[ ard Ja A aa J a =
miﬂgmmzmimamgmzmwwmmwawNﬂaﬂyﬂaiaumﬂn"lﬂmallummmammnm

] [ 4 4
ﬂmmwgmmmuimimmaﬁﬂumimf"luﬂ

‘a Y |
AUEINENINEING
O A LR 1RO -
Q PR B B
q auwmymlana  madnand
AUZINGIANAAT  PNAINTANUNIINGAY
msfny 2553

a a £ t4 a @
AVANTUDIPWIANNTUUWIING1AY



GROWTH AND CHARACTERIZATION OF HIGH QUALITY CulnSe,
EPITAXIAL THIN FILMS ON GaAs SUBSTRATES

ul

R ﬂiﬁmﬂiﬂﬁﬁmﬁ?m

Depdrtment of Phy
Chulalongkorn Unlver3|ty
Academic year 2010
Copyright of Chulalongkorn University



Thesis Title

By
Field of Study
Thesis Advisor

Thesis Co-Advisor

GROWTH AND CHARACTERIZATION OF
HIGH QUALITY CulnSe, EPITAXIAL THIN
FILMS ON GaAs SUBSTRATES

Mr. Bancha Arthibenyakul
Physics




iv

@ a s 4 da a
Wsliyy1 eBwygIna © MIdgnuazmsmanyazmwizvesiavunnelieisuinsy

lada TusuuueRumndgunmgeuuususesiuunaidouoriislud. (GROWTH AND
CHARACTERIZATION OF HIGH QUALITY CulnSe; EPITAXIAL THIN
FILMS ON GaAs SUBSTRATES) 0. fitinu1imentinusndn : wet. as. Indwad

9/ o d a

a a a LAl . a Y
RATINITU, D. ﬂlﬁﬂy']'ﬁﬂﬂ']u‘wuﬁi"m . 9. A.FYINY WYNTNIT, 111 v,

LY L)

b 4
msdsznounedileidudonladd ludunzdnassivesmstsenouriiatiflutaaddy

q

a

ay g Y o o ¥ - d a = 1 Qs
nldgnldhdlusugandunmelumadgsovdssansamgs anudlaluguauiananeniwn

> o D, Fi— A o o = 2.
aaenviana lnnisiasewersieaulinguindwesressluniswaniaqll wensini
o HW Y b sl e v ¥ a ¢ a a2 gy
anuase lun s aaanasli il weudy fesuy nseseudavnwyueNumnda 14
A 9/ g 4 = = da a aa 4 =2 [} Y
gnidenldluauiednodati peeiunngneililesduwnen ads luagnins ouvuukuse iy
4 4 a o a o @ [
unadeyesia lud001) I&un dan1aas vuddui e winndd Iuenaludadiuvessia
1 s =y a ' @ & A o a8 a d [
A19 9 AUUAZNITUIUMSIIEUNUPNATINTE. FINUL FagUNIAIMSIRsUVUBIANATOUNAINY
(Y = o i 4 ' = g
guwvazeunduliay s il 95 149015 unTosllagrolumsssouday  Tagmanisnaass
Y I 1 o A o [ " 's Y Qs [} . a -
saadvimud Aduthsalesguuyudaaauaesiilesmnuaz Indifssdaausssumnaezll
b4
=g as - o o 1
FULIUMSREALUBANAT I UNG 1 IUG SULAERILN AU N AN Y N5 281UANA1NINNISIAS BY
a A Ada o =3 2 i 4 a o as
mudadudunlisnduzdiugnan g FWdunwonaelilefinfiasnnssiudiuaes
sa aa I3 daa 71 a 4
msisznevneilessulfoyladd luauazaislsgne unelilesad luadiwAunauisagn
o a Y9 = - - ;:3 Y a 1 v
miiaven lWdeasazars ITnundmes ot lustazvuduguglurusesiy Tavaisisznoy
Jaa s o a o "o DS b= I s a
ao1lilesda ludidluasisensudagyivih It ldiduguamguasiluaungndnvesmsiia
1Y 4 g = o a3 L a s o ) ' 2
ANV QNAA HileEIATIMAIIIAN. o IUW AR el 004y AHemslseney
n:y ' a & & = = a o Y a :‘z ' 4 a aa I'4
legnadluidifignessunaziluamaivihldinadsusesden sthiloSunadoyladd lud uay
1 ) b d
wudnesie e gamguukns o UMINg 430 esruaaidod 9l ldasaduaue
o 21 L4 a = L4 9/ =Y 4
wusiassmawsssdavinuenunnguuuaeilulesuinld Tasnalnvesnssuaumsieseuday
' aae o o 4 2 o, o s ¥ v
vy ey A fidT el W1 WE UL fnoullUe S fishilae @ TRIR du A dununIngs
I as s 1 a ¥ o a = I L4
msisepeuasilidesanludanimfuse susnudumeuudanailteislsenouasililes
a a aa 4 dy G s 1 a [ '
auponlaadlud uazuenaindl ndlnniswSsuiaumuuuaessangnaaulasainsasae
) < g - 4 d S W ¢
Sl yenmmmvesiaula Tagviell AU ueRunnankmsaune 1dasatapilileiun
Y 2 Ao = s A s = a A Y I
HERIaNYMEURd IASINANNUAUAINGY InvagnHdunyhmamssuTudadiuon 9 uwaadliinu

&£ ' £
daanuunnsalulasanan

M1 Adnd . awile¥e 9.1 nu M Inniinusvan

& =2 3 3 = = 1
Unsdnut 2553 . aeilede 9.1 nu Ineiinussau




##4672313023 : MAJOR PHYSICS

KEYWORDS : CulnSe,/ CuySe/ Epitaxy / MBE / RHEED
BANCHA ARTHIBENYAKUL : GROWTH AND CHARACTERIZATION
OF HIGH QUALITY CulnSe; EPITAXIAL THIN FILMS ON GaAs
SUBSTRATES. THESIS ADVISOR : ASST. PROF. SOJIPHONG
CHATRAPHORN, Ph.D., THESIS CO-ADVISOR : CHANWIT
CHITYUTTAKAN, Ph.D., 111 pp.

CulnSe; (CIS).and.its.alloys areithe iniporiantinaterials that have been used as
an absorber layer imshigh efficiency thin film solar celis. The understanding in its
physical propertiesg#f@ind growth ‘mechanism are very essential for material
improvement and thesteproducibility is Recessary in this study. The epitaxial growth
is thus chosen for this work The CIS: epitaxial films arc grown on GaAs (001)
substrates by molegular beam spitaxy tecilnique in various compositions and growth
processes. Reflection high energy elecﬁ;on‘f diffraction (RHEED) and pyrometer
signals are applied/@as the in-situ monitoring tools in this growth. The results show that
the Cu-rich and near stoichioretric films diéblé& the streaky RHEED patterns unlike
the Cu-poor films. The Cu-rich'films are 'ﬂf:e"'combination phases between the CIS
compounds and the excess.Cu-Se phase ﬂ}atéan be removed by KCN aqueous
solution and is dependent upon the substraj[g_r_t_c.ri;lperature. The best phase of Cu-Se
that plays the important role in the high qua.lit}-' ﬁdims 1s the Cug Se which is the main
cause of the undylatiofstructure and rectangular-shape protrisions in the two-stage
films. The excess-Cu;.,Se can reside everywhere in the growing films and results in
the presence of CuGaSe; interface layer that disappears when the substrate
temperature is below430°C. The growth model of the Cu-rich CIS epitaxial films can
be propesed. The'mechanism/of the two-stage growth process that is'evolved from the
Cu-rich films which demonstrates the high quality precursor is the incorporation of In
and the excess Cu-Se compounds: The mechanism=of the proposed medified two-
stage can enhanee the'structural quality of the films. The epitaxial films\grown under
the Cu-rich conditions present the high crystallinity whereas the other conditions

reveal the many defect complexes.
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Chapter |

Introduction

1.1 Overview

At presence, the researches promoting.renewable energy resources based on
photovoltaic (PV) solar.energy have received much.more attention. The research and
development efforts.have been.shifted gradually toward two other polycrystalline thin
film materials: copper‘indium di-selenide (CulnSe;) and cadmium telluride (CdTe)
based solar cells [1]..€uinSe, (CIS) and its alloying compound e.g., Culn;.xGa,Se;
(CIGS) have attracted €onsideraple interest for thin film photovoltaic devices. The
CIGS acts as an ahsorberwith highest absérption coefficient compared to that of other
PV materials as shown in Fig. L.1. A bépd ‘gap energy of about 1.0 to 1.7 eV (at
300K) can be adjusted by varying gallium“e_ontent from 0% to 100%, which makes it
possible to achieve high conversion efficiérit':y"in devices. The best CIGS thin film
solar cell has reached a ¢onfirmed conversid:ﬂ-efficiency of about 20% [2]. The CIS
solar cells started with the work done at Bellﬁtbd.r‘atories in the early 1970s while its
synthesis and characterization‘ were first rep'c:fr'ggd’bry Hahn in 1953 [3]. The single
crystal growth was proposed but it was difficult tC-) grow high guality crystals. Boeing
demonstrated the-thin-films growth-method that began to receive a lot of attention by
using evaporation-from separated elemental sources [4]. By-this technique, the films
with desired compositions and suitable electronic properties-can be obtained. After
that, CIS compoundsiwere widely studied invarious growth methods such as melt and
metallic.solution growth, melecular beam epitaxy (MBE), liquid phase epitaxy (LPE),
halogen vapor phase epitaxy (VPE), hybrid Sputtering and evaporation, metalorganic
vapor phase epitaxy (MOVPE), ¢hemical spray pwrolysis and etc. [5 = 11]. To
Improve thes.energy " conversion | efficiency,  the understanding in=fundamental
properties of material and growth mechanism is essential. It is known that the
crystallographic structure of CIS or CIGS for the best solar cells should be
chalcopyrite structure. There are many growth processes and growth models proposed
for growing polycrystalline CIS and CIGS of this structure. However, the
polycrystalline forms are complicated to study the fundamental properties while the
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bulk single crystal growth is hard to reproduce [12]. To solve this problem, the
epitaxial growth is the way that can deposit the high quality films with high
reproducibility.
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1.2 Literature Reviews

Since the CulnSe; epitaxial films can be grown by various techniques that
each technique has different advantages. In 1986, Schumann et al. [14] grew CIS
epitaxial layers on different substrates by flash evaporation, LPE and MBE. They
concluded that the substrate properties under constant growth condition affected the
epitaxial growth, e.g. the kKind of epitaxy, the temperature range of the epitaxial
growth, the occurrence of polyerystalline paris-and the presence of other phases. In
addition, it had been suggested that a small deviation in the c/a-ratio from ideal value
led to a smaller misfitwhichsplayed an important role in epitaxial growth. The effect
of composition [Cul/[ia] ory ratio of the epitaxial films and substrate temperature
were investigateddn 1994 - 1995 by Niki and his colleagues [15 - 18]. In their work,
the CIS films with y' = 0:81-1.81 were gfq\;vn on (001)-oriented GaAs substrates by
MBE at substrate temperatures of 350 - 5‘x50°.C. MBE is a thermally non-equilibrium
growth process under ultra-high vacuum ([J,HV). The grown films were characterized
in composition of the films by electron brobé micro-analysis (EPMA), crystallo-
graphic structure by X-ray diffraction (XRD), structural properties by transmission
electron microscopy (TEM); €électrical propértiés_}by Hall measurement and optical
properties by photolumineseence (PL) sﬁéptrpscopy. Furthermore, the in-situ
reflection high-energy electron diffraction (RHEE_D) wasalso employed for structural
investigation during-the-growth.Fhey-had-reported-that-MBE was a powerful tool for
investigating the intrinsic defects in CIS and there were substantial difference in
chemical nature for Cu-rich (y > 1) and Cu-poor (y < 1) films. The Cu-rich films were
p-type semiconductor and showed the streaky RHEED patterns and sharp PL
emission lings that suggested ithe highiquality epitaxial films..On the“other hand, the
Cu-poor films“were-highly resistive'and showed dominant broad ‘and 'strong emission
lines that suggested the defect .complexes in the films. Moreover, they had
summarized<.that ".the. MBE “growth parameters £such. /as {substrate’ temperature,
suggesting deminant defects in“CIS epitaxial films could ‘be"controlled by'varying the
growth conditions. Normally, the lattice mismatch between CIS films and GaAs
substrate is about 2.2% that results in a large number of misfit dislocations. So, the
pseudo-lattice-matched substrates were proposed in the CIS epitaxial growth for the

lattice mismatch reduction in 1996 [19]. The results showed the narrower linewidth of



CIS (008) in comparison between the normal substrate and the pseudosubstrate.
Besides, it indicated that the reduction in the misfit strain by using pseudosubstrate
was made possible for the growth of high quality CIS epitaxial films which was
verified by the strong free exciton emissions and the decrease in the intensity of the
defect-related emission lines. In 1997, the high purity CIS heteroepitaxial layers were
successfully grown by low-pressure MOVPE technique [20]. The samples showed the
near-band-edge PL spectra that could be observed until the room temperature. The
alternate-feeding physical vapor deposition (AE=PVD) was one choice of technique
that could grow the high optical quality CIS epitaxial films which was presented by
Chichibu et al. in"1998 [21}- The results demonsirated the importance of stabilized
CIS solute and CugsSe solveni concentrations to obtain the improved film quality. In
addition, it was propesed the melthack-of the substrate that because of the existence of
liquid-phase Cu,.Se. Fhe gffect of Cu, Se phase in Cu-rich CIS epitaxial films was
directly observed in 1998 and 1999 {22, 23]. It was coneluded that Cu,.xSe in the Cu-
rich CIS films was an important surface imparity which played an important role in
strain relief so as"to obtain high quality €IS epitaxial films. Migration-enhanced
epitaxy (MEE) whichiwas a variant:of I\/IBE hadr been suceessfully employed to grow
the CIS epitaxial films in 2002 {24}. There were two essential features distinguished
from the conventional MBE _technigue: (1) se’quentlal rather than simultaneous
exposure of the substrates ‘1o - cationic and-anionic fluxes and (2) a fluxless
“relaxation” step: between each exposure. In 2003, Rega et.al. [9, 25] studied the
growth parameters and structural properties of CIS epitaxial films that were grown by
horizontal reactor MOVPE. They could grow the high quality CIS epitaxial films and
presented that the Optimum growth temperature at a reactor pressure of 50 mbar was
500°C. For higher temperatures, Ga diffusion occurred and huge pyramidal voids
appeared’ In the GaAs/CulnSe; interface. In addition; some polycrystalline regions
could be‘detected at lower temperatures. The effect of Cu-Se secondary phase on CIS
epitaxial films was observed again by Yoon and his“colleagues in 2005+26]. They
grew the CIS.epitaxial films on.GaAs (001) substrates with various compasition ratios
using MEE technique. The results showed that films grown under Cu-poor conditions
were polycrystalline, whereas the films grown with a Cu-rich composition were
epitaxial. Moreover, it was proposed that a Cu-Se phase presented during the growth
of Cu-rich films enhanced the mobility of adatoms on the substrate surface which was

the key that allowed the films to grow epitaxially over a critical thickness. The



sputtered Cu-poor CIS epitaxial films were demonstrated in 2006 [27] to study the
fundamental material properties. The Cu-poor CIS films were synthesized on different
orientations of GaAs substrates by a hybrid co-sputtering Cu/In and evaporation of
Se. It was found that the obtained epitaxial films had similar properties as the
polycrystalline films and showed good quality single crystal films. The interdiffusion
between CIS films and GaAs substrate as well as characteristic stacking fault, twin,

dislocation, faceted second phase and Kirkendallvoid structure were also observed.

1.3 Motivation and Scope of the Research

In the recent years, the high conversion efficiency CIGS-based thin film solar
cells were achieved bysa two-stage growth process while @ new world record of
conversion efficiency CI1GS-based thin filr;n] solar cells were prepared the layer using a
three-stage process with multi-source evaporation technique. The two-stage process is
the basis for the thrge-stage process. For o[j!,r CIS and CIGS films, the high efficiency
of approximately 14% are grown By the two-‘s‘tage process and approximately 16% by
the three-stage process with the. y ratios just about less than unity (~ 0.9). High
efficiency cell has never been-achieved using & single-stage process. In order to
investigate what is going on ifi the crystali browth process of these chalcopyrite
semiconductor-materials, especially CIS, oné neeJ forgrow them-with high quality and
high reproducibiity.-Since-a-single-crystal-of this-materialis guite difficult to grow
with high reproducibility compared to its form of thin films,“the epitaxial CIS (no
gallium) films on GaAs (001) substrates by MBE technigue using a single-stage
process and a two-stage process are performed to observe its physical properties, e.g.
surfacesmorghology, optical responseiand erystal structure of the, CIS epitaxial films.
In the preliminary-works, the CIS-epitaxial-thin films-up to abaut1l.5 micron thick
could be grown indicating that the survival of epitaxy (confirmed by RHEED pattern)
which was very surprising-despite the lattice. mismatch of 2.2%. It is nofed here that
the pseudo-lattice-matched ‘substrate was not ‘used togrow the-epitaxial thin-films as
in others” work. Thus, | am interested in trying to understand and explain the nature of
the growth mechanism for this material. 1 proposed to grow the CIS epitaxial thin

films by varying the ratios of Cu to In both in the single-stage and two-stage



processes. Finally, I will propose the growth model and a modified two-stage growth

process that can be used to improve quality of the films.

1.4 Objective of the Work

The objectives of this research are:

o To grow CulnSe, epitaxial thin films.on GaAs (001) substrates by MBE
technique using In-situ-monitoring systems and RHEED.

0 To obtain key parameters and growth conditions in order to explain growth
mechanisms ofshigh guality CulnSe, epitaxial thin films on GaAs (001) by
MBE techniguegs

o To determine physical properties of the obtained CulnSe; epitaxial thin films
on GaAs (001). g

1.5 Dissertation Qutline

This dissertation i composed of five chapters. In Chapter 1, | introduce the
overview, motivation and scope of this reseérch"lfénd the objectives of this work. In
Chapter Il, a literature survey-is presented on the theoretical relevance of CulnSe;
material, Cu-Se.¢ompounds and CuGaSe, material. The meaning of epitaxy and the
fundamental principle of MBE system which is the main tool used to deposit the
epitaxial films as well as the apparatuses equipped in the MBE system are described.
In Chapter I1I, the experimental procedures of sample preparation comprising the
substrate preparing procedure, the calibration<of the molecular constituents and the
films composition.and the deposition technique of epitaxial films, for example, single-
stage process, two-stage process and etc., are discussed in details. The details of
characterization technique used_in this work for physieal investigation are“mentioned
in fundamental principle. In Chapter IV, the experimental restlts of each deposition
technique are shown and discussed. In the first section, the results of near
stoichiometric films and Cu-rich films grown by single-stage process are investigated
for their crystallographic structure, surface morphology and optical responses using
XRD, AFM, UV-VIS-NIR spectrophotometer and PL measurement, respectively. The
effect of substrate temperature is also introduced and the growth model of Cu-rich



films that are the precursor for two-stage process is proposed in this section. The
characterization and growth mechanism of two-stage process are discussed in the
following section. In the next section, the results and discussions of the newly
proposed growth process are demonstrated and the summary of the growth is
described in the last section. Finally, in Chapter V, the most significant results are
summarized and the conclusio dire luding the suggestions for the future
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Chapter |1

Theoretical background

This chapter begins with the background knowledge of the properties of the
materials, especially CulnSe,, Copper-selenide and CuGaSe, which can be found in
the Cu-rich films are alse-introduced. The meaning-and the category of the epitaxial
films are defined in the nexi.section. F}nally, the details of molecular beam epitaxy
and other accessories thatusedto prepare the sample in this work will be described at
the end of this chapter.

2.1 Copper—indium-diseleriiéle (CulnSe,)

2.1.1 Crystallographic properties of CulnSe,

CulnSe,, or abbreviated eaking as €IS, is one type of AB"'C"; ternary
semiconductor which nermally crystallizes in Q,':chalcopyrite (CH) structure where
A=Cu, B=Inand C = Se. The CH structlﬁe;ié a superlattice of cubic zincblende
(ZB) structure which _can be systematically bﬁh’sﬁt]c’ted starting from a face centered

cubic structure. <The ZB structure which has the space greup symmetry F43m,
consists of two-interpenetrating face centered cubic lattices. The two sublattices are
displaced by one guarter of a body diagonal line and each sublattice sites are occupied
entirely by one type of atom. These types may be considered as a cation and an anion
sublattiee: Hence,reach-atom in lattice;site.is-tetrahedrally-surrounded by four atoms
of the other type that depicted in Fig. 2.1(a).

In“case of the CH structure, it can be obtained by doubling the ZB structure
along the'z-axis_and«filling thelattice sites according ito the:following: Thelanion
sublattice is‘occupied by the V-atoms while'the cation sublattice is'shared by the I-
and Ill-atoms. In consequence, each C anion is coordinated by two A and two B

cations and each cation is tetrahedrally coordinated by four anions. The CH structure

shows the space group symmetry 142d and its crystallographic structure is shown in

Fig. 2.1(b). The observed structural features from real CH compounds are slightly



different from those obtained theoretically from this construction rules. The unique
properties of the CH are related to three differences with respect to the ZB structure.
First, there are two cation sublattices rather than one, leading to the existence of two
basic chemical bonds A-C and B-C, with generally unequal bond lengths RAC #
RBC. Second, the unit cell is tetragonally distorted with a distortion parameter n =

amount u in direction of the x-axis. , ' d electronic properties of the CH
are governed by the added structura ‘ @(A # B) degrees of freedom
relative to their bin ' / I and optical band gap of
of ' 11614 A, the tetragonal

eter u = 0.224 and the
28, 29], respectively.

CulnSe, are the ¢
distortion paramete

observed lowest band ga
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Figure 2.2: Phase diagram of the CusSe-IngSes pseudobinary system [30].

2.1.2 PhaseEquilibria of Cu-In-Se system

CulnSé;_:epitaxial thin films can be prepared by a varii‘é_t).l of methods such as
molecular beam epitaxy, hybrid sputtering and evaporation, rri’etalorganic vapor phase
epitaxy and etc. The method used in this dissertation is the " molecular beam epitaxy
which is a physical ce-evaporation of the “elements in a vacuum system. For this
purpose, the phase- diagram of Cu-In-Se system along the pseudobinary Cu,Se and
In,Ses will be considered here. A schematic of the phase diagram of the pseudobinary
system is shown in Fig. 2.2. The phase diagram shows that the crystal phases of Cu-
In-Se materiali are_dependent on temperature and compaosition. The o.and & phases
belong to the chalcopyrite and sphalerite crystal structures, respectively. The 3 phase
crystallizes in an ordered defect compound (ODC) of solid solutions within a
composition range bounded by CuzIns;Se; and CulnsSeg [31]. The CulnsSeg compound
is tentatively included in the y phase with a layered structure. The atomic ratio of Cu

to In ([Cu]/[In]) is the important parameter that relates to the composition of Cu-In-Se
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system. The phase diagram exhibits that CH CulnSe; lies between a stoichiometric
composition of 50 mol.% of In,Se; to In-rich composition of about 53 mol.% of
In,Ses. The corresponding value of [Cu]/[In] for this phase extends from 1.0 and 0.9.
In the case of [Cu]/[In] is greater than unity or Cu-rich, the phase diagram
demonstrates the mix phases of CulnSe, compound and secondary Cu,Se compound.
The Cu-Se compound in Cu-rich CulnSe,, especially Cu,.xSe, leads to large grain

sizes and examines the high quality of structuraliproperties [32, 33].

2.1.3 Defects in. CuinSe, '

In the depositien process, it is difficult to obtain the intrinsic CulnSe, films
due to the self-dopingimechanism. When the compound is being formed as the film, it
chooses to be either p-for n-type depending on the composition of the films. The
defect of CulnSe, filmssis oceurred by;tr;is mechanism. Rincon et al. [34] have
proposed the defect sehemistry.‘model Qf CulnSe, for its nearly stoichiometric
compound. Theresare /twa main parafneters for deseribing the deviation of
composition from the ideal and suggesting the possibility of major defect pairs. The
molecularity deviation (Am) is the-first para'm'éter that used to determine the deviation

of Cu and In from the narmal.CuinSe,. The déﬁiﬁifi‘on of this parameter is

Atn 4 1 2.1)

where [Cu], [In} are-ihe-iotal-atomic-concenirations-of-Cuant In. There are two
suggestions from_this parameter. In the case of Am=>0, the composition of the
compound is Cu-fich. On the other hand, the composition of the compound is In-rich
when Am<0. The stoichiometry deviation (AS) is another parameter that used to
determine whether there iIs an execess (AS>0),or deficiency (AS<0) of selenium. This
parameter. can be defined as

N | 2.2)
[Cu]+3[In]

where [Se] is the total atomic concentration of Se. The possible majority defect pairs

and their formation energies in CulnSe, compound are shown in Table 2.1 and Table

2.2.



Table 2.1: Majority defect pairs of CulnSe; under In-rich condition (Am<0) [34].

Majority defect pair
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2.2 Copper-selenide (Cu-Se)

Cu-Se compounds are usually found in Cu-rich CulnSe, system. It is well-
known that the CulnSe; films grown under the Cu-rich condition generally yield the
high crystalline quality films but the Cu-Se second phase that formed on surfaces and
grain boundaries causes a short circuit during the diode fabrication when making the
p-n junction of the photovoltaic devices. The'phases of Cu-Se are dependent on the
temperature and the percentage of Cu and Se_ihat can be seen in Fig. 2.3. Cu,4Se is
the majority impurity phases in the Cu-rich CulnSe; films that grown simultaneously
with CulnSe,. It is amixed ionie-glectronic superionic eonductor with a homogeneity
range of 0 < x < 0.25" The'crystallographic structure of Cu,.Se has been studied

several times [35 - 39 strticttizal model of a-Cu,-(Se is proposed by consisting of a

cage of F43m symmetry, huiltby Se atoms in 4(a) sites and Cu ions in 4(c) sites, and
a mobile cation subsystem formed_ by tlfle remaining Cu lons distributed over the
interstitial sites. The B-Cuy (Se phase is é‘i,théf described as monoclinic or tetragonal
[37]. The ordering/of Cu ions in the ﬁ-phés_e results in a complicated superstructure.
However, it can be concluded that the Cu i'oh's in the CuysSe and the phases of them
play the important role in crystalline formérfien and physical properties of CulnSe,

films that is very sensitive to'the composition;':telzﬁﬁerature and deposition techniques.

2.3 Copper-gallium-diselenidé_(CuGaSeg)

CuGaSe,¢or abbreviated calling as CGS, is another type‘of A'B"'CY', ternary
CH semiconductor where A= Cu, B = Ga and C = Se. The values of structural and
optical band gap of CuGaSe, are the cubic lattice constant a = 5.614 A, ¢ = 11.032 A,
the tetragenal distortion, parameter, n, =, 0.9825, ,the.anion displacement parameter
u = 0.250 and.the observed lowest band gapsenergy E; = 1.68 eV (at-T = 300 K) [28,
29], respectively. The CulnSe, compound can be alloyed with the CuGaSe;
compound as-€ulny. GaySes-where x is thespercentage, of\Ga-atom in.compound. This
alloying compaound can vary the properties of crystallographic structure and band gap

energy that increases the potential for the innovative development of solar cells [40].
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Figure 2.3: Phase diagram of the Cu-Se system : (1) liquid + 3 Cu,Se; (2) Cu +
liquid; (3) liquid + Cuz-,S€; (4) Cuz.Se + quUid; (5) CuSe h.t. (high temperature) +
liquid; (6) o Cu,Se + Cuy4Ses (7) Cu,Se + CusSey; (8) CusSe, + CuSe h.t.; (9)
CusSe; + CuSe L.t."¢low temperature); (iO) CuSe L.t. + CuSe; [41].

2.4 Epitaxtat-filinas

Epitaxy comes from the Greek roots which can be Séparated as epi, meaning
above and taxis, meaning in ordered manner or to arrange tpon. So, epitaxy is the
word that describes the. method of depositing a monocrystalline films upon a
monocrystalline substrate. The deposited films are denoted as epitaxial films or
epitaxialdlayer. The epitaxial films may be grown from gaseous or liquid precursors.
The monocrystalline substrate acts as a seed crystal-that controls the lattiee structure
and orientation of.the deposited films identical to those of the substrate, \Epitaxy can
e classified in two kinds that examined by the materials of the deposited films on the
substrate. The first kind of epitaxy is homoepitaxy that the epitaxial films and the
substrate are the same as material. This technology is used to grow the films which
are purer than the substrate or to fabricate layers having different doping levels.

Heteroepitaxy is the second kind of epitaxy that the materials of the epitaxial films
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and the substrate are different. This technology is often used to grow crystalline films
of materials which single crystals cannot be obtained or to fabricate integrated
crystalline layers of different materials.

Because the crystallographic structure of chalcopyrite resembles the double
stack of zincblende structure and the crystallographic structure of GaAs is zincblende,
so the (001)-oriented GaAs can be used as the substrate for growing the epitaxial CIS
films. The important in-situ apparatus that usegs tormonitor the epitaxy is reflection
high energy electron diffraction (RHEED).

2.5 Molecular BeamEpitaxy

Molecular beamepitaxy (MBE) is one type of the deposition techniques for
growing high quality semiconductor materials that developed-in the early 1970s [42,
43]. MBE is the physical co-evaporation 7‘techniques that the environment of the
system is the ultrahigh vacuum (~1O'1°7 Torr) and very clean for obtaining the
unidirectional flows of atom or moleculés. The ultrahigh vacuum (UHV) is the
essential condition for the molecular beam fhat is related to the mean free path of the
particles of the element that used to grow the epitaxial layer. The mean free path of
the particle (x) in the vacuum chamber is much larger than its dimension that is the
important thing. The value of the mean free path can be estimated by [44]

SO
27pP  J2xg’NT

where ¢ is the“collision diameter of the molecule, P is-the pressure, T is the

(2.3)

temperature and N* is the molar density.

In this technique, thin films crystallize via reactions between thermal-energy
molecular: or:atomic beamsyof, source: elements; and the substratessurface, which is
maintained at-an elevated temperature. Each element is independent from each other
which contained in the Knudsen effusion cells (K-cell). K-cell is the_evaporation
source which consists of a‘pyralytic borantnitridey(PBN) cruciblé used &sithe’element
container, 'a“tantalum heater, a rotary feedthrough with"molybdenum®shutter and a
thermocouple. The proportion-integral-deviation (PID) programmable temperature
controller is used to control the precise flux of element in the K-cell. Since each
element can be independently controlled, the complex structures including

compounds that could not be found naturally or fabricated by other means can be
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obtained. For the precise control of compositional element profiles, the epitaxial
observation and reproducibility, the in-situ analysis tools are installed in the growth
chamber such as quartz crystal thickness monitor (QCM), reflection high energy
electron diffraction and pyrometer. The quartz crystal thickness monitor is the tool
which used to measure the flux of source that depends on the temperature for

compositional profile calculatio high energy electron diffraction tool is
used to observe the evol : i

structural information ¢ i the’

patterns which are tw | , | . diffracted differently by
periodic lattices. DyFoMme , . is used to confirm
compositional profile calcu / or the ¢ erature of the sample.
The schematic diagram of i " Wi | er in Fig. 2.4.

In Paste

e Gun
~]

-~ (GaAs Substrate

Pyrometer

Figure 2.4: The schematic diagram of MBE growth chamber.
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2.6 Quartz Crystal Thickness Monitor

Quartz crystal thickness monitor (QCM) is the essential tool which is used to
measure the rate of the elements for film growth. The change in frequency of a quartz
crystal resonator that is sensitive to additional mass can be used to determine the
deposition rate and the final thickness of the deposited film. In principle, quartz is one
member of a family of crysials that experiences the piezoelectric effect. When a
material is deposited onto the surface of the acoustic.resonator, the resonant frequency
decreases from the initial value. This frequency change can be quantified and
correlated precisely. to«the mass change using Sauerbrey's equation [45]. Since the
sensor and the samplesgencially cannot be in the same direction from the deposition
source and may not even besat the same distance from it. Therefore, the rate at which
the material is deposited on the sensor may.not equal the rate at which it is deposited
on the sample. The ratio of the two rates ié ]cjalled the tooling factor that represents the
different geometrical ;arrangement. In pra!ctice, the radiative heating of the quartz
detector via the heat fram the effusion cél_ls must be minimized by cooling water

because the change of quartz temperature results in an erroneous reading.

2.7 Reflection High*Energy Electron Diffraction

Reflection high. eneigy- electron diffraction (RHEED) is the important
analytical tool for characterizing thin films during sample préparation by molecular
beam epitaxy, since it is very sensitive to surface structure and morphology. It is
widely used to monitor removal of oxides from the surface and epitaxial growth of the
films. RHEED system is very simply which required, at the minimum, only an
electron gun, a phosphor.Screen and a clean surface that is shown in Fig. 2.5. The high
energy electron ranging from about 8 to 100 keV directly goes to the surface of the
film at grazing incident angle. Because of its small penetration depth, RHEED is
sensitive.to the atomic.structure.of the, first. few planes of a.crystal lattice. Diffraction
from'a periadic structure underlies the,patterns an phosphoriscreen. The diffraction
patterns that emerge on the screen are called RHEED patterns which can be explained
by the basic theory of Ewald construction. In the reciprocal space, the curvature of big
Ewald sphere compared to the dimensions of the unit cell of the surface reciprocal net
which determined by the conservation of energy is nearly flat. The intersection of the



18

Ewald sphere and the reciprocal lattice points determines the RHEED patterns which
diffraction conditions are allowed. The picture of the Ewald sphere construction is
shown in Fig. 2.6. The feature of RHEED patterns is dependent on the ordered
crystallinity and the surface morphology. Figure 2.7(a) shows the diffraction spots
from a highly flat ordered crystalline or ideal surface which appear along the Laue
circles. In realistic growth, the ideal surface .is difficult to obtain but the smooth
surface (a little roughness).can be possible..Because the small roughness introduces
the two-dimensional reciprocal lattice rods, the diffraction patterns become the streaks
patterns that can be seen‘in Fig. 2.7(b).‘\‘then the surface of the films becomes rough,
the incident electrons will pass ihrough the crystalline islands on the surface and the
reciprocal net becomes the three-dimensional lattice points, RHEED patterns then
exhibit the spot pgtte”rhs as shown in Fig. 2.7(c). Finally, Fig. 2.7(d) shows the
polycrystalline ring, diffragtion pattern from polycrystalline surface, which caused by

r -
the randomly orieated single crystals: T
‘|| 3
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i ! _.‘ _.:. :“VJ'PJ
'

)
sample phosphor screen

& viewport

Figure 2.5: The schematie diagram of RHEED apparatus.



19

Image
projection

———— — ==

7

Figure 2.6: THe schemat : onstr . which used to explain

gl By

EEEEE AP S R
e

1118 Asany

-

| 1 111
TTTTirRY
LT

AR AINSBY
i T

Figure 2.7: RHEED patterns from the different surface morphologies and
polycrystalline.



20

2.8 Pyrometer

Pyrometer is another type of in-situ apparatus which is used to calibrate the
composition of the films. It is a non-contact device that measures thermal radiation.
The optical system is combined to focus thermal radiation onto the detector. The

detected radiation intensity signal. is th nverted into a temperature by Stefan—

Boltzmann law

where j* is the inte | rad tiohﬂ ¢ is the emissivity of the
grey body, o is the«§ 30l e object’s temperature.
Emissivity is defing an object at a given

= 1) at the same
temperature. The em compensate the precise
temperature for di , .0. For all material, the
interaction of energy ¢ ‘ 1aNg¢ T 5d by of reflection, transmission
edl v ¢ of thermal radiation, the

absorption factor of A ¢ » ‘L iity. In realistic case, the
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Chapter Il

Sample Preparation and Characterizations

The epitaxial CulnSe; films are de“Egéi d on the GaAs (001) substrates by the
MBE technique. The most important factors _g,-gét high quality thin films are the
substrate preparation and precise contr?bof the-rﬁolecurar constituents. In this section,
I will explain how ._tlg__gtepare the srmples that_start from the GaAs substrate
osition

preparation and then processes Which con5|st of the molecular

constituents and the Tilms cos posmon libration as well as the deposition technique

of CulnSe; epit be explalned After that, all of samples will be
characterized by various, te n' ues wh'ose fundamental operation principles are
described in the“next Section Ihe exp rlm*ental procedures of this work can be

schematically descri

; -

single-stage
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-
|
v
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Figure 3.1: Schematic diagram of experimental procedures.

modified two-stage
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3.1 GaAs Wafer Preparing Procedure

The clear and pure surface of GaAs wafer is the important subject in substrate
preparation. Cleaning procedures will remove contaminations from the surface and
prepare the smooth surface of the GaAs wafer. The contaminants such as grease,
organic compounds and dust are removed from the surface. Steps for cleaning
contaminations are as followed:

1. Blow the compress nitrogen gas through the surface of GaAs wafer to

remove coarse dust particles.

2. Clean thegsubstrate-for 5 minutes In Trichloroethylene (TCE) in an
ultrasonic.bath tosremove organic contamination that might be left on the
surface from'the substrate production.

3. Clean‘the substrate for'5 minutes in acetone in an ultrasonic bath to further
remove @rganic contamination iemld residual TCE.

4. Clean the subsirate for 5 miﬁll.lteS' in methanel in an ultrasonic bath to
further remove organic contamiuunation and remaining acetone.

5. Thoroughly rinse “in ‘de-ionizéd-" (DI) water to remove any residual
methanol. Then blow-dry with cc‘m‘%press nitrogen gas.

A

Next steps of cleaning procedure are _tti:?;_chgmical etching that taken when one
needs to prepare smooth surféce of GaAs Wdféﬁ fhis step will generally be taken
before putting the-substrates-into-the-deposition-chamber-Etehants are the mixture of
98 weight percent sulfuric acid, 30 weight percent hydrogen peroxide, and DI water.
The volume ratios of these agents are (5)H250; : (1)H20, : (2)H20 [46]. The sulfuric
acid converts organig‘compounds to elemental carbon. The peroxide then oxidizes the
carbon {te carbon dioxideland /water. To etch.the GaAs wafer,the following steps are
taken:

1. Mix the etchant, H,SO# H,0,: H,O with_the ratio 5:1:1 ingce bath for

contrelling the mixture temperature.

2. Dip'the wafer for 1 minute'inthe etchant and agitating every 15 seconds to
remove metal ions and to oxidize the surface.

3. Dip in DI water pool and rinse in running DI water for 2-3 minutes to
remove etchant.

4. Blow dry with compress nitrogen gas.
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After the surface preparation of GaAs substrate is finished, the sample is
bound on the molybdenum sample holder (Mo block) by using a small amount of high
pure In solder. The Mo block is placed on the hot plate and kept at 160 — 180 C. The
GaAs substrate is put on the melted In that covered on Mo block and slid back and
forth along the surface, thus the substrate can be mounted firmly with the surface
tension. It is important to wet the entire surface to ensure uniform heating and to
prevent inclusion of gas between the wafer andthe Mo block. After cooling down, it
is ready to be installed in the deposition chambes:

3.2 Calibration gi'Molecular Constituents

Calibration of .the effusion cells should be done periodically to check the
effusion rate of.each constitugnt for getting the desired material. The calibration
measures the rate as a function of the Jqufusion cell temperature that is read by
temperature controllery The measurement‘fof the effusion rate is done by measuring
the deposition rate using the quartz crysta‘!l,thickness monitor (QCM) located on the
retractable arm under the substrate. In our MBE machine, the incident angles of all
beams impinging on the substrate are designed.to be about 15 degrees. The thickness
of the metal film is evaltated: from- the change of the frequency of the quartz crystal
and the known parameters of density and acc;p%tiq impedance of the source elements,
according to Eqg..3.1 [45]; -

= = i
d:qu—“[y“ il zh}(—“) : (3.1)
P 71 |

where d is the thickness of the evaporated film,
p, Is the density-ef the quartz (2.20 gem™),
p.is the density of the evaporated film,

v4-1s the resonant frequency of the uncoated crystal (6MHz),

v, nisitlTe resonant frequency: of the Crystal before the evaporation,
v, 1s the resonant frequency of the crystal afterthe evaporation,
|, is the distance between source and crystal,

q

I is the distance between source and substrate,
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N, is the frequency constant for a quartz crystal vibrating in the thickness

shear mode (1.668x107° cm/s).

For the QCM, | usually open the shutter and wait for a few minutes before
measuring due to an initial transient. Each evaporation source is calibrated at six or
more different temperatures in the range of working temperature to find the deposition
rate as a function of the effusion cell temperature. The relationship between the

deposition rate and the effusion cell temperature isigiven by
In(r) = a%+b, (3.2)

where r is the deposition rate (A/S), T is the effusion cell temperature (°C) and a and b

are fitting parameters thai€an be determined by the least-square fit method.
|

3.3 Calculatiof of the Film Depositions

After checking the deposition raté‘~lof-',all sources, the calculation of the film
deposition is necessarys before the grov:/th process. For the CulnSe, films, the
chemical compositiontis commonly definéd"bii the atomic ratio of Cu to In (y =
[Cu]/[In]). This main parameter-highly affe'c{'g the films morphology and quality. The
desired total thickness of the fifms-is anothé'rﬂpét.ameter which is used to assign the
thickness of Cu and In. Since Se vapor spr_eé:}_:i_s overall the growth chamber, so the
deposition ratevof Se Is typically set to OvérEreésure. Thescomposition and the

thickness can he-Calcutate-from-these-equations

N d. x xMtx AxN
y - Cu - Cu pCu i:lu A , (33)
N dp, X o XM, xAxN,

In
and d =rxt, (3.4)
where Nj  isithe number of atoms-of specie 1'accumulated in the growing film at time
t,

d; isthe thickness of the metal i at time t,

pi | i the density of the'metal 1,

M; is the mass per mole of the metal i,

A is the unit area of the metal,

Na is Avogadro’s number,

ri is the deposition rate of the metal i,
and t;j is the total time that the metal i is deposited.
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The numerical values of the parameters are given in Table 3.1.

Table 3.1: Density and mass per mole values of the materials.

Material p (g/em’) M (g/mole)
63.55
114.82
78.96
336.29

eter o, is defined as
of the growing films

, the relationship of the

(3.5)

CulnSe,

.ot UL
ARSI ANEAE..

CuInSez (dcis) and the value of y, the thickness of CulnSe;, layer and the thickness of
Cu layer are related by the Cu content of CulnSe; film, and can be calculated from
dCu NCu X Iv'Cu /pCu

= ) (3.7)
dos NesxMes 1 pes
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The ratio of N¢, and N¢is is equal to unity. From Table 3.1 or Table 3.2, it can

be shown that
de, =0.124-d; . (3.8)

Before starting the deposition process, the composition and the total thickness
of CulnSe; films are defined and then Eqgs. 3.8, 3.4 and 3.6 are used to calculate the
deposition rates of Cu and In elements. After that, the Eq. 3.2 is used to determine the
temperature of constituents that is set during deposition process. To confirm the
calculation, the composition of the films is checked.again by the two-stage growth

process technique that Is described in seétion e,

3.4 Deposition _Fechniques of CulnSe, Epitaxial Films

Before startinggrowthfprocess, \GaAs substrate. is loaded into the growth
chamber. The subsirate temperature is ram:ped up to 600°C for about 5 - 10 minutes as
a thermal treatment and then it.is heatedu. up. or cooled down to the set-point. The
temperatures of all.€onstituents are ramped up to the set-point at the same time. In this
work, the key parameiers and growth mech‘a'r'iishs in the single-stage growth process
and the two-stage growth process are to'b;rdetermined. The modified two-stage
growth process is then propased for improvifi:QiHé quality of the epitaxial films. The
details of these processes are described as the.fc_)!lic')_vyirng.

3.4.1 Single-stage Growth Process

The single-stage growth process 1S a one shot growth process. The
composition of the films is set to a constant value throughout the deposition time. In
the growth process; the-flux-orrate of:the effusion cells andthe-substrate temperature
are kept constant. The rate of the effusion cells can be determined uging Egs. 3.8, 3.4
and 3.6. When the substrate temperature reaches to the set-point, the shutters of all
constituents jare opened, simultaneouslys They growthsprocessrisy started~andrallowed
until the thickness'of the films isachieved. After that, the shutters of all constituents
are then shut off simultaneously. The growth profile of the process and the

composition evolution can be seen in Fig. 3.2.
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Figure 3.2: Schematic diagram of the gr(:t;\_gvth profile and composition evolution of

the'films.inthe singjle-stage process.
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3.4.2 Two-stage Growth Process

The two-stage growth-process is géﬁefally— known as “bilayer process” or

“Boeing recipe”~The name of this process indicates that thefé are two stages in the

growth process._'ln the first stage, the growth profile is the sé@e as the single-stage
growth process until the deposition time goes to t; and then tﬁe Cu flux is terminated
and maintained ofly In and Se fluxes in the second stage. The growth profile of this
process is, shown in Figs 3.3. The significant feature of this technique is that the
composition of the* films'in the first stage must be set greater than unity or Cu-rich
condition in order to obtain the bigger grain size. After the shutter of Cu is closed, the
composition of the films decreases and the_valueof*the composition_is“dependent
upon'the deposition time t,.in the second stage. The total thickness of the Cu-content
in the end of the second stage is equal to the end of the first stage. From the following
feature of the Cu-content and Egs. 3.4 and 3.6, it can be obtained that the composition

of the films in the first stage and the second stage as

y(t1)'t1 = Y(tz)'tz- (3.9)
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The evolution of the composition of the films according to Eq. 3.9 can be seen
in Fig. 3.3. At the end of the growth process (at t = t,), the final desired composition,
y(t2), can also be used as the in-situ monitoring signal. The in-situ signals consist of
(i) the temperature of the surface of substrate read by pyrometer (Tpyro) and (ii) the
output power of substrate temperature controller (OP). Moreover, end point detection
(EPD) technique which has been intraduced by T. Nishitani et al. [47] in 1995 is an
in-situ method to predict when the growth proeesssshould be finished. In this work,
the in-situ monitoring signals of the two-stage precess are followed by the work of P.
Chinvetkitvanich [48] that grew the Ctﬂ*nl_xGaXSez films on the SLG substrate using
molecular beam deposition (MBD) technique. The example of the in-situ monitoring
signals of the two-stage asia function of“ideposition time is illustrated in Fig. 3.4. The
composition at the end point detection <|3f these signals is equal to 0.9 which is the

certain value that can e used to calculate back to check the composition of the films

in the first stage using Eg. 3.9.  d
Rate PN L | [cuying
(a.u.) * e (¥)
: : y(t,)
L;;.-----------------::f;i:--.’---- el 1
A \ y(t,)
In
Cu
151 2nd
- >

Deposition time

Figure 3.3: Schematic diagram of the growth profile and composition evolution of
the films in two-stage process.
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Figure 3.4: In-situ'monitorig si nals of ’... Culn:&a,Se; films grown with the two-

stage.gro ; tloo eposition time.
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Figure 3.5: Schematic diagram .‘fff ih profile anc omposition evolution of

the fily S In-maC .,-: age process.

At the end of vth process (t : mpgsition of the films can

be determme i e - et

growing film is -
m Ng, = e, X T X, - m (3.10)

From Fig. 3.5, it canﬁmen that the total number of In-atom relates to the area under
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en it is increased exponentially in the second stage (rinz). Suppose the rate of In

s R
\i ‘accumulated in the

source in the second stage is

lin2 = N et ) (312)
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where v is the ramping rate and t is the deposition time. Substituting Egs 3.10, 3.11
and 3.12 into Eq. 3.3 yields

feu T e, _ fo@, T

y = T rlnlaln 1 o(T—t) .
r|n1t1 +I rln]_eU(t_tl)dt O{In tl + ;{e —l}

4

(3.13)

Consider the term Tou%ey in the Eg. 3.13, it is the composition of the film (y1) in the
Mm@

first stage. So, it can be rewritten as

Y i T : (3.14)
[tl RIS _1}}
1]

From Eq. 3.14, it is feund that'the composition of the films at the end of the growth
process is dependent oa'theframping rate parameter. To find the value of the ramping

rate, Eq. 3.14 can be rearranged as

%[e“”"l) —1]{%—4 AW (3.15)

In the calculation, the value of the compositiq'n-'c'-)f the film and deposition time in the
first stage and the desired composition of fhfe film and deposition time at the end of
the growth process are set and substituted into E'q 3.15. The numerical technique is
performed to solve this equation. \When the vai_ue;o_f the ramping rate is obtained, it is
then substituted into Eq. 3.12 in order to define the temperature of effusion cell of In

at the end of the'growth process.

3.5 Characterization of CulnSe, Epitaxial Thin Films

After 'the sample-preparation, several characterization techniques are used to
evaluate the quality of the epitaxialfilms. The morphology of the films is.observed by
atomic force.microscopy (AFM): X-ray diifraction {XRD) teciinique is.used-to study
the crystallographic phase and“structure. The"composition of ‘the films“is determined
by energy dispersive X-ray spectroscopy (EDS). Finally, the optical response of the
films is characterized by UV-VIS-NIR spectrophotometer and photoluminescence
(PL) technique. The details of each technique are briefly described in the following

subsections.
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3.5.1 Atomic Force Microscopy (AFM)

The atomic force microscope is one type of high-resolution scanning probe
microscopy which is powerful tool for studying surface science. It is used to measure
various local properties of the sample such as surface morphology, grain size
evaluation, the roughness of the films and etc. The resolution of the scanner which
made from piezoelectric material is in the order of fractions of a nanometer. In
general, AFM system consists of a PZT tubeseannery a laser with position-sensitive
photo detector and a cantilever with a sharp tip-located at the free end. The basic setup
of AFM apparatus is shown in Fig. 3.6. When the iip is moved down close to the
sample surface, the caniileveris bent by the interaction force between the tip and the
sample according to Hooke'sdaw. |

In basic principlegy during the tip sbap_ over the surface of the sample in x and y
directions by scanner, a consiant force bet\fv'een the tip and the sample is maintained.
The changes in"surface tepography, resalt in a deflection of the cantilever. The
deflection of the cantilever 4s measured “hsing a laser spot reflected from the top
surface of the cantilever into an‘array of ‘p-hotO'diodes and then generates a map of
surface topography. For imaging mode, thé_f)geration can be divided into a static or
contact mode and a dynami¢ or non-contact'-rhqd_e. In the static mode operation, the
contact cantilever is dragged across the surfac_? ofsthe sample keeping a constant force
between the tip.and the surface. The static t|p ‘d_eﬂ.éction is usegd-as a feedback signal.
The contours of the surface are measured.directly using.the constant deflection of the
cantilever. In the non-contact mode operation, the tip of the cantilever does not touch
the surface of the sample. The cantilever is externally oscillated slightly above its
fundamental resonance frequency. The oscillation amplitude, phase and resonance
frequency. are fmodulated fhy, tipssampleziinteraction) forces: These changes in
oscillation with respect to the external reference oscillation:provide.information and
construct ‘a topographic image of the sample surface. Another operation mode of the
AEM is the t2pping ‘mode-which the cantilever ‘operates /intermittently hetween the
dynamic and-contact'modes. A tapping image is‘therefore ‘preduced by imaging the
force of the intermittent contacts of the tip with the sample surface.
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Figuge 3.6 The basic atomic"force microscope setup.

3.5.2 X-ray Diffraction (XRD)

X-ray diffraction i1s a nen-destructive g’epﬁr’li‘que to identify the crystallographic

phases and analyze the structure properties.nl_n:,t_his‘ work, Bruker model D8 Advance

X-ray powder diffractometer is used to analyze all epitaxial samples. The X-ray

source of this maghine generates Cu-K: radiation with the wavelength of 1.5406 A

and Cu-K,, radiation with the wavelength of 1.5444 A:"The XRD spectra are

collected in the 60° — 70° of 20 range with a measurement step of 0.01° for most

samples in order to carryout phase analysis.‘Since the axis of samples is tilted around

2° toward <111> directian, so the scanning maode is chosen as unlocked couple for

this correction. X-ray diffraction from an electromagnetic wave (the X-ray) impinging

on a regular array of scatterers (the*repeating arrangement of atoms within the crystal)

Is shown in Fig 3./. The diffraction peaks in XRD spectra are the constructive waves

which are satisfied by Bragg condition.
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Figure 3.7 Diifraction’of X-ray from parallel planes'in the crystal.

Identification of the laitice parameters of the epitaxial films from XRD results is done
using Bragg’s law Fd

2d'sing =nd, (3.16)
where d is the interplanar spacing,, 0 is the i}r_agg angle and A is the wavelength of X-

ray source. In the ease of the.tefragonal isystem, the lattice parameters of the

ol il

chalcopyrite structure of the samples can be d@_eterrnined by this equation,

1 h2+k2 I2 s
S (3.17)

where h, k, | are<the=Mitter-indices-of-the-diffraction=planes,@ and c are the lattice
parameters. The experimental XRD peak positions can be-determined by Guassian
fitting method. In.addition, the Joint Council for Powder Diffraction Studies (JCPDS)
files is the important«database which is used to identify the crystallographic phases of

the films:

3.5.3 Energy Dispersive X-ray Speetroscopy (EDS)

Energy dispersive x:ray spectroscopy (EDS or EDX) is.an analytical technique
which is equipped with scanning electron microscope (SEM) or transmission electron
microscope (TEM). The principle of this apparatus is based on the x-ray fluorescence
spectroscopy for inspecting the elemental composition or chemical characterization of

the specimen. The samples being analyzed are mounted on the holder in the vacuum
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system. The high energy beam of charged particles such as electrons or protons or a
beam of x-rays are impinged and focused on the samples. The emission of
characteristic x-rays is stimulated and then the number and energy of them can be
measured by an energy-dispersive spectrometer as shown in Fig. 3.8. Generally, the
EDS has an effective probe depth of ~ 1 um, and may be limited to detection of

_ is used at the detector. In this work,
the samples are analyzed by JE | TE M-2100 using acceleration voltage
“spectr \ ilms is shown in Fig. 3.9. The
characteristic peak ed by Gaussian function,
according to Eq. 3. element which infers the
atomic weight p ssian function applied

in the fitting processis

(3.18)
where | is the amplitde of eak; E isth 3y, the energy at the center of
the peak and W is -the ) ,'1', he area under the peak (A) is the integration
of Gaussian functions over W, / |

(3.19)

.M:IJ L _”-'
After the fitting rocess the ar/ urfder

used to determing the value of the composition ratio (fCul/tin})iafthe films.

element.can be obtained, and
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Figure 3.9: Example of EDS spectrum from CulnSe; epitaxial thin films.
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3.5.4 Optical Reflectance Spectroscopy

Optical reflectance is the measurement of the optical response of the sample
that measures the fractional intensity of the reflected electromagnetic field. In this
work, the reflectance spectra are measured by a Perkin Elmer Lambda 900
spectrometer. The working spectral range is from 400 nm to 2600 nm that covers the
ultra-violet (UV), visible and near-infrared (NIR).spectrum. The halogen lamp is used
as the light source for visible and IR radiation”and.then automatically changes to
deuterium lamp for UV radiation. In the process of the measurement, the auto-zero
process is required before-y measuring standard mirror as a reference. For the thin
films, the interference fringe escillations occur from the superposition of the reflected
coherent light waves at thetop surface"iand the interface between the film and the
substrate that is illus'ir.réted infig. 3.10,

H.

Incident light T . Reflected light

Figure 3.10: Demonstration of the optical path for light reflected from the top surface
and the interface between the film and the substrate.

The degreeof constructive or destructive interference between the two light
waves is dependent upon the difference in their phase. This difference is also
dependent on the thickness of the films layer, the refractive index of the films, and the
angle of incidence of the ariginal wave on the films. In this measurement setup, the
angle of incident light is zero or normal to the surface of the films. From this relation,

the thickness (t) of the film can be found from

(Y, )

t (3.20)
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where n is the refractive index of the film and A, is the m™ wavelength of light that is

constructive interference.

3.5.5 Photoluminescence (PL) Spectroscopy

Photoluminescence is the phenomena of spontaneous photo emission which
the substance absorbs photon and then re-radiates photons. The PL spectroscopy is an
important technique whieh Is used to identify thespurity and crystalline quality of
semiconductors. In the process of the measurement,. a light source with sufficient
energy such as laserineidents on the sample. The photons are absorbed and electronic
excitations occur. \\hen these exeltations relax and the earriers return to the ground
state, the electromagnetic radiations will be emitted. The radiative light is collected by
lenses to the ‘monochromator  and thenr‘. measured by a photo-detector. The
conventional setup of the PL spectroscopy:is shown in Fig. 3.11. In this measurement,
He-Ne laser with a wavelength-of 632 nm and a power of 40 mW is used as an
excitation source. The PL spectra‘are carfied out with a SPEX 750m single-pass
monochromator together with™ a liquid nitkoéen-cooled Ge detector (Edinburgh
Instruments: Model EI-L). All-samples ar'e":‘examined for temperature dependence
from 10 K up to 290 K in a ctyostat (Leybold::" Model RDK 10-320).

He-Ne'laser (red)

SPEX 750M
monochromator

O Cryostat

Detector

Data
Acquisition Box

Lock-In Amplifier

Figure 3.11: Conventional experimental setup for PL spectroscopy.
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In a substance, defects and impurities lead to an imperfection of crystallinity
that causes the perturbation in the band structure. Typically, the degeneracy states of
the defect or impurity act as a donor or acceptor of excess electrons in the crystal. The
PL measurement is the method for observing these states that lie within the band gap.
The peak position of PL spectra represents photon energy of electrons or holes that
emit after state recombination occurrence. The possible evidences of radiative

recombination can be seen in Fig. 3.12.
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Figure 3.12: Radiative recombination paths: a) interband transition, b) donor to
valence band transitien, c) conduction to-acceptor band transition, d) donor to
acceptor band transition and e) conduction to intermediate band or intermediate to

valence band transition.
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3.6 Potassium-cyanide (KCN) Etching Process

For the Cu-rich CIS films, etching process with KCN aqueous solution is
applied to remove the excess CuyxSe compounds [23, 26]. The composition of the
films after etching process is near stoichiometric [23]. After the as-grown films are
etched with KCN aqueous solution, they will be re-characterized again in order to
compare and investigate the changes between before and after etching process. Steps
of etching process are as followed:

1. Dissolve the KOH tablet in DI water for adjusting the pH level of DI water

to about 8.

2. Measure_and dissolve the KCN powder in the prepared DI water for

making etchant agueous solution with concentration of 5 wt %.

3. Dip the sample for 1 minute in KCN aqueous solution and shake the

sample holderevery 15 seconditb remove the residue Cu-complex.

4. Dip in DI water pool and riné:e in running DI water for 2-3 minutes to

remove etchant. f.;-;

5. Blow dry with compress hitrogen gas:
Caution: KCN is the well-knowh as the exﬁirﬁéfy poison and lethal compound. It is
a colorless compound with:smell: of almondzsg_éimjlar in appearance to sugar and
highly soluble inwwater. If it is consumed mo"re- than 3 — 4 mg,'the consciousness will
be lost within|ong miftte and may be fatal, It ¢an be ifhaled or absorbed through
skin. It is very stable in dry environment. \WWhen it contacts with the acids or moisture,
it can release the-poisonous hydrogen cyanide gas. So, the fume hood is a necessary
requirement for operating.with KCN.



Chapter IV

Results and Discussion

The results of this work are presented in this chapter. The results are ordered
by the respective studies and they will be diScussed as the following. Firstly, the
growth and characterizations of CulnSe, epiiaXial-thin films with Cu-rich and near
stoichiometric composition..under varidus substrate temperatures using the single-
stage growth process wili*be presented. Secondly, the results of the films grown by
the normal two-stage grewth.process with various final compositions will be shown.
Next, the modifieditwo-siage growth process epitaxial films will be exhibited. Finally,
the growth model and the meghanisms 40'.1; the growth process are discussed and

proposed in this ehapter.

4.1 Results and Discussion of the CulnSe, Epitaxial
Films Grown by Single-sta@é"é rowth Process

The single-stage CulnSe; epitaxial fiIﬂlh‘i“s"éfe’grown on_GaAs (001) substrate
by setting compositions of the films as Cu-rich, near stoichiometric and Cu-poor.
During the grewth process, RHEED apparatus is employed te check the epitaxial
films and observe the evolution of the growing films. RHEED patterns of GaAs
substrate, as shown in Fig. 4.1, exhibit the raindrop-like patterns due to the roughness
of surfacerafter surface preparation. ;The major characteristies of-the patterns have two
types that are dependentipon the direction of interception between the reciprocal rods
and the Ewald surface as shown in Fig. 4.2 and 4.3. After growth process is started,
they characteristic of RHEED patternsywillibe ehanged hy-the; films, growing on the
surface. The RHEED patterns of+thelCu-rich and the near stoichiometric CIS films
seen in Fig. 4.4 and 4.5 show the streaky patterns indicating that the surface of the
films is very smooth. Whereas the surface of the Cu-poor CIS films, as shown in Fig.

4.6, is rougher which are indicated by spotty RHEED patterns. Moreover, it can be

observed the reconstruction pattern along [110] direction that is the specific pattern



42

of the Cu-rich CIS films [17] and cannot be found in the near stoichiometric CIS
films. From these results, it can be concluded that the high quality epitaxial films from
Cu-rich and near stoichiometric conditions can be obtained. In contrast, the highly
Cu-poor CIS films demonstrate the low quality films [17] that are out of range of our
purpose in this works. So the only Cu-rich and near stoichiometric CIS films are

characterized both before and after etching \(fyith‘ KCN aqueous solution.

S 010]
110]

Figure 4.1: RHEED patterns of'the GaAs substrate after thermal treatment along
different directions.
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Figure 4.3: Schematic diagram of reciprocal rods of GaAs substrate intercept with

Ewald surface along [110] direction.
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Figure 4.4: RHEED patterns of‘the Cu-ﬂch CIS epitaxial films along different
dlrectlons of the GaAs substrate.
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Figure 4.5: RHEED patterns of the near stoichiometric CIS epitaxial films along

different directions of the GaAs substrate.
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Figure 4.6: RHEED patterns of the Cu—”'podr CIS epitaxial films along different

directions.of the.GaAs substrate.
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4.1.1 Near Stoichiometric CulnSe, Epitaxial Films

The near stoichiometric €IS epitaxié;_-_tijms are grown by setting y ~ 1.0
throughout the deposition time. The substrrate temperature /during the deposition
process is set at*600°C which the smooth surface due to the'diffusion are expected.
The deposition time is allowed for 3 hours in order to obtain'the thickness more than
1.5 um. In the grewth process, the pyrometer signals and“the output power of the
temperature controller are collected at all times and used as the in-situ monitoring
signals./Figure 4.7-shows the pyrometer signal ofithe.near stoichiometric films. The
oscillations of the pyrometer signal occur from the interference of reflection of the
black body radiation between back and front surfaees of the growing.films. The
period of the interference oscillations refers to the thickness and the growth rate of the
films. The decreasing of oscillation amplitude is due to the decrease of the
transmission of the IR radiation through the substrate when the film thickness is
increasing. After the growth process is finished, the as-grown films are examined for
their crystallographic phase, morphology and optical response both before and after

etching with KCN aqueous solution.
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Figure 4.7: Pyrometer.signal of single-stage near stoichiometric CIS epitaxial films.
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The crystallggraphic phases of thé‘safhples are examined by the XRD. The
(004) peak of GaAs is 0bserved with the hiig_hesx intensity at 26 about 66.06°. Figure
4.8 exhibits the XRD spectra of the nearwfn§tdo_!ichiometric CIS (008) epitaxial films
before and after etching With‘KCN solution cqrﬁp,ared with the bare GaAs substrate.
The XRD result shows that the Well-resolveﬁéa‘ks of Cu-K,1 and Cu-K, radiations
of CIS (008) at:20 about'64.23° and the crystallographiesstructuse of the grown films
is not changed-after KCN-etching. This suggests that the MBE technique can be used
to grow the high'crystallographic quality CIS epitaxial films-and there are no excess
Cu-Se compounds fon the top surface or between the grain boundaries which is
generally found inrthe Cu-rich CIS films [26]. The AFM image shows the rectangular
and step=like'structure that cambe seen in Fig: 4:9: Furthermore;the:big holes and the
small grains on the.surface can be observed. The rectangular shape ofithe grains is due
to the side plane of crystallographicsstructure of CIS in (001) plane. The cross-section
SEM image ilustrated in«Fig.«4:10 demonstratesythe dense CIS/ epitaxial films. Any
hole or void cannot be observed inside the CIS layer except the-voids at-the surface of
the substrate. The optical reflectance in Fig. 4.11 shows the interference fringes in the
range of energy below the band gap that disappear about 1.04 eV. By this result, it can
be used to preliminarily confirm that the grown films are the CIS films. Moreover, the

unchanged results of optical reflectance before and after KCN-etching can be seen
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similar to the results from XRD spectra. It confirms that there is no excess Cu-Se
compound in the CIS films. The low-temperature PL spectroscopy is another type of
optical characterization that is used to observe the intrinsic property. The result of PL
spectrum depicted in Fig. 4.12 shows the conduction band to acceptor transition (c,A)
as the dominant emission line. This strong defect-related emission line indicates the
presence of a large number of point defects in the films especially the acceptor-type
defects due to effect of the misfit strain [50). Fhis.result agrees with Yu’s work [51]
that grows p-type bulk CIS under stoichiometme melt. Besides, the emission line
accounted as the donoerto acceptor bafid transition (D;A) can be also seen but rather
weak. The fluctuation in thesspeetrum line at wavelengths from 1350 nm to 1450 nm

is the absorption structuressdugtothe water vapor in the air [16].

------ GaAs substrate T_.
= before etching with KCN, GaAs (004)
afteretching with KCN~ " ¢

r J .
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Figure 4.8: XRD spectra of single-stage near stoichiometric CIS epitaxial films

betore andsafter.etching with,KCN selution, compared with bare GaAs substrate.
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Figure 4.10: SEM cross-section image of single-stage near stoichiometric CIS films
after etching with KCN.
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Figure 4.12: Photoluminescence spectrum of single-stage near stoichiometric CIS
films at 10 K.
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4.1.2 Cu-rich CulnSe, Epitaxial Films

The Cu-rich CIS epitaxial films are grown by setting y ~ 1.6 throughout the
deposition time. This composition is used as the precursor in the first stage of two-
stage growth process. In this work, the effect of the substrate temperature to the

excess Cu-Se compounds in the Cu-ric

films are studied by setting the substrate
) The pyrometer signals and output
sed as the in-situ monitoring

; ‘o a KCN solution in order

)

ometer signal (a.u.
LU R kil Abungh il ) 3 ’

=
E




o1

4.1.2.1 The characterization of Cu-rich CIS epitaxial films

The XRD spectra in Fig. 4.14 show the crystal structure of the Cu-rich CIS
epitaxial films on GaAs (001) substrate at the substrate temperature of 600°C before
(red line) and after (blue line) etching with KCN. The red broadening spectrum
between CIS (008) and GaAs (004) peaks.in Fig. 4.14 shows the combination of CIS
(008) at 20 around 64.08° [52] and Cu,.Se (004).at 20 around 64.98° [53]. The Cus.
xSe is not observed after etching the film withsKCN [54] and left with CIS (008)
phase. The compositionof KCN-etched CIS sample becomes near stoichiometric
[23]. It has been found that the crystal structure of the KCN-etched Cu-rich CIS films
is a well-resolved spectrum and gualitatively similar to that of the near stoichiometric
CIS (008) films except.he additional of unknown elevated signal above background
and the peak at 20 between 67° and 69°.__This peculiar crystal structure is stable,
cannot be removed by the KCN and can ‘aiéo be observed in Cu,,Se epitaxial films
grown on GaAs (001).,From the databasef;)f crystallography, they are in the vicinity
of the (008) crystal.plang of the CuGaSeg’!r(CGS) [55]. The AFM images of Cu-rich
CIS epitaxial films before and after etching,‘with KCN solution are shown in Figs.

4.15 and 4.16, respectively. The morphology of the as-grown Cu-rich films displays
the undulation surface aligned along the [110] direction. In addition, there are many

rectangular shaped protrusions distributed@lj_dyer the surface. Fons et al. have
indicated that these undulations are related io;—heferoepitaxial strain [22] and the
presence of a CuzxSe-layer-on-the-surface-which-may-acl as a surfactant. The
protrusions on the surface disappear after etching with KCN_and leave the numerous
holes that are helieved to be the residence of Cu,.,Se grains [56]. The optical
reflectance of the as-grown films (the red ling) in Fig. 4.17 shows the superposition of
metallic.behavioriand the oscillations due to-the'CIS layer: The decreasing intensity of
reflectance in‘range-of near infrared is'the property of*metal‘that ‘is believed to be the
effect of Cu-Se surface [23]. This metallic phenomenon disappears after gtehing with
KCN' The characteristic of-optical reflectance after etching process (the.hlue line) in
Fig. 4.17 is quite similar to the near stoichiometric CIS film."The disappearance of
metallic behavior in optical reflectance is consistent with the disappearance of the
protrusions seen in AFM image and Cu,.xSe (004) structure in the XRD spectrum. It
can be confirmed that the protrusions on the surface which act as the metallic layer

are the Cu,.xSe epitaxial compounds.
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Figure 4.15: AFM image of single-stage Cu-rich CIS epitaxial film before etching

with KCN.
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Figure 4.17: Optical reflectance spectra of single-stage Cu-rich CIS epitaxial film.
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4.1.2.2 Photoluminescence of Cu-rich CIS epitaxial films

The PL spectra obtained from the Cu-rich CIS epitaxial films at temperature of
10 K are shown in Fig. 4.18. The red line is the PL spectrum of the film before
etching with KCN and the blue line is the PL spectrum after etching process. It can be
seen that the characteristics of the PL spectrum before and after etching process are
distinguishable and different from the work reported by Niki et al. [23]. Both spectra
have the same emission lines but the PL intensities are different. A donor to valence
band transition is dominant in the as-grown film. while a conduction band to acceptor
transition and near-band-edge-exciton (éx) emission. Is predominantly observed in the
KCN-etched CIS films_liris believed that the main eause of difference is due to the
effect of crystal structure” from the combination of the excess Cu,.Se and CIS
epitaxial films. After the excess Cuz-XSe IS removed, the donor-type defects are
reduced and show the perfect crystallinitgl', of CIS epitaxial structure that can be
indicated by the:occurgence of near-band?édge exciton emission line. Moreover, we
find the conduction@and to acceptor emis”‘gioh line which relate to the acceptor-type
defects in the films that are naturally. found in the near stoichiometric and the Cu-rich
CIS films [50]. The main eause of acceptorl—gx_/ge defect is the Cu-vacancy (Vcy) [57].
The self-healing mechanism is a result of the mgpjlity of Cu and reactions involving
Cu-related defects and defect complexes [58].; T-I;he CIS epitaxial films which are
grown under the excess Cli-atoms can reduce the sélf-healing mechanism in crystal
structure from.CU-deficiency and then get the perfect crystaltinity In addition, it plays
the important roie in lateral growth mechanism giving rise to-the high quality films.
The position of sharp peak of near-band-edge exciton emission is about 1.039 eV. The
PL emissions of the sample can be observed up to room temperature. Figure 4.19
shows the temperature.-dependence; PL.spectra. of, the KEN-etched..CIS films. The
blue-shifts and‘the increase of line width of near-band-edge exciten emission with
increasing-temperature are often found in I-111-V1, semiconductors [51]. The band gap
of s GIS,rEq, sean be appreximated; fram theyenergy~ofsthe near-band=edgeyexciton
emission (Ex)iusing the relation'Eg = Ex+ Es [18], where E, isithe activatian (binding)
energy of the exciton obtained from empirical relation:

|

0
1+C exp(— E, j
KgT

| = (4.1)
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The activation energy of the exciton is determined by fitting the intensity of the PL
peaks of near-band-edge exciton emission and the reciprocal temperature using Eq.
(4.1), where lo, C and Ej, are fitting parameters, kg is the Boltzmann constant and T is
the temperature in Kelvin [59]. From the fitting result shown in Fig. 4.20, the

activation energy of the exciton is about 6 meV. The band gap energy of the KCN-
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Figure 4.18: Photoluminescence spectra of single-stage Cu-rich CIS epitaxial films
before and after etching with KCN at 10 K.
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Figure 4.19: Temperature dependent photoluminescence spectra of single-stage Cu-
rich CIS epitaxial films after etching with KCN.
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4.1.2.3 The efféct of substrate temperature

The substrate temperature is the ihpbntant key parameter for the growth of
epitaxial films [14, 17]. Figure 4.21 shows the 6bt{cal Images from optical microscope
with the magnification of 45x. It'can be seen ?ﬁat the homogeneity of the grown films
is significantly dependent updn the substraté fe-r:ﬁp;efature. The films that are grown
under the substraie-temperaiure—ai-higher-ihan=o00°C=reveal the higher surface
uniformity as can_be seen in Fig. 4.21(a) and (b). When the substrate temperatures are
reduced below 500°C, the films” surface is slightly changed to the rougher surface
that is shown in Fig. 4.21(c) and (d). The crystallographic structure which is
characterized' by the XRD measurement demonstrates that the.substrate temperature
also significantly influences the quality of the grown Films. Figure 4.22 illustrates the
results of XRD spectra before (redgline) and after (blue line) etching with KCN. The
bregdening spectrum’in all'samples is-attributed as the Cu-rich-CIS films, In‘addition,
it is found that'there are some ‘differences in the crystallographic phase of the“excess
Cu-Se compounds in the as-grown films and becomes more distinguishable. From the
phase diagram of the Cu-Se system, it indicates that the phase of Cu-Se compounds is
very sensitive to the temperature and the composition between Cu and Se

constituents. Moreover, the shifts of broadening spectrum are observed when the
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substrate temperatures are decreased. After etching with KCN, the XRD spectra show
the well-resolved peak of CIS (008) but they are different in details. The residual
excess Cu-Se structure cannot be found in all samples. The details of XRD spectra of
CIS (008) peak such as peak position, c-axis and full width at half maximum
(FWHM) that determines the crystal deviation are listed in Table 4.1. The results

reveal the fact that the decrease a‘of‘ é%?a temperature affects the quality of
crystallographic structure that can be in & the higher deviation in crystal
structure. Furthermore, @e found that th@ of CIS (008) spectral line is
in the samples grown mbstratefemperatm 450°C. This shift is related

these esults, it can be €oRcluded that the phase of
excess Cu-Se co he impartant role in strain relief and must rely on the

to the strain in the

substrate temperatu

(b)
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Figure 4.21: Optical micrographs of CIS epitaxial films at substrate temperatures (a)
600°C, (b) 500°C, (c) 450°C and (d) 400°C.
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Figure 4.22: XRD spectra of CIS epitaxial films before (red line) and after (blue line)
etching with KCN solution at substrate temperatures (a) 600°C, (b) 500°C, (c) 450°C
and (d) 400°C, compared with GaAs substrate.
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Table 4.1: The position of XRD spectrum, c-axis and full width at half maximum
(FWHM) of CIS (008) at various substrate temperatures.

Tsubstrates 20 c-axis (A) FWHM
600°C 64.12° 11.609 0.120
500°C 64.18° 11.600 0.129
450°C 064.45° 11.554 0.169
400°C 64.46° 17553 0.195

4.1.2.4 The presenee of CuGaSe, interfacing layer [60]

The Cu-Se epitaxial films are also deposited on the GaAs (001) substrate.
Figure 4.23 showsithe XRD spectra of th¢ Cus.Se films before and after etching with
the KCN. The inset shows the RHEED paﬁ'érns at the end of the deposition process
verifying that the'Cu,.Se can be formed a—sjan‘ epitaxial layer on GaAs(001) substrate.
The XRD spectrum.shows the Well-resolvéd Cug_XSe (004) peaks due to Cu-Ka, and
Cu-Ko lines. After etghing with KCN, the (004) peak of Cu,,Se disappeared and
leaving with only the trace of the peculiaﬁ_pe_@k at 68° < 20 < 69° similar to those
found in the Cu-rich CIS films. This broad pe‘ak.'js not accounted for any phases of
Cu,-«xSe compound and suggests that this strucTurej is stable. However, this broad peak
is in the vicinity of the (008) crystal plané':df_:t'f.lé CGS. even.if the Ga flux is not
allowed during the_deposition. The resulis in Fig. 4.24 exhibii the optical reflectance
of the bare GaAS substrate and the Cu-Se films before and after etching with KCN
solution. The optical response of Cuy.,Se films before etching with KCN in Fig. 4.24
(red) shows the high reflection in range of infrared spectrum and decrease in range of
visible light and ultravielet spectrum. This phenomenon is-the.charaecteristic of metal
and semi-metal films. It €an be confirmed that the metallic-like phen@menon in the as-
grown of ‘Cu-rich CIS films is the effect of Cu,.,Se surface. After etching with KCN,
theiaptical reflectancein Eig. 4.24/(blue) is not the'same as gptical"behaviar of bare
GaAs substrate in"Fig. 4.24 (biack). This evidence suggests that there'isisome layer
remains at the surface of GaAs substrate after the etching process. This result is
consistent with the result of XRD spectra. They are further postulated that the peculiar
structure may be CGS (008) that exists at the interface between the grown films and

the substrate.
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To verify the existence of the CGS layer, the Cu-rich CGS epitaxial films are
directly grown on GaAs (001) substrate. Figure 4.25 shows the comparison of XRD
spectra of (a) the near stoichiometric CIS film, (b) the Cu,Se film, (c) the Cu-rich
CIS film and (d) the Cu-rich CGS film. It can be seen that the peculiar spectrum can
be found only in the Cu,.«Se films and the Cu-rich CIS films but it cannot be observed
in near stoichiometric films. The position of the peculiar spectra of the Cu,Se in Fig.
4.25(b) and the Cu-rich CIS in Fig. 4.25(c) resemble the position of crystallographic
phase of CGS (008) as Iidentified in Fig.-4.25(d). This suggests that there is a
formation of the CGS at the interface of the Cu-rich CIS or the Cu,.,Se films and the
GaAs substrate due to the diffusion of Ga atoms from the GaAs substrate and the
excess Cu,..Se that'resideseverywhere in the growing films. In this mechanism, the
substrate temperature should be the key f)arameter for this role which the effect of the
substrate temperature #0 CGS forriation is exhibited in Fig. 4.26. The reductions in
the XRD intensity can be observed; i.e:thinner interface layers at lower substrate
temperatures. The thickness of the CGS if}ter%éce layer is indirectly determined from
the interference fringes of optipallreflectivi't_y_ q_s_cillations after etching the as-grown
Cu-rich CIS films with the KCN and dedubéd from the area under the curve of the
XRD spectrum after the gliminatton of the background from the GaAs substrate. From
this relation, the thickness 0f the CGS mtét;face layers grown with the substrate
temperatures at 600°C, 500°C;-450°C and 400°C are found to be approximately 16, 7,
1 and 0 nm, respectively, as shown in Fig. 4.27. Using the linear fit, it suggests that
the excess Cuz,Se is inactive in forming the CGS interface layer when the substrate
temperature is below 430°C. It is worth to note here that all Substrates are first heated
to 600°C for 10 minutes to eliminate the residual oxides on the surface before

reducing to the depositiGn.temperatures.
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Figure 4.24: Optical reflectance spectra of GaAs substrate and Cu-Se epitaxial films.
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Figure 4.25: XRD spectra of (a) near stoichiometric CIS epitaxial films, (b) Cu-Se
epitaxial films, (c) Cu-rich CIS epitaxial films after etching with KCN and (d) Cu-rich
CGS epitaxial films, compared with GaAs substrate.
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Figure 4.26: XRD'Spe interfac ,\ \ u- r|ch CIS films after
etching with KGN at substrate temperatures (a) 600°C, (b) 500°C, (c) 450°C and (d)
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Figure 4.27: Relationship between the thickness of the CGS interface layer and the
substrate temperature.
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The direct investigation methods such as the cross-section SEM and the cross-
section STEM imaging are used to prove the existence of the CGS interface layer. For
the cross-section SEM imaging, the KCN-etched Cu-rich CIS film is cut and then its
cross-section surface is polished by ion milling. The specimen is examined in back-
scatter image (BEI) mode that could resolve the layer in the films. The SEM image of
the KCN-etched Cu-rich CIS films is illustrated in Fig. 4.28. It shows many deep
holes that have been the dwelling of Cu,.,Se campeunds prior to removing by KCN.
This trace is very important which can be used.io"indicate where the excess Cu,.xSe
dwells. Furthermore, the thin layer betiWeen the CISfilm and the GaAs substrate can
be observed that confirms the existence of the interface layer. This layer can also be
clearly seen in the-high resolution STEM image. The sample is cut in a narrow stripe
and then thinned down by.ionslicer in orlder to avoid the electron interaction with the
below material when analyzing the composition of the film using EDS. The high
angle annular dark field (HAADF) image obtained from the STEM is shown in Fig.
4.29 including spot EDS spectra at the Iocétioﬁs; (a) grown films, (b) interface and (c)
GaAs substrate. The examination resulis of'_‘ft'he EDS measurement are demonstrated in
Fig. 4.30. From the STEM Image, ihe Kirk]eridalnl voids [60] are clearly seen near the
interface due to imperfection of the substraié{'s:ﬁ_rface and can be observed in the area
of the interface layer. The ERS mspectra shgytﬁ;t region (a) is the CIS layer and
region (b), as interface layer is-Camposed Qf-_-thé Cu, Ga and Se elements with the
composition ratio Cu : Ga : Se of approximately 1.1 : 1.0 : 2.0.\No trace of In could be
observed in the inierface layer. These results verify that the interface layer is the CGS
sandwiched between the CIS and the GaAs substrate. It iS worth to note here that
there is a slight diffusion of Ga into the CIS layer as seenin the EDS spectrum in

region (a),
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Figure 4.29: Cross-section STEM micrograph of Cu-rich CIS epitaxial films after
etching with KCN.
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Figure 4.30: EDS spectra of Cu-rich _C;T§-fil_rrls after etching with KCN.
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4.1.2.5 Growth model of Cu-rich CulnSe; epitaxial films

From the entire results and discussion, I propose the growth model of the Cu-
rich CIS epitaxial films as the following. When the fluxes of Cu, In and Se
constituents reach to/the"hot surfacejofiGaAs substrate; the formation of CIS epitaxial
films will beloccurred simultaneouslyiwith the excess.Cu,.xSe epitaxial compounds.
The excess CuyxSe compounds cansreside both on the top surface and inside the CIS
layer. Becausc of thesimperfection ofiGaAs surfacefrom.the thermalihezting,'the Ga-
atoms near the surface ‘can-diffuse up into the growing films=during the deposition
process that result in the occurrence of Kirkendall voids [61]. The detection of Ga
peak of EDS spectrum in CIS layer is the important evidence that verifies the
diffusion of Ga-atoms from the substrate. The excess Cu,xSe compound in the

growing films can be combined with the diffusive Ga-atoms to form as the CGS layer
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dwelling at the area of substrate’s surface as the interface layer between the growing
film and the substrate. The thickness of this layer is limited by the substrate
temperature and deposition time. The growth model of the Cu-rich CIS epitaxial films
is depicted in Fig. 4.31. The CIS epitaxial films that are formed under the excess Cu
condition show the perfect crystallographic structure which is confirmed by the
exciton detection. The key para rowth is the excess Cu,.xSe compounds
that play the different role # rature. The lateral growth mode
as the important mechan &tr’arn relie i

upon the excess Cuz-xwaﬁs. 1’ -

Mm@m =

Figure 4.31: Growth er‘nodel of Cu-rich CIS epitaxial films.
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4.2 Results and Discussion of the CulnSe, Epitaxial

Films Grown by Two-stage Growth Process

The two-stage CulnSe; epitaxial films are grown on GaAs (001) substrate by
starting with the composition y ~ 1.6 in the first stage of the deposition process. The
substrate temperature is kept constant at 600°C throughout the deposition time. The
deposition time in the first stage (t;) Is 3 hours.an all samples. After that, the shutter of
Cu-source is shut off and remaining only In- and Se-sources. The deposition process
of each sample is stopped at the compa‘sition y~ 16,13, 1.1, 1.0 and 0.9 that are
calculated using Eq. 3.9..Fioure 4.32 shows the pyrometer signal of the two-stage
growth process. lt€an beseen that the signal in the first stage is similar to the single-
stage Cu-rich filmss#When the Cu-source is not applied, the temperature of the film
suddenly drops due to'the decrease from the radiation reflection of the Cu-source. In
the second stage,.the transition of ‘the comp“osit_ion will change from the Cu-rich to the
Cu-poor film that causes the ¢hangen the?fern“issivity. This effect can be observed by
the increase of the pyrometer. signal. The." increasing signal will appear until the
composition of the films is completely transformed to the Cu-poor. The pyrometer
signal will display the sharp kiee and the ﬂat plateau RHEED apparatus is used to
examine the deposition process-io guarantee—ﬁ% epltaXIaI growth of all samples. All
as-grown films are characterized for their,:"c'r}ys'taHographic structure, the surface

morphology and-optical properties to study the evolution of the growth.

Pyrometer signai(a.u.)

Deposition time (a.u.)

Figure 4.32: Pyrometer signal of two-stage CIS epitaxial films.
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At the end of the deposition process, RHEED examination shows the streaky
patterns in all samples implying the high quality epitaxial films. Figure 4.33 shows
the evolution of the crystallographic structure of the two-stage CIS epitaxial films that
obtained from the XRD measurement. It can be seen that the mixed phases between
CIS (008) and Cu,Se (004) in the Cu-rich films gradually decreases after the excess
Cu,xSe compounds are incorporated with !n atoms in the second stage of the
deposition and convert to the CIS compound .. Theevidences that indicated the CIS
formation are the reduction of the Cu,..Se (004)speak and the beginning of the well-
resolved peak of CIS(008) at 20 around 64.16° The sharper line width of the CIS
(008) peak is related to the. disappearance of Cu,.Se (004) peak. The excess Cu,.xSe
is perhaps one of.the causes that perturbs the crystallographic structure of the CIS
epitaxial films. Mareover it can also be found that the CGS interface layer exists in
all samples except thessample that évolves to the Cu-poor phase. Besides, the shift of
the CIS (008) peak from 26 around 64.16° to 64.25° is also observed. The AFM
images in Fig. 4.34 reveal the evolution of sofface morphology of the two-stage CIS
epitaxial films. It shows that'the undulations that occur from'the Cu-rich condition in
the first of the deposition process are the foundation pattern of the surface evolution.
The numerous protrusions of the excess Cus- xSe compound on the surface that can be
detected in the Cu-rich CIS films-are hardly observed when the composition of the
films (y) is below 1.1. The_ disappearance of the. protrusions is due to the CIS
formation in the.second stage. This result agrees with the reduction of Cu,Se (004)
peak in XRD spectra. Furthermore, it can be found that the size of the undulation
pattern that referS to the grain size Is larger and leave the bigger holes when the
composition changes to the Cu-poor phase. The results of optical reflectance as shown
in Fig. 4,35 show ‘the~similar behavior as.the XRD and the AFM results. The
reduction’ of the metallic behavior of Cu,.Se surface /is again observed when the
composition of the grown films evolves from the Cu-rich to the Cu-poor. The effect
of metallic behavior disappears and shows the strong oscillations in the“reflectance
spectra after. the ‘composition of .the films (y) is below 1.1 This phenomenon is
consistent with the disappearance of protrusions in the AFM images. The reflectance
oscillations stop at the energy of about 1.04 eV of the CIS compound except the Cu-
poor CIS films whose oscillations stop at the energy of about 1.07 eV. This

observation presumably involves the shift of CIS (008) peak in XRD result.
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Figure 4.33: XRD spectra of two-stage CIS epitaxial films of the composition: (a) y ~
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The evolution of the intrinsic properties is observed by the PL measurement
whose spectra are shown in Fig. 4.36. It can be summarized briefly that the excess
Cu,.xSe in the Cu-rich CIS epitaxial films can support the perfect crystal which can be
accounted by exciton detection. When the composition of the films becomes the Cu-

poor, it demonstrates many defects that are regularly found in the Cu-poor films [17].

\m)
- 1000

—

_He-Ne laser (632 nm)
40 mwW
@ 10K

inescence Intensity (a.u.)

n-iLLul!.l'.H-e Boedy

Photolur

NINYNT

e

Photon energy (eV)

Figure 4.36: Photoluminescence spectra of two-stage CIS epitaxial films of the
composition: (8) y~1.6,(b)y~16->13,(c)y~1.6->11,(d)y~16->10and
(e)y~1.6->09at10K.
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4.3 Results and Discussion of the CulnSe, Epitaxial
Films Grown by Modified Two-stage Growth

Process

The modified 2-stage growth progess technique is applied in the growth of
CulnSe, epitaxial films on GaAs (001) substrate. The substrate temperature is also
kept at 600°C during the deposition time that is the.same as other growth processes.
The composition of the growing films in the first stage of deposition is set at y; ~ 1.6
for 30 minutes (t,). Afterthat,.the temperature of the In-source is ramped up in the
second stage of depasition using the ramping rate v = 0.0001 s™ to obtain y ~ 1 at the
end of the deposition” process.  The ramping rate of this deposition process is
calculated from~Eq. 345 by seiting the total deposition time T = 3 hours. The
pyrometer signal ofithe modified two—stagéé]rowth process is shown in Fig. 4.37. The
characteristic of signal is similar‘to the si‘pgle-stage of the near stoichiometric films
except the amplitude of the interference fri‘n_ges related to the quality of the front and
the back surface of the growing films is higﬁér."The decrease of the signal in the first
period is due to the radiation ofsthe Cu-riCh-!'?Nms. When the rate of the In-source is
increased, the composition of:the ‘growing film evolves from the Cu-rich to near
stoichiometric films resulting in the chang_e?df the emissivity of the film. By this
reason, the tendency of in}:réésing pyrometer 'si-g_j'nall In the next period is observed.
During the depasitton-process;-the-epitaxial-fiims-are-observed by RHEED which
exhibits the streaky patterns at the end of the deposition pracess. This indicates that
the films obtained by this growth process are relatively flat dug to the lateral growth at

high deposition temperature.
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Pyrometer signal (a.u.)

Deposition time (a.u.)
l

Figure 4.34: Pyrometer signal of modified two-stage CIS epitaxial films.

The XRD spectrum of the mo&ifiea two-stage near stoichiometric CIS
epitaxial films in Fig. 4:38(d) shows the Weii-resolved peak of CIS (008) at 20 around
64.28° which indicates the good crystallographlc structure. The characteristic of this
XRD spectrum is similarto the XRD spectrum of the two-stage Cu-poor CIS epitaxial
film as shown in Fig. 4.38(c)-unlike the XRD spectrum of the single-stage near
stoichiometric film in Fig-4.38(a) or the tworstage near stoichiometric film in Fig.
4.38(b). It can.also be mentioned that the formation of CGS interface layer in this
growth technique: IS not observed even though it is evolved from the Cu-rich
condition. The AEM 1mage in Fig. 4.39 exhibits the homogeneous surface and
undulations originated from the Cu-rich surface. In addition, many big and deep holes
that are observed in the normal two-stage Tilms can be reduced significantly. It is
worth to note.here that the optical reflectance 'shows much larger amplitude of
interference fringes when compared to the previously mentioned growth process.
Figure, 4.40 presents the comparison of the optical reflectance spectra ofthe single-
stage near steichiometric films. (green.line), the two-stage near stoichiometric films
(violet line) and the modified two-stage near stoichiometric films (pink line). This
high oscillation agrees with the result of the pyrometer signal and that can be referred
to the good surface morphology. The larger amplitude in the reflectance spectra below

the gap also infers less defect states in the gap of the CIS. When investigating the



77

optical reflectance results carefully, there is a difference at the end of the oscillations
which may also be associated with the shift of CIS (008) peak in the XRD results. The
oscillations of the single-stage and the normal two-stage films stop at the energy
around 1.04 eV while the oscillations of modified two-stage film stop at the energy
around 1.07 eV. The optical reflectance result of the modified two-stage film cannot
be used to identify preliminary. that the grown film as CIS but rather the CIGS
compound with minute amount of Ga atoms. Furthermore, the small oscillation which
is the secondary oscillation eonnecting to the_big oscillation which is the primary
oscillation are observed: With the obseérvation of diffusion of Ga atoms into the CIS
layer shown in the ' EDS spgetra.of the previous section, it'1s speculated that the Ga is
the main cause peiturbing.the crystallographic structure of the grown films that results
in the optical reflectance and the shift of CIS (008) peak. Although the films that are
grown by the modified two-stage’ growth  process give the good crystallographic
quality films and lp€tter surface'morphology, there are many defect complexes in the
films that exhibit ia the PL m‘easuremént'q“-‘shown in Fig. 4.41(c). These defect
complexes could be arisen ffom the distof_ﬁ@n of crystallographic structure indicated
by the great shift of the CIS (008) peak. Tr;en;res'ults of PL measurements in Fig. 4.41
suggest the fact that the crystallographlc structure of bath the near stoichiometric and
the Cu-poor CIS epitaxial films are full of;défects From these results, it can be
concluded that the evolution of both two-stage: films are different in detail of growth
mechanism aftern and the excess Cu,..Se incorporation although it evolves from the
Cu-rich conditiQr{ in the first stage of the deposition procéss which plays the
important role to obtain the near perfect crystal and undulation pattern.
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Figure 4.38: XRD spectra of CIS epitaxial films of (a) single-stage near
stoichiometric, (b) two-stage near stoichiometric, (c) two-stage Cu-poor (y ~ 0.9) and

(d) modified two-stage near stoichiometric, compared with GaAs substrate.
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4.4 The Summary of the Growth Processes

All the MBE growth processes previously described can be used to grow the
CIS epitaxial films which can be confirmed by the in-situ monitoring RHEED
patterns. Table 4.2 summarizes the details of crystallographic structure of the epitaxial
CIS films grown by the different growth processes. It can be concluded that the
crystallographic structure is very sensitive 0 the method of growth process. The
growth process that gives the lowest distortion.of the crystallographic structure is the
single-stage Cu-rich and etched with KCN aqueous solution. By this method, the near
perfect crystal of ClS«epitaxial films can be obtained which is accounted by the
exciton detection. Forthe two-siage growth process, the distortion of crystallographic
structure is stronger When® the: compaosition of the films converts to the near
stoichiometric film and.even more for the C;Iu-poor film. However, all the films show
the well-resolved XRD spectral lines betvieen Cu-K,1 and Cu-K, indicating the high
quality of crystallographic structure of epifgxia‘l films. The modified two-stage growth
process can improve the surface morpho|6gy of the film but the mechanism of this
growth takes the most distortion in the cfyéia['lbgraphic structure that can generate

defect complexes in the film. A

Table 4.2: The position of XRD spectrum and c-axis of CIS (008) in various samples.

CIS Sample 20 c-axis (A)
bulk 64.08° 11.615
single-stage near stoichiometric epitaxial films 64.23° 11.590
single=stage KCN-etched 'Cu-rich epitaxialfilms 64.12° 11.609
two-stage near-stoichiometric-epitaxial films 64.16° 11.602
two-stage Cu-poor (y~0.9) epitaxial films 64.24° 11.589
madified two-Stage rear stoichiometric epitaxial films 64.28° 11.583




Chapter V

Conclusions and Suggestions

In this dissertation, the growth of CulnSegs (CIS) epitaxial thin films on GaAs
(001) substrates using molecular beam epttaxy teehnique has been successfully
achieved without using pseudosubstrates or buffer layers. Reflection high energy
electron diffraction (RHEED) apparatus and in-situ-menitoring systems, e.g. the
pyrometer signal and.ihe outpui power of the temperature controller, applied during
the deposition process.are the powerful tools for obtaining high quality CIS films with
reproducibility. The RHEED patterns.exhibit the streaky patterns in both the Cu-rich
films and the neag stoichiometric films.;As long as the structure belongs to the
chalcopyrite phase, the streaky patterns car] be observed which can be accounted as a
high quality strugture. - Unlike the Cu:ppor films, the structure of the films
demonstrates as the sphalérite phase or ordered defect compound which exhibits
lower quality structure resultingsin“the spotti} RHEED patterns. The key parameters
and the growth conditions which play the irhpdrﬁant roles in the growth mechanism
for obtaining the high quality epitaxial-CIS: fllms are the phase of the excess Cu-Se
compounds and-the substrate temperature groi/vir_ig Under the «Cu-rich conditions. In
this work, the -phase—of-Cu=Se—compounds—shouid—be- Ct, ,Se and substrate
temperature should be more than 500°C. The CIS epitaxial _films that are fabricated
using these parameters and growth conditions can give-a good crystallographic
structure such that the excitonic emission can be observed. The growth model of the
Cu-rich .CIS. films can be. drawn. The films. that aregrown: from the different
deposition techniques and compositions give the difference in‘the physical properties
due to the mechanisms of the growth that can be summarized as followed;

@ The surface morphology of the near stoichiometric films that are-grown by the
single-stage process shows the rectangular Shape due™to the Side ‘plane of
crystallographic structure of CIS in (001) plane and step-like structures. The
crystallographic structure demonstrates the high quality single crystal with
well-resolved XRD spectral lines. The optical reflectance shows the

oscillations in the range of energy below the band gap due to the interference
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between the front and the back surface of the grown films. The XRD spectra
of the single-stage near stoichiometric films before and after etching with the
KCN solution are similar. The physical structure observed by SEM
measurement shows the dense CIS epitaxial films suggesting that the high
quality single crystal epilayers are obtained but the intrinsic property of the
films explored by the PL measurement reveals the presence of a large number
of defects especially the acceptor-typerdefects including a few donor-type
defects.

The single-stage Cu-rich CIS epitaxial films show the difference in the
physical properties before and after etching with the KCN solution. The as-
grown films exhibit the broadened XRD spectra that are the combination of
crystallographic phases of' the IS (008) structure and the Cu,,Se (004)
structure while' the' well-resolved peaks of CIS (008) indicating the high
quality single crystalis the deminant structure after the KCN etching process.
The surface morphology before etch"ihg process exhibits many rectangular
shaped protrusions along with the u’h:d,ul_a_tions. The protrusions are the excess
Cu,.xSe compeunds which ean residé;, both on the top surface that act as the
metallic-like epilayer and nside thé'i'C,—IS layer that leave the holes or voids
after etching the CIS films with KCl\i,sOI':j"tion. After the etching process, the
metallic reflection disappears and the fu_lLQsciIIations in the reflectance spectra
are recovered. Although the physical structure of cross-section SEM image
shows 'many deep holes of the excess Cu,xSe like grain boundary but the
existence 0f the excess Cu,,Se helps to form the high quality crystallinity
resulting in"the exciton detection which can be used (0 determine the band gap
energy of the' ClSuepitaxial films, i.6..Eq = 1.045 eV (at 10 K). The peculiar
spectrum e the XRD result is/due to the presence of the CuGaSe, (CGS) at
thelinterface of the CIS films and the GaAs substrate. This interface layer is
occurred by the incorporation of the excess Cu,..Se with the diffusiving Ga
atoms, from the GaAs surface. The substrate temperature is the most important
key for the quality of the films due to the function of the excess Cuy.xSe.

The two-stage films show streaky RHEED patterns which are considered to
have the high quality film surface. The composition of the films starts with the
Cu-rich condition to ensure high quality precursor which is confirmed by the

exciton detection. The mechanism of the growth evolves from the Cu-rich
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composition passing through the slightly Cu-rich, near stoichiometric and then
Cu-poor composition, respectively. This evolution is possible by the
incorporation of In atoms with the excess Cu,.xSe. The well-resolved spectrum
of the CIS (008) and the decrease of Cu,«Se (004) are the good evidence
which support the incorporation of In. The change in the optical reflection
from the metallic surface to the semiconducting compound is in a good
agreement with the evolution of the composition of the films. The undulated
surface is the specifie pattern found #n_the"Cu-rich films remains throughout
the evolution“of the films. The mechanism of In-incorporation and Cu-
deficiency in‘the secend stage of the growth is the main cause of the change of
the intrinsiesproperty. Fhe number of defects, especially acceptor-type defects,
IS increasingly generated when the composition of the growing films converts
to the Cu-poogcondition: This mechanism is the important evidence for the
fabricationsof the photovoltaic devices. Normally, the physical properties of
CIS or CIGS should be p—tjpe “semiconductor more than intrinsic
semiconductor, so the' composition ‘b_f.th_e grown films should be slightly Cu-
poor condition rather than the Cu-riéh;or stoichiometric condition.

The modified two-stage process thaf _iw:é f)[oposed to improve the Cu deficiency
in the normal two-stage process is%ge:ri%rmed. The high quality epitaxial
structure is obtained ‘and confirmed-"by:_ithe streaky RHEED patterns. The
higher. amplitude of the interference fringes in the opiical reflectance spectra
and the hbmogeneous surface morphology are the signs for the physical
quality enhancement. The crystallographic structure of the near stoichiometric
composition is different from the normal two-stage near stoichiometric films
but similar to the'mormal two-stage Cu<poor films. The Ga diffusion from the
substrate could be the cause in the shift of the CIS (008) istructure rather than
the effect of strain. Although this process can enhance the extrinsic quality of
the films, the intrinsic property of the films“is somewhat the opposite, i.e.

many.defect complexes are.induced inside the grown films.
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As a result of findings in this research, |1 would suggest and recommend further
investigations:
1. For a better understanding in the shift of the CIS (008) peak and the
disappearance of CuGaSe, interface layer as well as the evolution of the
composition of the two-stage films in both normal process and modified

process, the effect of Ga diffu: from the substrate and the composition
' N n probe micro-analysis (EPMA)

ion mass spe
or secondary io

2. For an understanding of st in"the epitaxial films, the high

resolution X

n reciprocal sp “mapping technique should

be examine
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APPENDIX A

List of Symbols and Abbreviations

CUi
CuIn

Cuse

Ir]Cu
In;
INse sindium substitution to Seleniumsite—
k V or
o

K Temperature un

kg BoItzEaann constant

'M ﬂwmwamwmm

Refractive index
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Selenium interstitial: Se-interstitial
Sen Selenium substitution to Indium site
Torr Pressure unit
Toyro Temperature of Pyrometer
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u Displacement parameter

Veu Copper vacancy: Cu-vacancy

Vin Indium vacancy: In-vacancy

Vse Selenium vacancy: Se-vacancy

w Power unit: watt

y

y>1

y~1

y<l1
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€

n
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(¢)

v |
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Am Molecularity-deviation
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(D V) Doror to valence band transition ’

The rﬁrﬂr of atom: N

ﬂumwmw 8113

Temperature unit: degree Celsius
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Abbreviations

1-stage Single stage
2-stage Two stage
AFM
AF-PVD
BEI
CGS

CH
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CIGS
Cu
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EDS
EPD
EPMA
FWHM
GaAs
H>O Water :

H20; drogen péroxide

H,SO4 sdfuricacid
HAADF  High angle annular dark fi P
In Indium ele

JCPDS Joint CounC|I for Powder Diffraction Studies
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Migration-enhanced epitaxy

Mo Molybdenum
MOVPE Metalorganic vapor phase epitaxy
NIR Near infra-red
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QCM Quartz crystal thickness monitor
P Pressure
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Se
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