous fashion as a function of temperature.
In studies where a shorter temperature interval is investigated only a part of this be-
haviour is measured. This is for example the case in the thesis of Bauknecht where the
temperature is varied from 10 — 80 K. In this temperature range a red shift is observed in
agreement with the other studies mentioned above. As the temperature is increased it is
commonly observed the peak energy reaches a minimum at a certain temperature Tpin
after which the peak shifts to higher energies for higher temperatures [15, 83, 152} [158].
The explanation often given for these observations is that a transition from TI to BI re-
combination occurs [15} 183, [152]]. Jagomaégi et al. however claims that BI recombination
alone is responsible for the observations [158] based on the theory of Osipov et al. [150].
A similar temperature dependence is observed for the samples measured in this study.
The results are presented and discussed in section where a model explaining the
temperature dependence of the peak position is presented.
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4.4 Experimental Setup for Global Photoluminescence Measure-
ments

The measurements presented in this chapter were performed on a PL setup with a spot
size of around 100 pm. It is therefore referred to as global PL to distinguish it from p—PL
discussed in chapter[5| The setup is schematically illustrated in figure
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Figure 4.2: Illustration of the setup used for macro PL measurements.

The 514.5 nm line of an argon ion laser is used in all experiments. Since the laser emits
numerous plasma lines over a wide wavelength range it is necessary to filter these out.
These will otherwise overlap with the measured PL spectra. In order to remove these
plasma lines over a wide wavelength range a hot mirror is used. This removes the plasma
lines in the range 720 nm to 1500 nm. The plasma lines emitted very close to the laser
line are, however, transmitted by the hot mirror. Therefore a line filter is needed. The
line filter transmits in a narrow wavelength window of 5 nm centred at the laser wave-
length. This filter reflects plasma lines with wavelengths close to the laser wavelength
but transmits light of more than 700 nm. The combination of the hot mirror and line filter
therefore removes plasma lines over a wide wavelength region. In case plasma lines are
still detected if e.g. long integration times are necessary an additional short—pass edge
filter can often remove these.

The PL setup utilizes a confocal approach, where the excitation laser light is focused onto
the sample with the same lens that collects the emitted PL. In this way the focus of the
collection and excitation is the same. In order to achieve this in practice a small mirror
just large enough to reflect the laser beam is placed in front of the focusing and collecting
lens. This mirror is as small as possible in order to reduce the amount of shadowing of
the emitted PL. When the sample is perfectly in focus the PL is collected in a parallel
beam. This beam passes through a notch filter that removes only the laser by reflection
of light from 512 to 519 nm, so that the laser light does not enter the spectrograph and
potentially damage the cameras. One has to be careful that the notch filter can give rise
to interferences in the PL signal. This is especially problematic at long wavelengths. If
interferences are observed the notch filter can be replaced by edgefilters. The PL that
is transmitted by the notch filter is focused onto an optical fiber. The fiber brings the
light into the spectrograph where it is spectrally dispersed by a grating. The PL is either
detected by a Si CCD camera or an InGaAs detector array, both of which able to record
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an entire spectrum at once. The InGaAs detector has a sensitivity range from 800 nm to
1700 nm and is therefore used to measure CulnSe; that emits around 1240 nm. The Si
detector is sensitive to light in the wavelength range from 300 nm to 1000 nm, and can
therefore be applied to measure PL emitted from CuGaSe; that emits around 750 nm.
Typically laser powers in the range 1-100 mW are used. This gives a photon flux of
107 — 10% photons/ (cm?-s), which is equivalent to about 70-7000 suns in the case of
CuGaSe;. This is estimated based of the sun irradiation above the band gap of CuGaSe,
of 1.5:10'7 photons/(cm?-s) [159, 160]. The results presented in the following section are
measured at 10 K. In section[4.5.2] results from a temperature dependent study where the
temperature is varied from 10 K - 300 K are presented.

4.5 Investigation of Potential Fluctuations by Photoluminescence

This section is devoted to discussion of the results obtained from a series of CuGaSe,
films grown under Cu—poor conditions. The results will be discussed in relationship to
the models for a highly compenstated semiconductor presented in the previous section.
First, various approaches for determination of the potential fluctuations are applied to
the results. This is followed by a section in which the temperature dependence of the
potential fluctuations is discussed.

4.5.1 Estimation of the Potential Fluctuation Amplitude at 10 K

There are several approaches to estimate the amplitude of potential fluctuations from PL
measurements. In the following the amplitude will be estimated applying the various
methods. The results obtained from measurement of a series of six samples are presented
in the following section. Samples are measured with EDS to determine their composition.
A summary of the results is given in table 4.1|at the end of the section. In the following
the samples are sorted with increasing [Cu]/[Ga] ratio.

Peak Shift Relative to Donor—Acceptor Recombination

It is here assumed that the luminescence seen in the Cu—poor compensated CuGaSe; is
due to the same DAP transition observed in stoichiometric weakly compensated CuGaSe;
in which the potentials are not fluctuating. The peak observed in the stoichiometric mate-
rial is the so—called DA1 transition discussed in section In this case it is reasonable
to calculate the average fluctuation amplitude as two times the peak shift relative to the
DAT1 peak as shown in equation (4.4).

The PL spectra of the samples measured at 10 K with the same excitation density are
shown in figure A stoichiometric sample showing the DA1 peak is included as
reference. In order to calculate the fluctuation amplitude it is necessary to know the
Coulomb term E¢ in equation . This problem is, however, not straight forward,
since the concentration of the donors involved in the DAI1 transition is not known. It
has previously been observed that the degree of compensation increases with increasing
acceptor concentration [161]. For a high degree of compensation close to 1, an acceptor
concentration of the order N = 10'® cm~2 was found, significantly higher than a density
close to N = 10 cm 2 observed in samples with low degree of compensation (K = 0.2)
[161]. Assuming a defect density of N = 10'® cm~3 the mean distance between defects
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Figure 4.3: 10 K PL spectra of Cu-poor samples measured at an excitation density of ~ 10> cm~2s~1. A
stoichiometric film showing the DA1 transition is included as reference.

isrpa = (nTN/ 2)_1/ 3 = 8 nm. Inserting this value for the intra pair distance in equa-
tion (2.15) gives a Coulomb energy of 15 meV. A defect density of N = 10'® cm ™2 on the
other hand gives a much lower Coulomb energy of Ec = 3 eV. This gives an idea of the
influence of the Coulomb term for samples with different degree of compensation. Since
the concentration of the donors involved in the transition is not known, the Coulomb
energy cannot be determined for the measurements performed here. Instead it must be
kept in mind that the fluctuation amplitude determined here is overestimated due to the
negligence of the Coulomb term. The fluctuation amplitude calculated from equation
neglecting the Coulomb term gives 16 meV for the least shifted sample and up to 42
meV for the sample with the largest shift compared to the DA1 transition. The average
fluctuation amplitude obtained from the peak position yAg for all samples is collected in
table

The general trend shows a red—shift of the peak as the [Cu]/[Ga] is lowered, which agrees
with the expectation. With increasing Cu—deficiency the charged defect concentration in-
creases and therefore the fluctuation amplitude. Only sample #4 does not follow this
trend. This sample has a peak energy lower than expected when comparing to the other
samples. Estimates of 7y by other methods in the following, however confirms that sam-
ple #5 has deeper fluctuation depth than #4 even though the opposite seem the case when
estimating <y from the peak position. The reason for this deviation from the trend could
indicate that the experimental conditions were not the same for this sample. If for exam-
ple the focus was not perfect when sample #4 was measured, the excitation density on
the sample is lower than expected. This would lead to lower photo carrier density and
hence less screening. This could explain that the peak position is lower than expected in
energy relative to the other samples.

Shift as Function of Excitation

The blue shift of the PL peak for increasing excitation density is related to the potential
amplitude as discussed in section The blue shift can be explained by flattening of
the fluctuations due to neutralization of the defects and screening by the photogenerated
carriers. The effect of excitation is more pronounced for deeper potential fluctuations. It
is therefore expected that the peak shift increases with larger potential fluctuation ampli-
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tude 7. Figure 4.4 shows fits of the peak shift § as a function of the excitation density.
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Figure 4.4: PL peak shift as function of excitation density measured at 10 K for the Cu—poor samples #1 - #7.

The values for the peak shift is in the order 8 — 19 meV /decade, which is very similar to
the observations by other authors [13,83]. It is noticed that j is increasing with decreasing
[Cu]/[Ga]. This confirms that the amplitude of the potential fluctuations increases with
increasing Cu deficiency as expected. An interesting observation is that the peak shifts
linearly with the logarithm of the excitation density. This is commonly found experi-
mentally in literature [142} (143} [151]], but not in agreement with the theoretical prediction
of equation {@.3). According to this theory it is expected that 7y and therefore the peak
shift should decrease as (excitation density)~!/3. This observation questions the general

validity of equation (4.3).

Fitting of the Low Energy Slope

In order to obtain another estimate of  from the measured PL spectra the low energy
slope of the PL spectrum is fitted according to equation (4.5) and (4.6). The best fits are
shown in figure The values for -y s;; obtained by fitting are collected in table
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Figure 4.5: 10 K PL spectra and fits of the low energy slope for estimation of 7 ;.

For the two samples with the lowest Cu-deficiency it is found that equation (4.6) gave the
best fit. This is in agreement with the expectation that this model that assumes exponen-
tially decaying tail states describes small fluctuations well. The rest of the samples with
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a lower [Cu]/[Ga] are best fitted with equation that assumes a defect-like Gaussian
distribution of the density of states. The result is essentially in agreement with the expec-
tation that the density of states due to the low energy tail has a Gaussian shape for large
fluctuations. The limit between fluctuations best fitted by the exponential tails and the
Gaussian tail shape is v ~ 40 meV. This is exactly the same result obtained in an earlier
study [17]. The value for E, in equation found by fitting lies between 1.64 eV and
1.66 eV. E, is theoretically supposed to be the energy of the transition for unperturbed
bands, in this case around 1.66 eV. Some of the fits obtained are therefore in agreement
with this expectation, whereas a lower energy is found for other fits. It has previously
been seen that E, is not necessary the flat band transition energy [17]. In this study it
is also found that E, can be influenced by the potential fluctuations. The result of this
approach to estimate 7y shows the same trend as the other methods applied in this study:
The fluctuation amplitude increases as the Cu—deficiency increases.

Comparison of Methods for Fluctuation Amplitude Estimation

The preceding subsections contain several estimations of the fluctuation amplitude. In
order to compare the results obtained with the different methods, all results are collected

in table

Sample [Cu]/[Ga] B vaE it

#1 1.04 8§ 16 24
#2 0.94 12 17 20
#3 0.95 13 30 42
#4 0.90 14 36 49
#5 0.89 l6 33 b1
#6 0.84 19 42 58

Table 4.1: Meaurement of the fluctuation amplitude by different approaches. Samples are sorted with respect
to [Cu]/[Ga] determined by EDS. § has the unit (meV/decade) and v is given in meV.

The tendency that the fluctuation amplitude increases with decreasing [Cu]/[Ga] ratio
is clear for all evaluation methods. The absolute values of [Cu]/[Ga], however, indicate
that sample # 1 should be Cu-rich with [Cu]/[Ga] = 1.04 even though the sample clearly
shows the signatures of a Cu—poor absorber. Since the [Cu]/[Ga] ratio is measured by
EDS the accuracy of the technique must be taken into account to explain this. With EDS
it is possible to determine the concentration of an element with an accuracy of about 5%
in relative numbers [115]. If a sample is perfectly stoichiometric one expects to measure
25 atomic % of both Cu and Ga, one could in the worst case measure 26% Cu and 24
% Ga. This would not give the expected [Cu]/[Ga] = 1 but one would find [Cu]/[Ga]
= 1.08, significantly higher than expected. This could be the explanation for a wrong
absolute value of the [Cu]/[Ga] ratio. Another possibility is at a matrix effect leads to
overestimation of the [Cu]/[Ga] ratio. For the measurement the EDS is calibrated with
pure elements. This, however, has the disadvantage that matrix effects can influence the
result. It could e.g. be that X-rays are differently absorbed in the CuGaSe, matrix than
in the pure elements. This leads to an error of the measured element concentrations. In
general we have observed a tendency that the [Cu]/[Ga] ratio is overestimated by EDS
measurement, which could also explain the measured [Cu]/[Ga] higher than one. Since
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all samples are measured in a row it is, however, still possible to trust the trend.
Comparison of the result obtained from the peak shift s with the result of fitting 7 ;
shows the same trend but the absolute value of 7yy;; is yag larger than in most cases. All
values are, however, within the values that can be estimated for a semiconductor with
Nc = 10" cm~3 under the experimental conditions. It is therefore difficult to highlight
one approach as being more exact than the other. It should be mentioned that neither of
the methods is very accurate. Both approaches merely give an indication of the magni-
tude of the potential fluctuations and show the expected trend.

4.5.2 Temperature Dependence of the Peak Position

The approaches demonstrated in the previous section will be applied in the following
to obtain information about the temperature dependence of the potential fluctuations in
chalcopyrites.

Figure shows the PL of sample #3 as the temperature is varied from 10 K to room
temperature.

8 CuGaSe2 #3

PL intensity with offset (arb. u.)

14 1.5 1.6 1.7 1.8
Energy (eV)

Figure 4.6: PL of a compensated CuGaSe; sample measured from 10 K to room temperature.

In addition to a non-monotonic peak shift, the peak shape changes significantly. It is
noticed that the high energy slope flattens significantly with increasing temperature. The
reason for this is that the thermal distribution of charge carriers, responsible for the high
energy slope, broadens (the thermal broadening is described in further details in section
5.1.1). Changes in the low energy peak slope is discussed in the end of the section. First,
focus will be turned to the peak position, since it gives direct information about the po-
tential amplitude as discussed in the previous section.

Figure[d.7jshows the peak position of the samples in table[4.T|as a function of temperature.
The energy of the excitonic emission of a CuGaSe; absorber grown under Cu-rich con-
ditions is included (EXC) as reference. This sample does not show the effect of potential
fluctuations and the energy plotted in figure .7]is the energy of the excitonic recombi-
nation that evolves to band-to-band recombination as the temperature is increased. It
is noticed that this curve remains almost constant in the range 10-100 K, which shows
that the band gap remains almost constant in this region. This is essentially in agreement
with the results presented in earlier studies [70, 76} 77, 78]. Above this region the band
gap decreases with 7-20 meV per 100 K [70, 76, 77, [78]. From the shift of the exciton that
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develops into a band-to-band transition (EXC in figure [4.7) it is estimated that the band
gap decreases with ~ 15 meV per 100 K in the sample studied here.
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3 1.65} ——#3
3 = ——#4
) #5
o)

o
1.55¢

0 50 100 150 200 250 300
Temperature (K)

Figure 4.7: Temperature dependence of PL peak energies for samples with different [Cu]/[Ga] ratio.

The Cu—-poor CuGaSe; absorbers all show a similar behaviour as a function of temper-
ature. When the temperature is increased from 10 K the peak position initially shifts to
lower energies. After the initial red shift the peak position reaches a minimum at a tem-
perature Tmin and blue shifts for higher temperatures. This change of behaviour is seen
in all Cu—poor samples. The shift of the peak finally reaches a plateau for temperatures
higher than about 150 K for all samples except the least Cu—poor sample. This sample
shows a red shift again for high temperatures.

Figure 4.8]illustrates the model for potential fluctuations applied here to explain the ob-
served behaviour. To explain the temperature dependence only the band edges are il-
lustrated in figure In reality the acceptor state illustrated in figure {4.1]is present and
follows the bands.
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Figure 4.8: Schematic illustration of the change of the fluctuating band edges as the temperature is changed.

At very low temperature (10 K) the generated charge carriers end up in local potential
valleys that are not the absolute minima and recombine from there. It is in other words
not possible to define a single quasi—Fermi level that is valid throughout the excited vol-
ume. This is in agreement with observations in literature where it is argued that quasi-
equilibrium is not achieved at low temperatures due to the barriers between potential
valleys [151), 162]. At low temperatures the occupation may instead be described by lo-
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cal quasi-Fermi levels [83]. As the temperature is increased the additional thermal en-
ergy enables the charge carriers to overcome potential barriers between the local minima
and recombine from valleys of lower energy, hence the initial red shift until T,;,. As
the temperature is increased further the free charge carrier concentration is increasing,
since the remaining acceptors, which are not compensated, become ionized. The free
charges screen the charged defects, flattening the fluctuations, which explains the blue
shift between Tpin and 150 K. As the temperature is increased it is in addition expected to
observe more band-to-band recombination and less defect related recombination. This
change towards band-to-band dominated recombination leads to a blue shift of the peak
as well. For higher temperatures it is expected that the peak red shifts, since the band gap
shrinks in this temperature regime. This is however only observable if the fluctuations
totally flatten in this temperature region. If small fluctuations are still present the blue
shift due to flattening of the bands and the shrinking of the band gap with increasing
temperature will cancel each other. This explains the plateau for most of the samples in
figure The fact that the curves flatten out, however, indicates that the amplitude of the
fluctuations is significantly reduced at room temperature. The only Cu-poor sample that
shows a red shift for high temperatures is the sample with the highest [Cu]/[Ga] ratio
(#1). Since the peak energy decreases with a rate very similar to the band gap shrinkage
for this sample it can be concluded that the potential fluctuations seen at low tempera-
tures have totally disappeared at room temperature in this sample. This observation is in
agreement with the observation of the previous section that the sample with the highest
[Cu]/[Ga] shows the lowest amplitude of the fluctuations whereas samples with a lower
[Cu]/[Ga] show stronger fluctuations.

Tmin, the temperature where the peak energy position is minimum in figure 4.7 is an-
other indication of the fluctuation amplitude. The trend visible in figure is that T
increases as the Cu—deficiency increases. This is due to a higher amplitude of the poten-
tial fluctuations for these samples, and therefore higher barriers between the local poten-
tial valleys. The deeper the fluctuations, the more free charge carriers are needed in order
to flatten the bands. The sufficient charge carrier concentration is therefore obtained at
higher temperatures for deeper fluctuations. Another effect is that a higher temperature
is needed to overcome the barriers between potential valleys in order to reach the deepest
valleys. The combination of these effects leads to an increase of Trin in samples with a
larger fluctuation amplitude.

It is striking that the peak position for all samples does not end up at the same energy at
room temperature, although it is expected that the PL measured at room temperature is
due to band-to-band recombination. The samples with a high Cu deficiency have lower
peak positions at room temperature than the less Cu—poor samples. This can however be
explained by the increased influence of Urbach tails in combination with a lower band
gap in slightly Cu—poor material [70} [163]].

Figure[d.9[shows the results of a temperature and excitation dependent PL study. In order
to prove that the observations discussed in this chapter are not unique for CuGaSe; sim-
ilar measurements are performed for CulnSe;. One example of a temperature dependent
PL measurement on CulnSe; is included in figure [4.9(c),(d). Since the results are very
similar for both materials the following discussion is relevant to both materials.

Figure £.9(a) and (c) shows the peak energy of a highly compensated CuGaSe, absorber
(#1) and a highly compensated CulnSe, sample, respectively, as a function of tempera-
ture. Each line is measured at a different excitation intensity. At low temperatures the
peak position is dependent on the excitation intensity (higher for higher excitation inten-
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sity). This is quantified in terms of § as shown in figure £.9(b) and (d). The magnitude
of B initially increases with increasing temperature until the temperature region of Trin
in figure [£.9(a) is reached, where it reaches its maximum. At higher temperatures j de-
creases and the curves in figure[d.9lapproach each other. At temperatures above 150 K the
peak position is essentially independent of the excitation intensity and f reaches zero.
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Figure 4.9: (a) Temperature dependence of the peak energy of sample CuGaSe; #1 for different excitation
densities. (b) Excitation dependent peak shift B as a function of temperature. (c) same as (a) for CulnSe;. (d)
same as (b) for CulnSe;.

The behaviour illustrated in figure [4.9) can be explained in analogy with the model de-
scribed earlier (see figure[4.8). At temperatures below Ty, the peak energy depends on
excitation intensity due to the presence of potential fluctuations, since the fluctuations
flatten with increasing excitation. The effective amplitude of these fluctuations seen in
PL increases towards Tnin since the photogenerated carriers are able to redistribute to-
wards the deepest potential valleys as the temperature is increased. In the temperature
region between Trin and 150 K the curves approach each other and the peaks shift signif-
icantly to higher energies. Both effects can be explained by flattening of the bands due to
increased screening by thermally generated charge carriers. The absence of a peak shift
with excitation intensity at temperatures above 150 K is a sign that the fluctuations are
completely flattened in this temperature region. This is for the CuGaSe; sample further
supported by the fact that the peak energy decreases with the same rate as the band gap
in this region. Tmin decreases slightly as the excitation density increases. This occurs
since the higher excitation intensity flattens the bands already at lower temperatures due
to screening by photo generated carriers.

From the temperature and excitation dependent PL measurement of sample #1 it is pos-
sible to extract the exponent k in the power law Ip; « PX,.. The value of k as a function of
the temperature is shown in figure

This give insight into the character of the dominating recombination process. At high
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Figure 4.10: The exponent k in the power law of PL intensity as a function of temperature extracted from the
measurement of CuGaSe; shown in figure[L.9a).

temperatures a k ~ 1.8 is observed. This can be understood as an indication that band-
to-band recombination dominates. For band-to-band recombination the PL intensity
depends on the concentration of both electrons and holes Ip;, « n - p, where n and p are
both proportional to P,y under high injection conditions. This therefore gives rise to the
exponent k = 2. At low temperature the exponent is observed to be k ~ 1. This is very
typically observed for low temperature PL measurement of Cu—poor absorbers. An ex-
ponent of k = 1 shows that the PL intensity depends on only the concentration generated
of one of the carriers. This is typically observed in defect related recombination [10]. The
transition between defect correlated luminescence at low temperature and band-to-band
related luminescence at high temperature happens smoothly. Since k increases strongest
in the range 10-100 K and flattens out above 100 K it can be assumed that the band—to—
band recombination already dominates above 100 K. A part of the blue shift observed
between Tnin and the plateau described previously must be therefore be ascribed to the
change of recombination mechanism.
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Figure 4.11: (a) Absorption edge of CulnSe; sample calculated from PL spectra measured at room tempera-
ture with excitation varying between 10 — 102! photons/(cm?-s) using fit of Plancks generalized radiation
law shown in (b).

It is finally possible to verify the low amplitude of the potential fluctuations at elevated
temperatures by analysing the spectral shape of the PL measured at room temperature.
Using the fact that band-to-band recombination dominates at room temperature, it is
possible to extract the absorptivity spectrum from the measured PL spectum. The details
of the evaluation are presented in section[5.1.1} The discussion here will merely deal with
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the result of the calculation seen in figure

The absorption edge is calculated for the Cu—poor CulnSe, sample also shown in figure
[.11]based on PL spectra measured with excitation densities varying between 1020 — 102!
photons/(cm~2:s) . The result clearly shows that the absorption edge does not change
when varying the excitation density over one order of magnitude. One would expect
that the absorption edge would change in the presence of strong potential fluctuations,
since the effective band gap appears smaller in the presence of the fluctuations. When
the absorption edge stays constant over one order of magnitude of excitation variation
this clearly indicates that the potential fluctuations present at room temperature are no
more than a few meV if present at all. It should be kept in mind that this measurement
is performed with an excitation flux down to the order of 600 suns. The illumination
clearly contributes to flattening of the bands. Based on the excitation and temperature
dependence seen in figure 4.9|it can, however, be expected that the fluctuations will also
flatten at room temperature under 1 sun equivalent illumination.

This method of evaluation is applied to all samples discussed in this section with the
same result: the absorption edge at room temperature is unaffected by the excitation den-
sity independently of the fluctuation amplitude measured at 10 K. According to this eval-
uation it can therefore be argued that the potential fluctuations flatten to below the un-
certainty of this method, which is in the order of a few meV. An observation that should
be compared to the result of the temperature dependent measurements that indicated
that weak fluctuations could remain at room temperature for the most Cu—poor samples.
According to the evaluation of the band edge it must be concluded that these fluctuations
are very weak if present at all.

4.5.3 The Appearance of Two Peaks

For sample #1 and #2 it is interestingly observed that more than one peak appeared in
the otherwise broad asymmetric peak observed at 10 K as the temperature is increased.
Figure shows PL spectra of sample #1 as the temperature is increased from 10 K to
room temperature.
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Figure 4.12: PL spectra of sample #1 with increasing temperature. The peak labelled A is related to BI
recombination and the peak labelled B is related to TI recombination.

The peak labelled A is the one plotted in figure the B peak is ignored in the previ-
ous discussion but will be discussed in the following. At low temperatures the spectrum
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is dominated by one broad asymmetric peak (A in figure £.12). As the temperature is
increased a second peak (labelled B in figure appears in the spectrum. At 60 K
the second peak B with lower energy dominates the spectrum. When the temperature
is increased further the intensity of peak B decreases again until the peak is no longer
visible at 125 K. The reason for peak B must therefore be a transition that is quenched at
low and high temperature with a maximum transition probability around 60 — 80 K. The
peak here labelled A is on the other hand present at all temperatures with an intensity
that decreases continuously and a non-monotonous energy shift as the temperature is
increased. The presence of two peaks with different temperature dependent behaviour
is in fact predicted theoretically [150] and previously observed experimentally [152]. The
explanation of be observed behaviour could be related to the difference between TI and
BI recombination briefly introduced in section Depending on the temperature and
excitation either TI or BI recombination dominates [150]. Since these two transition types
have slightly different characteristics it is possible that the appearance of the second peak
can be associated to competition between the two recombination pathways. It is possi-
ble that the B peak is related to TI recombination that does not dominate at the lowest
temperature because of the energy barriers between the valleys mentioned earlier. One
can similarly imagine that the B peak vanishes at higher temperatures because of flat-
tening of the deep fluctuations and release of holes from the acceptor levels [152]. At
higher temperatures the spectrum is dominated by peak A. This peak is probably due
to recombination from typical shallow fluctuations of the BI type that dominates at high
temperature [152]. The temperature dependence of the BI type recombination is theo-
retically described by Osipov et al. [150]. A numerical simulation of the BI theory is
performed by Jagomaigi et al. [158]. The calculated temperature dependence of the peak
shape and position of BI recombination shows the same characteristics as discussed in
the previous section. This supports that the main peak observed in this experiment is in
fact of Bl type.

The fact that two peaks are only observed in the samples with the highest [Cu]/[Ga] ra-
tio is also interesting. Fit of the low energy slope in section shows that the first two
samples are best described by the tail-like model, which is analogous to Bl-like recombi-
nation. The other samples with deeper fluctuations are fitted better with the defect-like
model, which can be interpreted as TI-like recombination. This shows that in samples
with low fluctuation amplitude recombination is dominated by BI recombination at low
temperatures. When the temperature is increased it is possible to observe both Bl and
TI recombination in these samples. Samples that have deeper fluctuations (#3 — #6) are
already dominated by TI-like recombination at low temperature and does therefore not
show the appearance of a second peak as the temperature is increased.

4.6 Summary

The temperature and excitation dependence of the photoluminescence observed in CuGaSe;
and CulnSe; can both be explained with the model of potential fluctuations. Several
methods to evaluate the fluctuation amplitude from 10 K PL measurement have been
applied. The result of all methods show that the fluctuation amplitude increases as the
[Cu]/[HI] ratio decreases. This is in agreement with the conclusion of previous studies.
Temperature dependent PL indicates that the potential fluctuations are present in Cu-
poor chalcopyrite at low temperatures but flatten for temperatures higher than about
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150 K. In slightly Cu—poor material the fluctuations totally disappear at elevated tem-
peratures. In samples with larger Cu—deficiency the fluctuations seem to remain even at
room temperature, but the magnitude of the fluctuations is significantly reduced to a few
meV.
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Spatial Variations in Epitaxial
CuGaSe, Thin Films

Common methods for study of defects in semiconductors include a wide range of electri-
cal methods such as Hall measurements, deep level transient spectroscopy or admittance
spectroscopy. These methods have the disadvantage that the measured properties repre-
sent an average value of properties that might vary on a short length scale [164]. In order
to study these effects on a ym or sub—um length scale various methods have been ap-
plied (see section[5.2). One approach to directly obtain information about defects in the
material on this length scale is spatially resolved p—PL. With this technique it is possible
to investigate and quantify variations of material properties that can be directly related
to the performance of the solar cell material [165].

The purpose of the studies presented in this section is to investigate the properties of
epitaxial CuGaSe; on the ym-length scale without the influence of grain structure and
alloying disorder. In order to extract quantitative information from the measurements
Planck’s generalized law of radiation is applied. The approach of the analysis is therefore
described and discussed in the beginning of this chapter. Several previous y—PL experi-
ments on polycrystalline Cu(In,Ga)Se, have been reported in literature. Since lessons can
be learned from earlier studies, these results are summarized and discussed in the second
section.

The subsequent sections of this chapter deal with the experiments performed in this
work. This is initiated by a presentation and discussion of the experimental setup used
for spatially resolved measurements.

Various effects occurring in epitaxial thin films are investigated. The first issues that are
addressed are related to defects in the material. This includes a study of the spatial vari-
ations of certain donor-acceptor—pair transitions and phonon replicas. This is followed
by a section that deals with a study of the spatial variation of a low energy luminescence
peak found to be anti—correlated to excitonic and band-to-band recombination. The de-
fects responsible for this luminescence peak are therefore expected to be deteriorating for
the material performance.

The subsequent sections focus on the spatial variation of the quasi-Fermi level splitting
and the band gap. This includes a study of the strain and cracks appearing due to the
thermal mismatch between CuGaSe, and GaAs. It is shown by y—PL and CL that local
relaxation near the cracks leads to an increased band gap.

A study of the effect of the secondary phase Cu,Se on the material properties is a cen-
tral topic in this chapter. This effect is therefore studied in details to reveal that Cu,Se
enhances the quality of the surrounding CuGaSe; layer. The effects observed in these
studies of epitaxial layers are also expected to affect polycrystalline material. The chap-
ter is finalized with a section discussing this issue.
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5.1 Theory of Spatial Variation of Room Temperature Photolu-
minescence

This section contains a discussion of theory that describes experimentally observed room
temperature photoluminescence. This theory gives a tool to analyse the spectral shape
of a photoluminescence peak. By measurement of spatially resolved photoluminescence
local changes in the PL spectra can give valuable insight into the variations of material
properties. Here it will be explained how the theory can be utilized for analysis of spectral
changes through an approach presented in [11} 165} [166].

5.1.1 Spatial Variation of Photoluminescene at Room Temperature

Photoluminescence emitted from a semiconductor at room temperature is due to the ra-
diative recombination of an electron in the conduction band with a hole in the valence
band under the condition that the defect density is not too high. This is referred to as
band-to-band recombination (BB). As described in section illumination of a semi-
conductor by light with energy higher than the band gap leads to generation of excess
charge carriers in the conduction and valence bands. These charge carriers rapidly ther-
malize to the band edges before they recombine radiatively or non-radiatively. This is
illustrated in figure Here the quasi-Fermi levels Ep, and Ef, have been introduced.
The quasi-Fermi distributions describe the populations of electrons (f,) and holes (f,) in
the bands in thermal equilibrium with the lattice. The splitting of the quasi—Fermi lev-
els y = Ep, — Efp occurs as a consequence of the non-equilibrium situation caused by
excitation with light.
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Figure 5.1: Illustration of quasi—equilibrium charge carrier distribution in the bands [146].

The emission from a semiconductor in thermal and chemical equilibrium with the irra-
diation from the surroundings can be described by Planck’s generalized radiation law
[146,[167], expressed as:

‘ Q (hw)?
dj = A(hw) dhw, (5.1)
ArBHc? exp (W) 1

where j is the photon current density, A(fiw) is the absorptivity, c; is the speed of light, 71 is
the reduced Planck constant, () is the solid angle of detection, fiw is the photon energy, kp
is the Boltzmann constant, T is the temperature, and Ep,—Er,=p is the splitting of quasi-
Fermi levels. Itis of great interest to be able to investigate y, since it can be directly related
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to the maximum achievable open circuit voltage V. of the final solar cell [146, [168].
Planck’s generalized radiation law describes the photons emitted from the semiconduc-
tor due to the thermal distribution of charge carriers (1 = 0) as well as emission due to
recombination of charge carriers created by illumination (u # 0) [146].

Equation describes the spectrum of photons emitted per energy interval per sec-
ond i.e. % into the solid angle (). In an experimental PL measurement the detector,
however, measures an intensity, which is a power with the unit J/s. In order to convert

equation (5.1)) to a form describing the measured data, it must therefore be multiplied by
Csetup(Q)

o2 and introduction
7T Cl

the energy of each photon fiw. By definition of a constant C=

of the spectral PL intensity as Ip (hw) = %hw, equation (5.1) can be simplified to:

w3

exp (h,‘(‘;—}”) -1

The constant Cg,,p introduced here depends on the solid angle () of the collected PL and
the response of the measurement setup. In actual PL measurements one typically mea-
sures “counts” and not a photon flux. It is therefore necessary to absolute calibrate the
system in the experiment in order to determine the value of C. A careful calibration of
this kind facilitates to measure the absolute value of 1. C can, however, safely be assumed
to be constant during a spatially resolved measurement and is therefore not determined
for the measurements discussed in the following sections. With this assumption we limit
ourselves to study only variations of quasi-Fermi levels and not absolute quantities. Ap-

plying the Boltzmann approximation valid for iw — (Ep, — Ery) >> kpT equation (5.2)
can be further simplified to

IpL(hw) =C- A(hw)

(5.2)

I = C- A(hw)wdexp [~ HY . (5.3)
kgT

This equation will be applied to extract information about relative spatial variations of the

quasi-Fermi level splitting and absorptivity from the measured PL spectra. Rearranging

and taking the logarithm of equation yields

In (CIZ;) = In(A(hw)) — (h‘ZB_T”) . (5.4)

For energies sufficiently higher than the band gap we can assume that all photons are
absorbed i.e. A(hw) ~ 1 [169]. With this assumption the absorptivity term in equation
vanishes and the high energy slope of the measured PL spectrum can be described
by the remaining Bose term containing the quasi-Fermi level and the temperature. Figure
b.2illustrates a fit of the Bose term to the high energy slope of the spectrum. The slope of
the line is, according to equation (5.4), determined by the sample temperature. For loca-
tions on the sample with different y this line will be parallel shifted and the differences
of quasi-Fermi level splitting can be quantified.

In order to extract the lateral variation of y it is useful to label one location with index
i and another location on the sample j. The quasi-Fermi level splitting in location i is
according to equation given by

Ipp i (E*
pi=1In <pz£)3 )> kT + hew, (5.5)
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Figure 5.2: Example of a PL measurement of an epitaxial CuGaSe, sample at room temperature. The tem-
perature is determined by fitting the slope of the high energy tail, and the variations in quasi-Fermi level
splitting are determined from the shift of the line.

where E* is an energy sufficiently high above the band gap where A(hw) = 1 can be as-
sumed to be valid. As mentioned earlier it is not possible to determine the absolute value
of u without calibrating the setup [170]. It is however possible to measure variation of u
since C cancels out when calculating the difference of u between location i and location j
[165]:

=t [ (Y ] [ (] 0
IPLz(E ))
ln( e ) T (5.7)

This idea can be directly applied to map the local variations in y, assuming that C, T are
constant and that A(hiw) ~ 1 throughout the scan area.

5.1.2 Spatial Variation of the Absorptivity Edge

Once the temperature and local variation of quasi-Fermi level splitting Ay have been
extracted by analysis of the high energy slope of the PL spectrum it is possible to evaluate
the local absorptivity spectrum A(hw) [171].

Following the evaluation in the previous section the Bose term responsible for the shape
of the high energy slope can be determined. The Bose term bt can be expressed as

hw —
bi= =7 (5.8)
With introduction of this term equation (5.4) can be written in the form
In(A(fw)) = In (%) bt (59)

Once the Bose term is known from analysis of energies higher than the band gap, the
shape of the absorptivity edge at lower energies can be evaluated using equation (5.9).
Figure [5.3| shows the absorbance curve extracted using this approach from the PL mea-
surement shown in figure A curve similar to this one can be extracted from each
measured spectrum in a y—PL scan.
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Figure 5.3: Example of an absorbance spectrum extracted from the photoluminescene spectrum shown in
figure The optical treshold Ey, is here defined as the energy where A(hiw) = e~!. Variation of Ey;, can be
observed when this energy changes from point to point on the sample.

By analysis of the absorptivity edge it is now possible to extract information about lateral
band gap variation in a y—PL map. One approach to achieve this, is to define a threshold
of the absorptivity, which corresponds to the band gap. In this work an optical threshold
Ey, is defined as the energy where the absorptivity spectrum has the value e~!. This
value can, in principle, be chosen arbitrarily, but one should avoid defining a too low
threshold value in order to avoid a strong influence of Urbach tails on the threshold
energy. The threshold energy obtained by this approach is illustrated in figure If the
absorptivity edge shifts from one spectrum to another in a y—PL measurement this gives
rise to variation of the obtained optical threshold. Such variations can be interpreted
as band gap variations even though the optical threshold energy is not the same as the
band gap. One can instead think of the threshold energy as a pseudo band gap that
is related to the real band gap of the material via Ey, = Eg + E°. If one assumes that
the term E° is simply a constant, one can directly investigate variations in the band gap
with this approach. In this case the variations of the threshold and the band gap are
equal AEy, = AE, [165]. This approach will be used to evaluate band gap variations in
absorbers.

5.1.3 Simulation of Spectral Changes

Both local changes in the band gap AE, and variations on the local quasi-Fermi level
splitting Au affect the photoluminescence spectrum. Variation of both therefore also af-
fect the photoluminescence intensity obtained by spectrally integrating the peak. In order
to understand the separate effect of each of these, a simulation will be presented in the
following.

To calculate the PL peak shape from equation (5.3), it is necessary to assume an absorptiv-
ity spectrum for the sample. In this example this will be done by assuming an absorption
coefficient « for a direct semiconductor [63]] described by:

a(hw) = A*y/hw — Eq, (5.10)

where a pre-factor of A*= 10° cm eV ~!/2, and a band gap of E; = 1.65 eV are assumed.

With this absorption coefficient the absorptivity curve is determined according to the
relationship [63]:
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A(hw) =1 — ¢ *w)d, (5.11)

where a layer thickness d = 800 nm has been assumed. By inserting this absorptivity
spectrum into equation the spectral shape of the expected PL peak Ip (fiw), can be
simulated. In the following it will be assumed that the material has a temperature of
T = 300 K. With these parameters changes in PL spectrum due to variation of E; and u
can be simulated, as illustrated in figure

(a) increase p (b) increase Eq (c) increase p and increse Eq
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Figure 5.4: Simulation of the effect of variation of 1 and E¢ on the photoluminescence spectrum. (a) Increase
of u leads to a higher integrated photoluminescence intensity. (b) An increase of the band gap leads to
a lower integrated photoluminescence intensity. (c) When both y and E¢ change simultaneously the PL
intensity can either increase or decrease. In this case a decrease in PL intensity is seen due to an increase of
 and an increase of Eq.

Figure 5.4(a) shows the effect of increasing the quasi-Fermi level splitting while keeping
the band gap constant. The increase of u leads, as expected, directly to an increase of the
integrated PL intensity. Figure[5.4(b) shows another case, where the band gap is increased
while y is kept constant. Experimentally this could e.g. happen due to release of strain in
a CuGaSe; layer. In this case it is observed that the integrated PL intensity decreases. It is
now interesting to investigate the effect of simultaneous variation of both y and E,;. An
example of this situation is illustrated in figure [5.4(c). Here it is assumed that the both
band gap and the quasi-Fermi level splitting are increased. In this particular example
this results in a decrease of the integrated PL intensity. One could of course also imagine
a case where the balance of the two effects is different leading to an increase of the PL
intensity.

This example clearly illustrates that the PL intensity not only depends on the quasi—Fermi
level splitting as one would often assume. In cases where the band gap varies, it is nec-
essary to evaluate the changes with the approach described in the previous sections in
order to separate the two effects [165]].

In case the band gap does not vary spatially one will observe that Ip;, and p are highly
spatially correlated. In this case it is possible to extract information about the local op-
toelectronic properties of the material based on only the integrated PL intensity. The
measured PL intensity is, under the assumption of constant E,, proportional to the ex-
cess minority charge carrier concentration Ip; « n [146]. An increase of n in some areas of
the sample compared to other areas under the same excitation conditions can be related
to different local recombination lifetimes. It is expected that material where a higher n
or u is obtained is of better optoelectronic quality. This is due to less pronounced non-
radiative recombination via bulk or surface defects. By studying spatial variations in y it
is therefore possible to identify areas of the absorber with properties that are potentially
better for solar cell applications.
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5.1.4 The Cross—Correlation Coefficient

When variations of local material properties such as presence of excitons, DAP transi-
tions or band gap variations are observed it is often interesting to be able to determine
whether the effects are correlated to each other or not. Determination of degree of cor-
relation often aids to identify and understand the observed effects. The cross correlation
between maps showing different properties can be expressed as a single number C.. The
cross correlation C.(A, B) between two maps represented by matrices A(i, ) and B(i, j)
is expressed as

1o (A6 —4GD) (B —BG )
A = G e Ba )

where 7 is the number of pixels in each matrix, A(i, j) is the mean value of the matrix, and
o(A(i,f)) is the standard deviation of the matrix. The correlation C. can vary between 1
for totally correlated maps and -1 for totally anti—correlated maps. If values in the range
—0.3 < C; < 0.3 are found, it can be argued that the maps are uncorrelated [172].

(5.12)

5.2 Review: Inhomogeneities in Chalcopyrite Absorbers

The approach presented in the previous sections has been utilized to analyse PL mea-
surements in several investigations. An overview of some of the results of these studies
will be given in the following.

Many types of inhomogeneities have been found in Cu(In,Ga)Se;. Often these effects
are associated with effects observed in polycrystalline materials. Examples of inhomo-
geneities that have been investigated with different techniques include: composition
variation studied by micro-spot X-ray photoelectron spectroscopy [173], morphology
and variation in the defect chemistry studied by spatially resolved PL and atomic force
microscopy [174], open circuit voltage studied by an electron beam induced voltage
technique [175], chemical fluctuations investigated by transmission electron microscopy
and x-ray energy-dispersive spectroscopy [176], electronic surface properties studied by
scanning tunnelling spectroscopy [177].

The diversity of these studies makes it impossible to cover all of them here. Instead
this section will be limited to the results of spatially resolved u—PL studies of inhomo-
geneities in Cu(In,Ga)Se; and the theoretical effect of these inhomogeneities on solar
cell performance. Effects that have been experimentally investigated with this technique
include band gap fluctuations due to alloying (composition) or strain inhomogeneities
[11), 166} (169} 178], variations of quasi-Fermi level splitting e.g. [12} [11}166], and defect
concentrations [19, [178].

The influence of band gap fluctuations have been investigated from a theoretical point of
view [16,[179]. The change in power conversion efficiency has been investigated based
on an idealized system, where all light above the band gap is absorbed and all photo-
generated charge carriers are collected. The only loss in this ideal system is due to spon-
taneous radiative recombination [179]. Since the light emission in the material depends
on the light absorption, as discussed in section[5.1.1} variation of the band gap influences
the loss due to light emission. Based on the assumption of a Gaussian distribution of
band gaps the efficiency loss is calculated. The calculation shows that band gap fluctua-
tions degrade the maximum achievable efficiency. A reduction of the solar cell efficiency
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by 1.7 % (absolute) was found for band gap fluctuations with a standard deviation of
0gg =50 meV [179]. It should, however, be kept in mind that the magnitude of the varia-
tions assumed in the evaluation are rather large compared to experimentally determined
band gap variations. Studies of polycrystalline Cu(In,Ga)Se, absorbers have revealed
band gap distributions AE; with a Apwpam(Eg) of 5—13 eV [11)166]. Assuming these are
Gaussian distributions the relationship 2.350¢, ~ A M ( Eg) applies. The actual effects
of band gap fluctuations on device performance will therefore be limited [9].

Though the theoretical studies indicate a deteriorating influence of absorber inhomo-
geneities on solar cell parameters, the experimental evidence is missing. This further
supports that band gap fluctuations in the 5 — 13 eV range do not significantly reduce
the device performance. A u—PL study of the band gap and quasi—Fermi level distribu-
tions of material used in polycrystalline Cu(In,Ga)Se, solar cells with high efficiencies
in the range 15-18 % has been performed [166] to investigate a relationship to device
performance. The result, surprisingly, showed a tendency of higher V,. with increasing
inhomogeneities. One possible reason for this behaviour could be that more regions with
better properties than average could exist in the more inhomogeneous samples [166].
Inhomogeneities on various length scales have been reported in spatially resolved PL
studies. Variations on a length scale smaller than the size of the grains have been found
by scanning near field optical microscopy [11]. With this high resolution approach struc-
tures with sizes in the range 0.2-1.5 ym could be observed in the recorded PL signal.
In spatially resolved PL studies with a lower resolution of ~ 0.8um, larger structures
ranging from the resolution limit to the 3-5 ym [169] scale and even up to the 3-10 ym
scale [164][180] have been observed. This clearly shows that non—uniformities on various
length scales exist. The variations are not related to individual grains but exist inside
individual grains [11] and stretch across several grains [164,[169].

The approach described in the previous section has been applied in numerous studies to
examine the spatial variations of band gaps and quasi—-Fermi level splitting from u—PL
measurements e.g. [164}[166} 169,180, 181]. Most of these studies focus on polycrystalline
Cu(In,Ga)Se,. Here investigations of the quasi—Fermi level splitting found variations in
the range Apwpnm(Ap) ~ 8-18 meV [166], 10-30 meV [12], 18 meV [11]. It has to be
mentioned here that it has been shown that Apwpya(Ap) is strongly dependent on the
experimental conditions. It was found that Apwga(Ap) is increasing with increasing
temperature, but decreasing with increasing excitation density [12,[164].

The influence of the surface topography on the structures measured in PL have been
commented on in several cases. Generally it is found that there is only a very weak
influence of the surface topography and the grain structure on the effects observed in PL
[11) 164, [182].

The results summarized here demonstrate some effects that must be kept in mind when
analysing the experimental results in the following sections. Most studies discussed here,
however, focus on polycrystalline Cu(In,Ga)Se;, where the effects of both grains and al-
loying contribute to the results. It is therefore interesting to investigate inhomogeneities
in the absence of these effects. The studies presented in the following focus on epitaxial
CuGaSe,, where both these effects can be excluded.
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5.3 Experimental Setup for Spatially Resolved Photoluminescence

Spatially resolved PL measurements are performed with a home built setup constructed
for this work. The spatial resolution is obtained by scanning a laser beam across the
sample while detecting the PL with confocal optics. The setup used for spatially resolved
u—PL measurements has many similarities with the setup described in section The
same Ar" laser is used in both experiments, and the detection system is also identical
for both setups. The main differences between the two setups will be pointed out in the
following.
A microscope lens with a high numerical aperture (NA) of 0.65 with a long working
distance of 13 mm is used for the spatially resolved measurements. Based on the nu-
merical aperture, the spot size can be estimated as the first minimum of the Airy disc:
1R 1.22)\% ~ 1.22A 5. For the laser wavelength of 514.5 nm a spot size with a di-
ameter of ~ 0.9 ym can be estimated. This defines the maximum resolution that can be
obtained by the method.
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Figure 5.5: Experimental setup used to measure laterally resolved PL maps of sample surfaces with microm-
eter resolution.

Figure 5.5/ shows the setup constructed for y—PL experiments. The optics is separated in
two parts. The first part that is stationary collects the laser light from the fiber and directs
it onto a beam splitter placed in the movable second part of the optics. In the stationary
optics the beam is first made parallel when emerging from the fiber by a lens. The beam
is widened in order to take advantage of the full aperture of the microscope lens. This is
achieved using two lenses with different focal lengths. By placing the long focal length
lens in the beam after the short-focal length lens in the way that the focal points of the
two co-inside the beam is widened while staying parallel. The line filter is placed in the
parallel beam after passing the laser light through the fiber, since it was observed that
fluorescence from the fiber gives rise to artefacts in the measurements.

The spatial resolution is achieved by placing the collection optics in a tower on a piezo-
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electric table. In this way the collection optics can then be moved in three directions x, y, z
with very high precision. Resolution of the piezoelectric table is according to the manu-
facturer less than 1 nm [183], which is much lower than the resolution of the optics. The
movable tower contains a beam splitter that directs the laser beam from the stationary
optics into the microscope lens. The use of the beam splitter allows the luminescence
collected by the same microscope lens to pass to the detection system. A notch filter
is placed in the beam path after the beam splitter, but before a lens that is responsible
for focusing the luminescence onto the optical fiber that brings the luminescence to the
spectrograph.

A cryostat containing the sample is placed on a x, y, z—stage under the tower containing
the microscope lens. When performing measurements the coarse adjustment of the focus
and the position of the sample is performed by moving the cryostat on the x, y, z—stage.
Once the sample is in position the fine focus can be adjusted by varing the z-axis in small
steps < 1um of the piezoelectric table. When perfect focus is found the outgoing laser
beam reflected from the sample surface will be perfectly parallel. After making sure that
this is the case, the scan in the (x,y) plane can be started. The range of the piezoelectric
table allows for scans up to 80 - 80 um?. Typically smaller scans are measured with a size
of 25 - 25 ym? and 80 - 80 pixels. Results presented in this section have been measured
with different excitation densities. Typically excitation densities are in the order ~ 10%2 —
102 cm 257 L.

When the spatially resolved measurements are performed a complete spectrum is recorded
for each pixel of the scan. This allows for analysis of spectral changes between regions
of the film with micrometer resolution. All the samples studied in this chapter have been
etched in 5 % KCN for 2 minutes prior to y—PL investigations in order to remove the
secondary CuySe phase [184], unless something else is stated.

5.4 Spatially Resolved Defect Spectroscopy

The remaining sections of this chapter contains the results and discussion of the y—PL
investigations performed in this work. This is divided into two main parts. The first
topic discussed in this section deals with spatial variations of defects. The second part in
section[5.5)is focused on the results obtained by evaluation of Ay and AEy.

5.4.1 Donor Acceptor Pair Recombination or Phonon Replica

This section deals with effects observed in low temperature y—PL experiments. This in-
cludes a discussion of several observations made during the measurements. Further dis-
cussions of the effect of the excitation flux are collected in appendix B}

A model explaining the DAP transitions observed in low temperature PL measurements
on CuGaSe; and CulnSe, was introduced in section2.3.8] In this model a DAP transition
referred to as DA3 is introduced. It was argued that the transition with an energy around
1.58 eV in CuGaSe; is due to a third DAP transition and not a phonon replica of the DA2
transition as previously assumed. This conclusion was reached by realization that the
1.58 eV peak was spatially independent of the DA2 peak in cathodoluminescence studies
[91]. This section will partly confirm this conclusion with y—PL studies, but it will also
be demonstrated that the peak observed at 1.58 eV can not always unambiguously be
ascribed to the DA3 recombination.
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Two slightly different samples both showing an identifiable DA3 transition will be dis-
cussed. This will be compared to a sample where a DA3 transition cannot be unequivo-
cally identified.
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Figure 5.6: Example of a spatially independent DA3 transition. (a) Local spectra and indication of regions of
evaluation. (b) Map of the integrated PL intensity of the excitonic region. Similar maps integrated over (c)
the DAL region, (d) the DA2, (e) the DAS3. (f) the energy of the peak in the excitonic region.

Figure 5.6/ shows the result of a y—PL measurement of a CuGaSe; layer with a composi-
tion close to stoichiometry on the Cu-rich side measured with a photon flux of ~ 10%
s lem~2. A map showing the PL intensity spectrally integrated over each peak is shown.
In this sample it is observed that all peaks are essentially uncorrelated. This is also illus-
trated in the correlation coefficients shown in table

Figure5.6(a) shows examples of local 10 K PL spectra from the analysed area. Two prop-
erties of the spectrum should be noticed. First it is seen that the spectrum is dominated by
a strong DA1 peak and a less dominant DA2 peak. Secondly it is recognised that strong
excitonic recombination is observed. These two features are found in all measured sam-
ples where an independent DAS3 transition could be observed.

The excitonic region in figure 5.6{b) show randomly appearing brighter areas appearing
like a network structure. A line of low intensity can be identified in the upper left corner
of the map and another very short line is seen in the lower right corner. This can be
explained by the presence of cracks in the layer. This is confirmed by the map of the
exciton peak energy. The peak shifts locally to higher energies along the crack as seen in
figure[5.6(f). This is due to strain release as discussed in section[5.5.1]

The map of the DA1 peak is shown in figure [5.6(c). It is noticed that no well defined
structure is observed for this peak. In this case the peak intensity instead seems to be
correlated with the presence of the cracks. For this sample the DA1 peak has higher
intensity in the area far away from the cracks and lower intensity near the cracks. It
should, however, be mentioned that in a similar sample it has been observed that the DA1
peak increased in intensity along the crack (see figure[5.7). The reason for the different
behaviour of the peak intensity along the crack remains unclear. One could speculate
that it is related to different geometry of the cracks. If the cracks have different crystal
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orientation, it could possibly influence the PL.

Figure[5.6(d) shows a PL intensity map of the DA2 peak. Here it can be seen that the DA2
appears locally stronger in dots with a size around 2 ym. The dots are only slightly
brighter than the surrounding giving rise to around 1.05 times higher luminescence.
Since the variation is so slight the image appears rather noisy. The appearance of such
dots could be related to the locally increased [Cu]/[Ga] ratio due to Cu,Se crystallites as
discussed in details in section[5.5.2]

Figure[5.6(e) finally shows the PL intensity map of the DA3 peak. This peak is the weakest
in the spectrum. It is, however, possible to observe strong local variations in its intensity.
Also this peak appears as dots with high intensity. Unlike the DA2 peak the dots in
the DA3 map are a lot stronger than the surroundings by a factor between 2 and 4. By
careful study of the spatial distribution of the bright spots it is realized that the DA1, DA2
and DAS3 peaks are spatially independent. This is in agreement with the CL study that
concluded that the 1.58 eV peak is a third DAP transition [91].

The fact that the DA3 peak is uncorrelated to the other peaks is also reflected in the cor-
relation coefficients collected in table A very weak correlation below 0.3 is observed
between the maps for all regions except between DA1 and DA2. This value is, how-
ever, misleading since the DA2 peak shows a spatial structure whereas the DA1 is more
smoothly distributed showing only a gradient due to the crack.

EX DAl DA2 DA3
EX 1 0.16 0.03 -0.25
DAl 0.16 1 057 -0.02
DA2 0.03 057 1 0.3
DA3 -025 -0.02 03 1

Table 5.1: Cross—correlation coefficients C. of the maps shown in figure

Another y—PL measurement is included here in order to show that the slightly different
correlations can be obtained from otherwise similar samples.

Figure 5.7/ shows a y—PL measurement on a sample similar to the one discussed in the
beginning of the section. This sample measured at 10 K with a photon flux of ~ 102!
s~ lem ™2 shows a strong exciton and DA1 transition, just like the sample discussed previ-
ously. This spectrum interestingly also shows another peak around 1.56 eV, that has been
observed in various other samples (see also appendix B).

The PL intensity maps are generally similar to the ones shown in figure [5.6| discussed in
the beginning of this section. Some differences should, however, be pointed out.

The intensity map the exciton region shown in figure 5.7(b), shows a detailed pattern
with structure sizes close to the resolution limit. The length scale of these structures is
smaller than the variations observed in figure Larger variations on a longer length
scale of 5-10 ym are additionally observed with higher intensity in the lower part of
the scan area than in the upper part. One possible explanation for the different size of
the structures appearing in the two measurements is that the resolution decreases with
increasing excitation as discussed in appendix |B| Since different excitations were used
for the measurement in figure|5.7|and figure 5.6 this could be a part of the reason for the
observed difference.

Figure c) shows that the DA1 transition is, like the DA1 in figure structureless
except for the influence of a crack that stretches from the lower left corner to the right
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Figure 5.7: An example of a spatially independent DAS3 transition. (a) Local spectra and indication of regions
of evaluation. (b) Map of the integrated PL intensity of the excitonic region. Similar maps integrated over
(c) the DA1 region, (d) the DA2, (e) the DA3. (f) The region labelled P4.

edge of the map. In this case the crack gives rise to increased PL intensity compared
to the surrounding layer. This is accompanied by a blue-shift as visible by comparison
of the high intensity peaks in the DA1 region to the peaks with lower intensity (figure
b.7(a)). The fact that the intensity of the DA1 increases along the crack in this sample,
whereas it decreases for the sample shown in figure |5.6|is not easy to explain. It could
possibly be related to the geometry around the crack and the width of the crack. This
could influence the way light is scattered.

The intensity map of the DA2 transition shown in figure @C), does, unlike the sample
in figure 5.6} not show the spotty structure. In this case the DA2 is also dominated by the
appearance of the crack. It is seen that the intensity variations induced by the crack vary
by a factor of 1.2 from the darkest to the brightest areas. This is higher than the very weak
variations with a factor of only 1.05 between the bright spots and the darker areas seen
in the DA2 map in figure[5.6} One can therefore speculate whether the spotty structure is
simply hidden due to the stronger effect of the crack.

Figure[5.7(e) shows the spatial variation of the PL intensity integrated over the DA3 peak.
Again it is clearly seen that the DA3 peak is spatially independent of the other peaks
observed in the spectrum. It appears in randomly distributed bright dots. The main
difference in the DA3 region between the result presented in figure [5.6/and figure 5.7)is
that the bright dots appear smaller in the latter. The size of the bright spots observed
here is around the resolution limit of 0.9 ym. This difference could be related to the focus
of the optics. In this case the focus is clearly perfect, since structures with the smallest
measurable size are seen. It can not be similarly be concluded that the measurement
shown in figure 5.6]is not perfectly focused. It is for example possible that the size of the
structures are different due to slightly different growth conditions. Another, probably
more likely explanation for this difference is the influence of the excitation density as
discussed in appendix

The final map in figure[5.7(f) shows the map of the weak peak labelled P4 in figure[5.7|a).
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This peak is spatially highly correlated to the DA3 transition with C.(P4, DA3) = 0.7. It
can therefore be proposed that this peak is a phonon replica of the DA3. The energy of
the P4 peak is ~ 32 meV lower than the DA3. This is very close to 34 meV, the highest
energy LO phonon reported in literature [112} [185]].

Though several samples have shown spatially independent DA3 recombination as demon-
strated with these two examples, not all samples show this tendency. An example will be
discussed in the following.
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Figure 5.8: (a) Spectra measured locally in the mapped area. (b) Map of PL intensity spectrally integrated
over the DA2 region. (c) Map of PL intensity spectrally integrated over the region labelled P3.

Figure |5.8 shows the result of a y—PL study of a Cu-rich epitaxial layer measured at 10
K with a photon flux of ~ 10?! s"'cm~2. The intensity maps extracted from each peak of
this measurement turned out to be highly correlated. Not all maps are shown since the
correlation coefficient was found to be C. = 0.7 — 0.95 between all the maps extracted
by spectrally integrating each peak. Because of high similarity of all the maps only two
are shown. These show the spatial distribution of the DA2 peak and the peak previously
attributed to DA3 recombination, but here labelled P3.

Even though all peaks are highly correlated it is noticed that the DA2 increases stronger
than the DA1 at the locations where both are high. These locations correspond to the
bright dots in figure 5.8(b). The strong local increase of at these locations can be ex-
plained as an effect of Cu,Se crystals as discussed in section By inspection of the
peak positions of the spectra it is noticed that all peaks are shifted to higher energies
compared to the other two samples discussed in this section (see figure [5.6| and figure
5.7). This behaviour can be explained by lower strain in the sample shown in figure
An argument that is supported by the fact that no cracks are observed in this sample.
Figure [5.8(b) shows the spatial variation of the DA2 peak. It is immediately recognized
that the spatial variation of this peak is highly correlated to the peak labelled P3 in figure
B.8(c) with a correlation coefficeint C¢(DA2, P3) = 0.94. This peak correspond to the one
that has been assigned to the DA3 transition. In this case the peak is, however, spatially
correlated to the all other peaks. In this case it is therefore not possible to unambiguously
identify it as being a third DAP transition.

The energy of the peak labelled P3 is ~33 meV lower than the DA2 peak, and another
shoulder is observed with an energy ~66 meV lower than the DA2 peak. This could be an
indication that these two peaks could also be due to phonon replicas involving a phonon
with an energy of 33 meV, very close to 34 meV reported in literature [112, 185].

It can therefore not be excluded that the peak sometimes referred to as the DA3 peak
can in fact be due to phonon replica of the DA2 peak. It is likely that the peak is in
fact composed of a mixture of the DA3 and a phonon replica of the DA2 peak in many
cases. Based on the experiences made in this work, it is, only possible to observe the
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spatially independent DA3 transitions in samples where the DA2 peak is not dominating.
This could be related to the formation of Cu,Se when growing more Cu-rich. When the
Cu,Se form on the surface this has a strong effect on the underlying absorber properties
(see section5.5.2). Based on the measurement shown in figure [5.§]it seems that this effect
shows up more strongly than a spatially varying DA3 transition.

One can also wonder if the high correlation is an effect of the analysis approach. In figure
5.8(a) it can be seen that the DA?2 tail clearly affects the P3 peak. A more sophisticated
analysis, where each spectrum is fitted with several Gaussians was tested to remove this
effect. The result obtained with this method was, however, practically identical to the
one shown in figure

5.4.2 Spatial Variation of Deep Defects

In addition to the well known peaks discussed in the previous section a low energy
broad luminescence peak was found in PL measurements. This section will deal with
the spatial variation of this low energy luminescence peak that is related to defects much
deeper in the band gap than the DAP transitions previously discussed. Measurements
on two different samples are shown here. The first measurement is performed at 10 K on
a slightly Cu-rich absorber (figure[5.9(a-c)) and the second measurement is performed at
room temperature on a sample with a composition very close to the stoichiometric point
(figure d-f)). These two measurements are shown here to demonstrate that the deep
defects can be observed in both high and low temperature and for samples with different
composition. It should be mentioned that the deep defect luminescence peak discussed
in this section is extremely weak if even observable in the vast majority of the samples
measured in this work. The samples investigated here are special in the sense that they
display an unusually strong deep defect luminescence.

Figure 5.9(a) shows the local spectra measured in the positions indicated in figure [5.9(b)
by circles. The measurement is performed on a slightly Cu-rich CuGaSe; epitaxial layer
at 10 K. Only the exciton luminescence and the deep luminescence peak (DP) are labelled.
Several DAP transitions and phonon replicas of these are also observed in the spectrum.
The large peak around 1.49 eV is due to the GaAs substrate.

Figure[5.9(b) shows the intensity map of the excitonic region (EX) and figure[5.9(c) shows
the intensity map of the DP region. When leaving maps of the other peaks out it is
needed to add one comment. One could wonder if the strong GaAs peak could influence
the map extracted in the DP region, where a much weaker broad peak is seen. A very
small correlation coefficient of C.(GaAs, DP) = —0.18 obtained between the GaAs peak
and the DP peak, however, clearly demonstrates that this is not the case.

When comparing the intensity maps of the EX and DP peaks it is clear that there is a
strong anti—correlation. The exciton is strong when the DP peak is weak and vice versa.
This tendency is very pronounced in the entire studied area. The strong anti—correlation
is also manifested in a correlation coefficient between the maps of C.(EX, DP) = —0.8.
Strong excitonic recombination is, as previously mentioned, often interpreted as a sign
of good material quality. Recombination via deep defects is, on the other hand, usually
a sign of lower quality. The deep peak observed here can be ascribed to defect states
deep inside the band gap, states that are deleterious to the material. The fact that the
intensity of these two peaks are spatially anti—correlated in this experiment is therefore
in agreement with the expectation.

In the following it will be demonstrated that the deep luminescence peak is not a phe-
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Figure 5.9: (a) 10 K PL spectra measured on a slightly Cu-rich CuGaSe; absorber at the positions indicated
with circles in (b). The spectra are color coded according to the position where it is measured. (b) PL
intensity map obtained by spectrally integrating the EX region. (c) PL intensity map of the DP region. (d)
A CuGaSe; absorber with stoichiometric composition measured at room temperature. (e) Map of the Au
variation extracted from the band-to-band luminescence. (f) Map of the PL intensity integrated over the DP
region.

nomenon only observed in one sample. Another sample with a composition close to the
stoichiometric point is studied for this purpose. The measurement, furthermore, has the
purpose of demonstrating that the effect can be observed at room temperature.
Figure[5.9(d) shows two local PL spectra measured at room temperature in two locations
indicated in figure 5.9(e). The strongest peak is in both cases due to band-to-band re-
combination (BB). By inspection of the spectra it is noticed that the DP peak is higher in
the red curve than the blue curve. For the BB transistion the situation is reversed and
the peak is stronger in the blue curve than in the red one. This clearly indicates an anti—
correlation between the peaks at these two points. A similar anti—correlation of Ay can be
found throughout most of the mapped area. This is illustrated in figure[5.9(e) and 5.9(f).
Figure[5.9(e) shows a map of the spatial variation of the quasi-Fermi level splitting A.
This map is obtained by fitting the high energy slope of the BB peak as described in
section[5.1.1} The amount of quasi-Fermi level splitting can, as previously mentioned, be
related to the quality of the absorber. A local high quasi-Fermi level splitting might be
related to a local lower density of defect states through which the excited charge carriers
can recombine (see discussion in section [5.5.2)).

The map showing the spatial variation of the DP luminescence is obtained by integration
over the low energy part of the DP peak indicated in figure 5.9(d). The high energy
part of the peak is not included in the integral since this part contains a contribution
from the GaAs substrate (seen as a weak shoulder in figure 5.9(d)). When comparing
the Ay map to the DP map, one will notice some degree of anti—correlation. This is also
reflected in the correlation coefficient of C.(Au, DP) = —0.6 between the two maps. Even
though the anti—correlation is less strong in this case, the result shows the same tendency
demonstrated in the low temperature PL measurement in figure 5.9(a-c).
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One possible explanation for the observed behaviour is, in analogy with the previous
discussion, that the density of deep DP defects varies spatially. When the defect density
is locally high this results in a decreased Ayu. These deep defects would be deleterious to
the performance of a cell made from this material, since the local decrease of Ay would
in turn lead to a lower achievable V,.. A similar result has been obtained in a study of
the spatial variation of the quasi-Fermi level splitting in CulnS; [181]. A luminescence
peak due to deep defects with an energy around 1.3 eV has similarly been observed in
earlier studies of CuGaSe; [106]. In [106] it was found that this peak is present in both
polycrystalline material and single crystals and decreases significantly in intensity when
the Ga content is increased. It is proposed that intrinsic defects in CuGaSe; are respon-
sible for the deep defect luminescence [106]. Since this peak appears in material grown
by chemical vapor transport (single crystals), physical vapor deposition (polycrystalline)
and here by MOVPE (epitaxial) it seems plausible that intrinsic defects is the cause of this
deep defect luminescence.

5.5 Spatial Variations of y and E,

This section deals with the spatial variations of the optoelectronic quality of the excited
state. The discussion is based on an evaluation of Ay and AE; from room temperature
PL measurements.

5.5.1 Spatial Variations due to Strain and Cracks in Epitaxial Layers

When growing CuGaSe; epitaxially on GaAs strain builds up in the layer during cool
down due to different thermal expansion coefficients as discussed in section If the
strain in the layer exceeds a critical level cracks develop in the layer. Cracks and strain
in the layer are investigated in this section. This is interesting since the inhomogeneities
observed due to strain variation around cracks will also be present in polycrystalline
layers where the different grains strain each other because of their different orientations.
Here samples exhibiting cracks have been investigated by y—~PL, CL and XRD. A descrip-
tion of the CL and XRD techniques is included in appendix D} Similar results regarding
strain near cracks have been obtained studying both Cu—poor and Cu-rich absorbers. In
this section results are exemplarily shown for a Cu-poor sample with y—PL and a Cu-rich
sample with CL.

Figure shows the room temperature y—PL study of a Cu—poor CuGaSe; layer. A SEM
micrograph of the sample surface under investigation is shown in figure 5.10(a). Please
note that the y—PL scan of this sample is not performed at exactly the same position
as the SEM micrograph. The micrograph is merely included here to show the surface
morphology. Figure a) shows that the layer is rather smooth except for cracks in
the layer appearing as dark straight lines. These cracks have been investigated by SEM
cross section and TEM measurements and mostly extend from the surface down to the
CuGaSe; /GaAs interface. From SEM images it has been observed that the cracks in the
layer in some cases continues into CuySe crystals. This indicates that the cracks develop
during cool down.

Figure [5.10(b) shows a map of the spectrally integrated PL measured at room tempera-
ture. The sample exhibits variations of the measured PL intensity by a factor of Ipr yax/
Ipr min = 2.2. Two different regimes of intensity can be identified: A high intensity area,
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Figure 5.10: (a) SEM of sample surface (not same area as the y—PL measurement). (b) Spectrally integrated
room temperature PL intensity map. (c) Map displaying the extracted variation in splitting of quasi—Fermi
levels. (d) Map of the evaluated optical threshold.

and lines of low intensity. Within the high intensity area PL intensity varies with a com-
paratively low ratio of Ip max/ Ipr min =~ 1.4. Within this area of the film the PL intensity
forms a lateral pattern which shows variations with a length scale between the resolution
limit of about 0.9 um up to 6 um. The main variations visible in [5.10(b) are introduced
by the continuous lines with low luminescence. Comparing this PL pattern to the SEM
image of the same layer in a) it is concluded that the continuous lines of low PL cor-
respond to the cracks observed in the CuGaSe; layer. The significant drop in PL intensity
at the cracks is self-evident, as firstly there is no material within the narrow cracks to emit
PL, and secondly the PL light emitted in proximity of the cracks is scattered and does not
reach the microscope lens.

The spatial variation in the quasi-Fermi level splitting Ay is evaluated as described in
section Figure [5.10(c) shows the resulting map. It is noticed that the map of Ay
differs from the one showing only the spectrally integrated PL intensity in figure[5.10(b).
This is an indication that the band gap of the material is inhomogeneous as explained
in section5.1.1} In the case where no band gap variations are present one would expect
that the map of the integrated PL intensity and the quasi—Fermi level splitting would
be well correlated. In the map of Ay presented in figure 5.10|b) it is noticed that Au
increases locally near the cracks. This is interpreted as a result of an increase of the band
gap adjacent to the cracks. An alternative interpretation could be that the excess charge
carrier density in the relaxed region near of the crack increases. This could be related
to charge carrier diffusion. When free charge carriers are generated by excitation they
are able to diffuse in the absorber. Diffusion lengths in the range 0.5 — 2 ym have been
reported in Cu(In,Ga)Se, devices [186]. Since the charge carriers are not able to diffuse
across the crack one can image that the charge carrier density builds up near the crack.
Figure[5.10(d) shows a map of the optical threshold energy extracted as explained in sec-
tion As previously mentioned, it is possible to interpret variation of the optical
threshold as variation of the band gap of the material AEy, = AE,. It is seen in figure
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5.10(d) that the band gap varies only slightly in between the cracks in the material. Ad-
jacent to the cracks a local increase in the band gap is observed. An increase in the order
AE; ~ 10 — 15 meV can be estimated from this measurement. As described in section
this effect can be attributed to the reduction of strain along the cracks. The result
shows that the layer relaxes near the crack, but the strain remains further away from the
crack.
The increase of E; along the cracks also explains the local increase of y in these areas.
If E; increases locally while the free charge carrier concentration remains more or less
constant this will naturally lead to an increase of .
The distributions of the variation of Ay and Ey; of the sample studied here will be fur-
ther discussed in section where the results will be compared to the distributions
measured for a Cu-rich epitaxial layer (section and related to results obtained on
polycrystalline absorbers.
In order to verify the observations made by y—PL of strain variation near cracks the re-
sult is compared to a CL study performed at the University of Magdeburg of a cracked
absorber. One advantage of this method is that it is possible to measure a CL and SEM
image of the surface simultaneously. This allows to relate the luminescence directly to
sample morphology. Figure shows a 7 K CL study of a slightly Cu-rich sample with
cracks. The measurement is performed at 7 K instead of room temperature, since this
is the experimental conditions available. The spectrum of the CL integrated over the
scanned surface in figure [5.11a) shows excitonic recombination as well as DAP recom-
bination that can be attributed to the DA1 and DAS3 transitions. This indicates that the
sample is grown under conditions very close to stoichiometry.
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Figure 5.11: (a) CL spectrum integrated over the entire surface measured at 7 K. (b) SEM micrograph of the
studied area. (c) Wavelength image showing the wavelength corresponding to the maximum intensity in the
region 716 nm — 737 nm where excitonic recombination is observed. (d) CL intensity in the excitonic region.

Three cracks are visible in the SEM micrograph of the studied region (figure [5.1T(b)).
In the CL (figure c),(d)) obtained from the sample, it is clearly observed that these
cracks affect the properties of the surrounding material.

The wavelength image in figure[5.11{c) shows the wavelength corresponding to the max-
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imum intensity in the exciton region. This can be understood as the local energy of exci-
tonic recombination i.e. a measure for the band gap. It is seen that the exciton shifts to
lower wavelengths (higher energies) in regions near the crack. This is in agreement with
the observation from y—PL, where a band gap increase is observed near the cracks. A sim-
ilar band gap shift due to local strain release along cracks has been observed in various
samples with different compositions. Typically a shift around 10 — 20 meV is observed
in the CL measurements. The magnitude of the shift agrees well with the observations
from u-PL.

Figure 5.11(d) shows the spatially resolved CL intensity in the excitonic energy range.
Here one clearly observes that the intensity of the exciton increases near the cracks. This
agrees with the observations from yu-PL, where a higher quasi-Fermi level splitting is
observed near cracks. One could also speculate that the material quality is superior in
the relaxed material near the cracks, due to a decrease in the dislocation density. For this
to be true one has to assume that the dislocations are able to annihilate in the material as
the strain is reduced. If this is the case, it could be an explanation for the higher intensity
of excitonic recombination in these relaxed regions.

In order to support the argumentation that the effects observed near the cracks can be
related to strain a XRD study is performed. The sample showing cracks studied with
#—PL in the present section is compared to a layer where cracks are not observed (the
sample also discussed in section . Figure shows the (008) reflection measured
for these two samples.
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Figure 5.12: XRD diffractogram showing the (008) reflection of a crack free CuGaSe; layer compared to a
CuGaSe; layer where cracks have been observed.

The result of the XRD measurement in figure shows that the peak is shifted to a
higher angle relative to relaxed CuGaSe; in both samples. This shift can be used to es-
timate the strain in the layer along the c—axis. The shift towards higher angles is due to
compression along the c-axis caused by the tensile stress of the a—axis at the interface
as discussed in section[2.2] From the peak position the average compression along the c—
axis can be estimated to Ac(cracked)~ 0.8% and Ac(crack free) ~ 0.3% for the two studied
samples. This observation is in agreement with the expectation that a larger amount of
strain should be observable in cracked layers of approximatively the same thickness. One
should, however, be aware that a slight thickness difference could also result in different
strain in layers as discussed in section[2.2]

The main difference between the samples is seen in the peak widths. The width of the
peak in the crack free layer is much narrower than in the cracked layer. In the first case
one can clearly distinguish a peak due the Cu Ka; and Ka; lines. The cracked sample
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only shows a broad peak with a shoulder indicating the Ka; line. Broadening of the peak
can be due to a wider strain distribution in the layer. An observation that is in agreement
with the observation from p—PL and CL, where it could be observed that the strain is
locally reduced in the neighbourhood of the cracks, but remained established further
away.

In summary it has been demonstrated that strain release near cracks leads to band gap
variations in the epitaxial layer of the order 10 — 20 meV. It can be expected that strain has
a similar effect in polycrystalline samples where each grain can in principle be differently
strained. The inhomogeneities observed in epitaxial samples will be compared to their
polycrystalline counterparts in section[5.5.4]

5.5.2 Influence of Secondary Phase Cu,Se

In the study presented in this section the effect of secondary phase Cu,Se on the absorber
quality of epitaxial CuGaSe, films is studied by spatially resolved photoluminescence
combined with scanning electron microscopy. CuySe crystals are expected to develop on
CuGaSe; layers grown under Cu-rich conditions, as the excess copper segregates in the
secondary phase (see section[2.1.2]and [3.7). The size of these crystals is mostly in a range
of =~ 1 —2 um, and their density on the CuGaSe, surface strongly depends on the Cu-
excess during deposition. The fact that the Cu,Se forms crystals on the surface makes it
possible to examine the effect of Cu,Se on the material properties, since the effect will be
localised. This study would not have been possible with polycrystalline material since
the grain structure of the material would hinder the interpretation.

The focus of the study is a characteristic area with the dimensions 50 - 60 yum?. A u-PL
scan is performed on the same position before and after etching in 5% KCN for 5 min,
which removes the Cu,Se crystals from the sample surface. To find the same area in
photoluminescence before and after etching as well as in the SEM, the surface has been
marked by a small scratch.

7 15
6 © BX FX
= =3 - /\ (iii)
3 5| 3 3
£ £ €10
T L T .
34 22 > \\/ __ i
23 2 [ RPN
i) i) § 5l y \fl) '
=) £ 1 £ Seo- . \
2 z g :
o = . =3 o == S 0 - 1T
155 16 165 17 175 18 155 16 165 17 175 18 1.7 171 1.72 1.73
Energy (eV) Energy (eV) Energy (eV)

Figure 5.13: Local photoluminescence spectra recorded at the positions indicated by (i),(ii),(iii) in figure
(a) PL measured at room temperature. (b) PL measured at 10 K, and (c) magnification of exciton region of
the 10 K PL spectra.

Figure [5.13(a) and 5.13|b) show typical local PL spectra measured at different positions
within the examined area after etching at room temperature (a) and at 10 K (b). At room
temperature the PL is dominated by band-to-band recombination and the spectrum con-
tains only one peak with a maximum at 1.68 eV, which corresponds to the band gap of
CuGaSe; at room temperature [184].

The 10 K PL spectra exhibit four distinct peaks and a shoulder at low energy. The en-
ergetic position and excitation dependency of these peaks are in good agreement with
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results of previous studies discussed in section[2.3.8] The peaks can therefore be assigned
as follows: The peak at 1.66 eV and 1.63 eV are the DA1 and DA2 transition, respectively.
The peak at 1.60 eV corresponds to the DA3 and is most likely a mixture of the DA3
transition and a phonon replica of DA2 as discussed in section[5.4.1} The region around
1.71 eV that can be attributed to excitonic recombination contains several peaks as seen
in the magnified spectra in figure5.13(c). The peak in the exciton region with the highest
energy above 1.72 eV is only seen in spectrum (ii) and (iii). This peak is most likely due
to recombination of free excitons. Several peaks are seen at lower energies from around
1.72 eV to slightly below 1.71 eV. These are probably due to excitons bound to different
defects in the material. The coloured regions in figure refer to areas over which the
intensity has been integrated in figure [5.14(g). The peak in between these two regions is
most likely due to bound exciton recombination.

As discussed in section [2.3.§| the ratio between the PL intensity of the DA1 and the DA2
peak is a reliable measure of the [Cu]/[Ga] ratio. A dominant DA1 indicates a ratio
of [Cu]/[Ga]~1, whereas an increase of the DA2 indicates higher copper excess during
growth. Note that these ratios refer to the [Cu]/[Ga]-ratio during the growth process,
whereas the resulting sample contains a stoichiometric chalcopyrite and a Cu,Se sec-
ondary phase. As the Cu—excess during growth determines the defect structure of the
CuGaSe; absorber, these different PL signatures can be observed on the sample, even af-
ter etching away the CuySe [48]. The corresponding composition changes are extremely
slight and cannot be detected by composition measurements, which always find stoichio-
metric chalcopyrite after etching.
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Figure 5.14: (a) SEM micrograph of the studied area. (b) PL map of the spectrally integrated PL at room
temperature before etching. (c) Room temperature PL map after etching. (d) Au extracted from (c), and (e)
band gap variation evaluated from (c). (f) Spectrally integrated intensity of the exciton region measured at
10 K after etching. (g) The ratio of the high energy part of the exciton region (FX) to the low energy part (BX)
(see regions in figure c)). (h) The DA2/DAL1 ratio at 10 K after etching. (i) The ratio of exciton and DAP
integrated intensities.

Figure[5.14(a) shows an SEM micrograph of the area of interest before the etching process
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exhibiting the Cu,Se crystallites distributed randomly across the CuGaSe; surface. These
appear as differently shaped crystals in lighter contrast than the underlying CuGaSe;
layer.

Figure[5.14{b) shows a map of the spectrally integrated PL intensity at room temperature
(see spectra in figure [5.13(a)). The PL map, that has been measured prior to etching,
exhibits spots of strong and weak luminescence. The main area of the scan shows an
approximately homogeneous PL intensity of the film between the spots. By comparison
of this map and the corresponding SEM micrograph in [5.14(a) it is concluded that the
PL emission from the homogeneous appearing area represents the emission of CuGaSe,
without the influence of Cu,Se crystals, whereas each spot (light and dark ones) in the PL
map can be related to a Cu,Se crystal. The sample was subsequently etched to remove
the Cu,Se crystals.

The resulting PL map of the etched CuGaSe; layer is shown in [5.14{c), exhibiting only
bright spots, aside from one dark spot. Comparison of the PL map in figure [5.14(c) with
the SEM micrograph in figure [5.14(a) demonstrates that the luminescence intensity of
CuGaSe; is increased in the vicinity of each former Cu,Se crystal, exhibiting a PL inten-
sity up to a factor 6 brighter than the surrounding areas. The bright spots indicate that
the material in the vicinity of the former Cu,Se has properties that differ from the rest of
the film, leading to locally increased PL intensity.

The difference of the PL maps before and after etching can be explained by the removal of
the Cu,Se crystals from the surface. As long as the Cu,Se crystals remain on the surface
the PL from the underlying CuGaSe; is locally scattered and shadowed by the crystals.
The effective strength of this effect is determined by the shape and size of these crys-
tals. Thus, depending on these properties of each Cu,Se crystal, the unetched sample
exhibits Cu,Se positions where the locally detected PL signal of the underlying CuGaSe,
is strongly decreased, and other locations where it is only weakly decreased. After re-
moval of the Cu,Se crystals by etching, the PL from the CuGaSe; film can reach the de-
tection optics unhinderedly. Figure c) therefore shows the results not dominated by
Cu,Se scattering, where the spots of the former Cu,Se crystals show a locally increased
PL signal.

The result in figure[5.14{c) clearly indicates that the Cu,Se crystals have a locally enhanc-
ing effect on the intensity of the band—to-band luminescence of the underlying CuGaSe,
material. This behaviour may be interpreted as a result of locally enhanced excess charge
carrier concentrations at these positions. For this interpretation to be strictly true the
band gap must remain constant. This can be investigated by applying Planck’s general-
ized radiation law. Based on the approach presented in section[5.1.1} the variations of the
quasi-Fermi level splitting Ay and the optical threshold E;, are extracted from the room
temperature measurement on the etched sample. The resulting maps are shown in figure
e

Figure [5.14(d) displays the spatial variation of Ay extracted from the room temperature
PL measurement shown in figure [5.14(c). By comparison of the integrated PL intensity
and the extracted quasi—-Fermi level splitting it is noticed that the maps are practically
identical. The spots of high intensity in the PL are therefore caused by a local increase
of y and not by variation of the band gap. This conclusion is in agreement with the map
in figure e) showing Ey,. The variation of E;;, which can be interpreted as variation
of the band gap, is of the order A,y =~ 3 meV. The dominating structure in the map
are horizontal lines. Only a few dark spots that relate to the CusSe positions can be
identified. At these locations a very slight band gap reduction is observed. This could
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indicate a small local compressive strain, though the effect is close to the resolution limit
of the evaluation.

The results furthermore allow for quantification of the improvement of the quality of the
photo excited state and of the potential solar cell performance. The evaluation indicate an
increase of up to Ay ~ 460 meV below the Cu,Se crystals compared to the values found
in the surrounding area between the Cu,Se crystals. As the maximum open circuit volt-
age is determined by the splitting of the quasi-Fermi levels, this increase consequently
enhances the maximum achievable open circuit voltage in a device.

The reason for the high luminescence in the vicinity of Cu,Se is attributed to a local
enhancement of the Cu—excess during growth in the areas adjacent to the Cu,Se crystals,
where the crystals act as an additional source of Cu. Higher Cu—excess has been reported
to result in a lower defect concentration [187]. This leads to a lower defect recombination
rate, which consequently will lead to a higher local excess charge carrier concentration
under illumination, hence a higher PL intensity. Another effect that could influence the
quality of the material is re-evaporation of Se during cool down. It is possible that the
presence of Cu,Se on the surface locally reduce the Se evaporation thereby increasing the
material quality under the Cu,Se crystallites. Also surface recombination could influence
the PL intensity. Since the measurement is performed several days after KCN etching it
is, however, assumed that the surface recombination is homogeneous in the studied area.
It should also be mentioned that XPS studies indicated the presence of a very thin contin-
uous CuySe layer in addition to the Cu,Se crystallites as discussed in section Itis,
however not expected that this layer will affect the effect discussed here since the layer is
less than ~ 2 nm thick.

To further verify the idea that the defect concentration is locally reduced, the area is re—
measured with y—PL at 10 K. Figure [5.14(f) shows the resulting PL map of the spectrally
integrated excitonic emission region (labeled EX in figure [5.13(b)). The image demon-
strates that the excitonic PL exhibits approximately the same lateral pattern as the band-
to—band transition at room temperature (figure c)). Since presence of strong excitonic
recombination indicates high crystal quality [63], i.e. lower concentration of recombina-
tion centres, the presence of stronger excitonic recombination in the vicinity of the re-
moved Cu,Se crystals is another indication that the crystal quality is locally improved by
the presence of Cu,Se during growth.

A detailed investigation of the excitonic region reveals that the peak shape and position
in vicinity of CuxSe crystals is different from the surrounding area (see figure[5.13|c)). Ex-
citonic luminescence with higher energy is observed only on the former Cu,Se locations.
This high energy excitonic luminescence is most likely due to free exciton recombination
compared to the lower energy recombination, which is probably due to bound exciton
recombination. The latter is found everywhere on the sample. Figure [5.14(g) shows a
map of the ratio of the integrated intensity of the high energy region and the low energy
region indicated in figure[5.13(c). The map clearly demonstrates that the high energy ex-
citonic recombination increases very significantly compared to the lower energy part at
the positions of the former Cu,Se crystals. If the interpretation if the high energy part as
FX and the low energy part as BX is true, this is a further indication of locally improved
crystal quality by the presence of Cu,Se crystals.

Figure[5.14(h) shows the local DA2/DAT1 intensity ratio for the investigated area overlay-
ing the SEM micrograph, indicating the local degree of Cu—excess during layer growth.
The ratio varies roughly by a factor of 2 between the maxima on the former Cu,Se loca-
tions and the minima located at the Cu,Se free areas, which can e.g. be seen by compari-
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son of spectrum (i) and (iii) in figure[5.13(b).

This clearly demonstrates that the presence of the Cu,Se during layer growth increases
the local DA2/DA1 ratio meaning an increase of the effective local copper excess during
growth at these positions. It is expected that the areas with high DA2/DA1 ratio be-
low the Cuy,Se have higher crystal quality, as higher Cu—saturation leads to lower defect
density [187], which is in accordance with the results discussed above.

For further evidence of this interpretation the ratio of the integrated excitonic emission
and the defect related transitions (all DAP peaks) is plotted in figure [5.14(i). The map
shows an increase of this ratio at the positions of the Cu,Se crystals, indicating a local
decrease of the defect related recombination, supporting the interpretation above.

All results presented here demonstrate that the presence of the secondary phase CuySe
during growth of CuGaSe; epitaxial layers under Cu—excess enhances the local quality
of the underlying CuGaSe; absorber. By consideration of the ratio between DA2/DA1
transitions it could be shown that this enhancement is due to a higher local copper excess
at these locations during growth.

The effects presented here furthermore seem to play a key role in the understanding of
the origin of inhomogeneities in chalcopyrites discussed in section 5.2} This issue will be
discussed further in section5.5.4

Since the effect remains after removal of Cu,Se, this can also be expected to play a role
in Cu-poor chalcopyrite films, which undergo a copper rich stage during the growth
process.

5.5.3 Effect of Going Through a Cu-rich Stage

This section will briefly discuss if the effects of the Cu,Se crystals on the material quality
remains, if the material passes through a Cu-rich stage during the growth, after which it
is turned Cu—poor. This is interesting since a copper rich stage during the growth process,
is used in the three stage process by which the record efficiency Cu(In,Ga)Se, devices are
achieved [4, [188]. In order to investigate this effect a series of samples are grown. A
standard Cu-rich recipe is used in all cases, but each sample is treated differently in a
final step before cool down.
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Figure 5.15: Left: Global photoluminescence spectra measured at 10 K of four samples grown with the same
Cu-rich process, but with different growth conditions during a final step. (a) is stopped after the standard
recipe. The Cu-supply is switched off during the final growth step while Ga and Se sources are kept open
for (b) 2.5 min (c) 5 min and (d) 10 min. Right: Map of the spectrally integrated PL intensity obtained from a
room temperature measurement of sample (d).
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The first sample ((a) in figure is simply grown with the standard Cu-rich process
without a final step. For the three other samples (b),(c), and (d) a final step is added to the
growth process. In this step the temperature and flows of Ga and Se are kept constant,
but the Cu-supply is stopped. The duration of this final step is different for each sample:
(b) 2.5 min (c) 5 min (d) 10 min. All the samples are etched in KCN prior to the PL studies
presented here.

Figure shows the resulting 10 K PL spectra obtained from the four samples. It is
noticed that sample (a) expectedly shows a dominating DA2 transition always found
in Cu-rich material. Sample (b) shows a weak shoulder due to DA1 recombination in
addition to the DA2 peak. This is an indication that the material composition is less Cu—
rich. Sample (c) shows a dominating DA1 peak and a weak peak in the region where
the DA2 is normally observed, an indication that the material composition is close to the
stoichiometric point. The last sample in the series finally shows a broad asymmetric peak
that is red shifted relative to the DA1 peak typical for a compensated material, a signature
that is always found in Cu-poor material as discussed in chapter [d} These observations
all agree with and support the defect model discussed in section The result shows
clearly that the material becomes less Cu-rich with increasing time of the final step as
expected.

It can be expected that the Cu—poor sample (d) has been through a Cu-rich stage before
becoming Cu—poor during the last 10 minutes of the growth where no Cu was supplied.
It is therefore interesting to examine whether a spatial structure similar to the one dis-
cussed in the previous section can be found on this sample. A room temperature y—PL
investigation of this sample is shown in figure Here one can observe spots of high
intensity, a result very similar to the one shown in figure One main difference com-
pared to the measurement shown in figure is that the magnitude of the intensity
increase observed in the spots is weaker. The measurement discussed in section
showed a variation of Ipy e/ Ipr,min Up to 6, whereas the measurement in figure
shows a much smaller variation of Ipy jax/ Iprmin =~ 1.4. If the origin of the spotty struc-
ture is the same, the effect is therefore significantly reduced when passing the Cu—poor
growth stage.

The result presented here is an indication that the effects of the Cu,Se in fact persist
after passing through a Cu—poor growth step. It is hereby not postulated that the bright
locations remain with a different composition. This is probably not the case, since Cu
has a high diffusion coefficient as discussed in section It is rather proposed that the
observed effect can be due to a locally enhanced crystal quality.

It should, however, be pointed out that the result presented here is not strongly sup-
ported by u—PL studies of the other samples ((a), (b) and (c)) shown in figure The
expected bright spots did not show up in any measurement on these samples. A fact that
certainly questions this conclusion. One can wonder why these samples did not show
the expected tendency. One possible explanation is the observed structures depend on
the excitation density as discussed in appendix [Bl The result presented here can there-
fore only be regarded as an indication that the effect of the Cu,Se might be present after
passing into Cu—poor conditions. Further careful studies would be needed to confirm
this.
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5.5.4 Comparison to Polycrystalline Absorbers

Polycrystalline CuGaSe; thin films grown by PVD on glass substrates are investigated
here in order to compare the results with those obtained on epitaxial layers. For the study
a Cu-rich and a Cu—poor CuGaSe; absorber are investigated. The Cu—poor sample is
grown by a 3-stage co—evaporation process; and a 2-stage process is used when growing
the Cu-rich sample. In the first stage, Ga is deposited with high Se flux at 350 °C. The
substrate is then heated to 540 °C after the first stage. In the second stage, Cu is deposited
under high Se flux until the CuGaSe; film becomes Cu-rich. Ga is deposited with high
Se flux again in a third stage to obtain the Cu—poor film. The thickness of the final film is
~ 2 ym. This 3-stage process is optimized for Cu(In,Ga)Se, with Ga-contents of around
Ga/(In+Ga)=0.3. The solar cells from this process yield efficiencies of more than 15%. As
the process was not re—optimized for CuGaSe; growth, the samples analysed here could
be of non-ideal quality.

The samples are etched in KCN and investigated with y—PL. The spatial variations on
an area of 25 - 25 ym? are quantified in terms of distributions of band gap variations
and variation of Au. The results will be compared to the variations extracted from the
Cu—poor epitaxial CuGaSe, sample studied in section and the Cu-rich epitaxial
CuGaSe; sample studied in section

Figure[5.16shows the distributions of Ay obtained from evaluation of the spatial inhomo-
geneities measured by y—PL with an excitation flux of ~ 5 - 1022 cm2s~!. In all samples
shown in figure there seems at least two different distributions that contribute to the
overall distribution found in the samples.
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Figure 5.16: Distributions of Ay extracted from spatially resolved room temperature PL measurements.
Amax(Ap) correspond to the length of the x—axis of each distribution.

Two properties of the distributions are interesting. The full width at half maximum of
the distribution Apwpym(Au) and the total width of the distribution quantified as the
maximum variation in the scan area A;,x(Apt). The value Ay (Ap) is of interest because
of the effect of Cu,Se discussed in section Around the spots influenced by Cu,Se
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a strong local enhancement of the splitting of the quasi-Fermi levels compared to the
surrounding area was found. As the areas of these extreme maxima in Ay are only a very
small fraction of the total area, these are not represented in the FWHM values.

For the epitaxial layers it is found that Apwga(Ap) is very similar for both samples. The
main difference between them is found in A, (Ap) that is 6 times larger in the Cu-rich
sample than the Cu—poor counterpart. This is interpreted as a result of the previously
discussed Cu,Se effect.

The quasi-Fermi level variations for the polycrystalline films in figure [5.16(c),(d) are
significantly larger than those of the epitaxial layers in terms of both Apwpp(Au) and
Apax(Ap). Similarly to the observation for epitaxial films, the polycrystalline sample
grown under Cu-rich conditions shows much higher quasi-Fermi level splitting varia-
tions than the Cu-poor specimen. Apwpp(Ap) for the Cu—poor sample is in the same
range as the values found in Cu-poor Cu(In,Ga)Se; in literature: Apwpm(Ap) ~ 8-
18 meV [166], 10-30 meV [12], 18 meV [11]. The maximum variation Ay (Au) in the
scan area for the Cu—poor sample a bit larger than the range as previously reported:
Amax(Ap) = 74 meV [12], ~ 45 meV [12], > 70 meV [1I]. When comparing these num-
bers it is important to bear in mind that the distribution of Ay depends on the excitation
flux and temperature. Experimental conditions can therefore lead differences in the ob-
servations in this order.

The Cu-rich sample in figure[5.16(d) shows a distribution that is significantly wider than
the one previously observed in Cu—poor Cu(In,Ga)Se;. Following the discussion in sec-
tion[5.5.2 this effect can be related to a spatially non-uniform degree of Cu-excess during
the growth process. This may result in an inhomogeneous distribution of Cu,Se at the
CuGaSe; surface at the end of the process, before etching. The resulting effects are large
spatial variations of the defect concentrations and accordingly of the splitting of quasi-
Fermi levels.

The FWHM of the band gap distributions extracted from room temperature PL measure-
ments on these samples are collected in table

Epi Cu—poor Epi Cu-rich Poly Cu-poor Poly Cu-poor
Arwrm (Eg) 6 meV 3 meV 5 meV 5 meV

Table 5.2: FWHM of band gap distributions extracted from spatially resolved y—PL measurements. Epi:
epitaxial films, Poly: polycrystalline films

The widths of the band gap distributions are similar for both polycrystalline samples
and the Cu—poor epitaxial sample (5-6 meV), whereas the Cu-rich epitaxial sample has
a narrower distribution of only 3 meV. When interpreting this result it should be noticed
that cracks are observed in the Cu—poor epitaxial layer, whereas the Cu-rich layer is
crack free. The cracked sample contains a broad strain distribution, caused by the lattice
relaxation around the cracks, and exhibits a clearly measurable amount of band gap fluc-
tuations, whereas the crack free shows a very narrow strain distribution and accordingly
almost no band gap fluctuations. Following the discussion in section[5.5.} it is proposed
that the band gap variations in the polycrystalline films are caused by strain variations as
well. Generally, in polycrystalline CuGaSe; each grain can be strained differently, which
intrinsically results in a broad strain distribution. The band gap distribution found here
in CuGaSe; is significantly narrower than the value reported for Cu(In,Ga)Se; of up to 13
meV [11]. This difference is expected since alloying disorder present in Cu(In,Ga)Se; is
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not possible in CuGaSe;. This result, furthermore, points out that a part of the variation
of Apwy HM(Eg) in Cu(In,Ga)Se; observed previously should be ascribed to strain effects.
According to these results this contribution is in the order of 5 meV.

To summarize: Both, the polycrystalline and epitaxial samples, reveal spatial inhomo-
geneities of the splitting of quasi-Fermi levels and band gap. The epitaxially grown
specimens exhibit a significantly smaller amount of variations of the quasi—Fermi level
splitting than the polycrystalline ones. The variations of Ay turns out to be significantly
higher in samples grown under Cu-rich conditions, for both deposition methods. This
trend for Cu-rich samples is attributed to locally fluctuating amounts of Cu-excess dur-
ing the deposition process, caused by secondary phase Cu,Se crystals on the CuGaSe,
surface.

The band gap variations are considerably smaller than those observed previously in poly-
crystalline Cu(In,Ga)Se, samples. The band gap variations, observed in the ternary com-
pounds studied here, are attributed to strain effects in the absorber layer. It can be ex-
pected that strain has a similar effect in Cu(In,Ga)Se,. Larger band gap inhomogeneities
observed in Cu(In,Ga)Se; can therefore be attributed to combined alloying and strain
effects, with alloying disorder having the stronger effect.

5.6 Summary

Several effects have been investigated with p—PL performed at different temperatures
and various excitation densities.

A number of 10 K #—PL measurements reveals that a third DAP transition (DA3) is found
to be spatially independent from the DA1 and DA2 peaks typically seen in epitaxial
CuGaSe; samples. In some cases, it is, however, not possible to unambiguously ascribe
this peak to the DA3 transition. In these cases it seems that the peak is a mixture of the
DAS3 peak and a phonon-replica of the DA2 peak. In relation to this study it is important
to notice that the appearance and size of structures depend on the excitation density used
in the experiment (see appendix B).

Luminescence due to radiative recombination via deep defects has been found at both
room temperature and 10 K measurements. It is revealed that this low energy lumi-
nescence is spatially anti—correlated to BB and EX recombination, indicating that these
defects are deleterious for the performance of the material.

By p—PL and CL experiments it is found that the strain near cracks formed in epitaxial
layers is locally reduced. This leads to an increase of the band gap in these regions of the
layer. It is expected that strain variation in a similar way affect polycrystalline materi-
als. A band gap distribution in polycrystalline CuGaSe; similar to the one found in the
cracked epitaxial layer confirms this.

Several p—PL measurements of the effect of Cu,Se on the absorber material reveals that
the presence of the secondary phase enhances the material quality of the underlying
CuGaSe; absorber by reducing the local defect concentration. It could be demonstrated
that this is related a local increase of the Cu—excess.
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The aim of this thesis is to study various types of inhomogeneities in chalcopyrite CulnSe;
and CuGaSe;. In order to achieve this epitaxial layers of these materials have been grown
by MOVPE on GaAs. This is done in order to study the material without the influence of
grain boundaries. A large part of this work has therefore been focused on the develop-
ment of a growth process for fabrication of high quality samples. This has been achieved
through a series of growth experiments varying various parameters.

The main tool for basic characterization as well as advanced investigations applied in this
work is photoluminescence. Photoluminescence is used as a tool to monitor the influ-
ence of growth conditions during development of the growth process. But the technique
is also used in more detailed studies of the properties of Cu—poor as well as Cu-rich
chalcopyrites. For Cu-poor materials this has given a deeper understanding of potential
fluctuations as a function of temperature.

When the spot size of the exciting light source is reduced to less than a ym and the pho-
toluminescence measurement is performed with spatial resolution detailed studies can
be performed. Spatially resolved photoluminescence has been proven in this work to be
a powerful tool to investigate inhomogeneities in chalcopyrites. Especially the effect of
CuySe on the surrounding material properties should be emphasized as an interesting
result.

Experiments of different character have been performed in this work. The main conclu-
sions that can be drawn from these studies are summarised in the following.

Growth Experiments

A MOVPE process for growth of epitaxial CulnSe, and CuGaSe; on GaAs(001) is suc-
cessfully developed. Low temperature photoluminescence is used as a tool to control
the process ex situ and understand the effect of various growth parameters. By taking
advantage of the ability of PL to provide information about the sample composition,
it is possible to adjust the process parameters and fabricate samples with the desired
composition. The process recipe is improved through a series of optimization growth
experiments where the influence of various parameters is tested. This made it possible to
grow epitaxial CulnSe; and CuGaSe; with a wide range of compositions from Cu—poor
to Cu-rich.

A study of the growth dynamics at 570°C demonstrates the importance of the growth
temperature. By study of four samples grown with the same recipe but for different
growth times, a model for the dynamics of the growth is developed. A recipe developed
to obtain Cu-rich samples after four hours of growth is used in this study. It is shown
that the sample composition develops from Cu-poor to Cu-rich with increasing process
duration under these conditions. This is explained by supply of Ga from the GaAs sub-
strate due to decomposition of GaAs. The additional supply of Ga especially affects the
composition of the thinnest layers. Interestingly, this evolution of layer composition does
not lead to an in—depth gradient in the final samples. The depth profile shows a very
uniform [Cu]/[Ga] ratio. This is explained by the very high diffusion coefficient of Cu,
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which rapidly homogenizes the layer composition at the growth temperature.

When chalcopyrite grow under Cu-rich conditions a secondary Cu,Se phase appears on
the surface. The epitaxy of CuGaSe; is not obstructed by the presence of the secondary
Cu,Se phase on the surface. EBSD measurements indicate that Cu,Se is converted contin-
uously to CuGaSe; during the epitaxial growth. There is no reason to assume a different
behaviour for CulnSe; regarding the effect of Cu,Se.

Potential Fluctuations In Chalcopyrites

One type on inhomogeneities studied with photoluminescence are potential fluctuations
in Cu—poor chalcopyrites. Three approaches have been applied to estimate the average
amplitude of the potential fluctuations at 10 K. These are investigation of the peak posi-
tion, analysis of the low energy peak shape and monitoring the shift of the peak position
with increasing excitation density. Samples with different Cu—deficiencies are investi-
gated and it was found with all evaluation methods that the fluctuation amplitude in-
creases with decreasing [Cu]/[III] ratio. An average fluctuation amplitude at 10 K of ~
20 meV is estimated for almost stoichiometric material increasing to ~ 60 meV for the
most Cu—poor sample studied in the series with [Cu]/[Ga] ~ 0.84.

The temperature dependence of the potential fluctuations is interesting since it is often
assumed that these fluctuations remain at room temperature. Temperature dependent
PL performed from 10 K to 300 K reveal a non-monotonous shift of the PL peak with
increasing temperature. When the temperature is initially increased from 10 K to around
75 K the peak red shifts. This is explained by an increase of the effective potential fluc-
tuations due to collection of charge carriers in deeper valleys. As the temperature is
increased even further the peak shifts to higher energies indicating that the fluctuations
are flattened by thermally excited charge carriers. At room temperature the PL peak po-
sition becomes independent of the excitation density. Evaluation of the absorption edge
from room temperature PL measurements show no change with the excitation density ei-
ther. This indicates that potential fluctuations are screened by free charge carriers at room
temperature. In slightly Cu-poor material the fluctuations totally disappear at elevated
temperatures. In samples with larger Cu—deficiency the fluctuations seem to remain even
at room temperature, but the magnitude of the fluctuations is significantly reduced to a
few meV if present at all. Previously it was often assumed that potential fluctuations
in Cu—poor chalcopyrites affect the solar cell performance (see e.g. [16, [17]). The result
presented here clearly shows that potential fluctuations are not expected to affect the
performance of solar cells operated at room temperature.

Spatially Resolved Photoluminescence

In this work spatially resolved photoluminescence has for the first time been applied
to study epitaxial chalcopyrites. With this approach inhomogeneities not related to the
polycrystalline structure can be investigated. By study of CuGaSe; without indium it is
furthermore possible to study a material without effects related to alloying disorder. The
investigated inhomogeneities are therefore of very fundamental character.

It is demonstrated that spatially resolved photoluminescence with micrometer resolution
is a powerful tool to study inhomogeneities in chalcopyrites. Several effects have been
investigated with y—PL performed at different temperatures and various excitation den-
sities. At low temperature spatial variations of defect related transitions can be studied.
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When performing the spatially resolved PL experiment at room temperature it is possi-
ble to analyse the results applying Planck’s generalized law of radiation. This opens the
possibility to investigate variations of quasi—Fermi level splitting and band gap.

n—PL measurements performed at 10 K provide information about the spatial distribution
of DAP transitions. A third DAP transition (DA3) is found to be spatially independent
from the DA1 and DA2 peaks typically seen in epitaxial CuGaSe; samples. This confirms
the conclusion from previous CL studies that the DA3 transition is not a phonon replica
of the DA2 peak. In some cases, it is, however, not possible to unambiguously ascribe
this peak to the DA3 transition because it occurs highly correlated with the DA2 peak.
This probably occurs due to the overlap of a phonon-replica of the DA2 peak and the
DA3 transition.

A broad peak around 1.35 eV was found on some CuGaSe; samples at both room tem-
perature and 10 K. This peak is ascribed to radiative recombination via deep defects in
the band gap. A 10 K photoluminescence measurement reveals that the spatial appear-
ance of this peak is highly anti correlated to the excitonic luminescence. A similar room
temperature measurement show that the 1.35 eV peak is spatially anti correlated to the
quasi—Fermi level splitting. These results both indicate that the defects related to this
peak are deleterious for the performance of the material.

It is realized that cracks often observed in CuGaSe; layers grown on GaAs are easily iden-
tified in spatially resolved y—PL measurements. In both p—PL and CL experiments it is
found that the strain near the cracks is locally reduced. This leads to an increase of the
band gap of the layer near the cracks of around 10-20 meV. It is expected that strain vari-
ation also affects polycrystalline materials. A band gap distribution measured for poly-
crystalline CuGaSe; of Arwpm(Eg) = 5 meV similar to the one found in the cracked epi-
taxial CuGaSe; layer (Arwum(Eg) = 6 meV) is in agreement with this expectation. It can
be expected that the strain effect investigated here has a similar effect on Cu(In,Ga)Se>.
The band gap variations measured in epitaxial and polycrystalline CuGaSe, are consid-
erably smaller than those observed previously in polycrystalline Cu(In,Ga)Se, samples.
Larger band gap inhomogeneities (Arwpm(Eg) = 5 — 13 meV [11} [166]) observed previ-
ously in Cu(In,Ga)Se; can therefore be attributed to combined alloying and strain effects,
with alloying disorder having the stronger effect. The band gap variations measured in
chalcopyrites in this and previous studies are, however, so low that the effect on device
performance is limited [9].

Several y—PL measurements of the effect of the presence of Cu,Se on the absorber ma-
terial have been presented. It is demonstrated that CuGaSe; in areas around the Cu,Se
crystallites display higher excitonic recombination at low temperature and larger quasi—
Fermi level splitting than the surrounding material at room temperature. This indicates
that the presence of the Cu,Se secondary phase enhances the material quality of the un-
derlying CuGaSe, absorber by reducing the local defect concentration. By consideration
of the spatial variation of the DA2/DA1 ratio it could be verified that this enhancement is
due to a higher local Cu—excess at the Cu,Se locations during growth. The result shows
that material grown under Cu—excess has superior material quality compared to Cu-—
poor material. There are furthermore indications that this effect remains in material with
a Cu-poor composition after passing through a Cu-rich growth stage. The effect of the
Cu—excess could therefore be a part of the explanation for the importance of a Cu-rich
growth step in the widely used three stage process.
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