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CHAPTER I

INTRODUCTION

1.1 Overview

Solar energy is one of alternative sources of energy. It reduces the CO, emission and
other greenhouse gases that are the cause of climate change and global warming
problems [1]. Solar celliiis-asemiconduetor device that-ean directly convert the photon
energy into the electrical energy-by using a photovoltaic (PV) effect. In 1839, the
photovoltaic effect.was diseovered by Becguerel and thena solar cell was produced at
Bell Laboratory in 4950 by using single crystal silicon [2]. The silicon wafer was
diffused to form a p-nfjunetion with ‘group 11l and group VI elements, respectively.
The primary solar cells were mostly gsed to generate the electricity in space
applications (e.g. spacecraft, space station and satellite). Silicon solar cell is the 1°
generation PV. The'achigvement of the silicon solar cell leads to the PV market. Today,
the single crystalline and polyc'rys'talline sili-'c,i.or;'solar cells share about 80 percent of
PV market [3]. Scientists have found new bﬁ'qtov_oltaic materials and methods which
have a potential to reduce the'manufacturing Qs-t'Jénd gain the device efficiency. Over
the past three decades, the technology- of soia_u:’;éell, has been developed in order to
achieve higher electrical conversion efficiency. Thin film solar cells were emerged in
1970. Solar cellsbased on thin film technology have attracted commercials because of
their high efficiency, low material usage and high yield processes. The thin film solar
cells such as amorphous (hydrogenated) silicon (a-Si:H), CdTe and Cu(In,Ga)Se; are
the 2" generation of PM technology. The thin-film PV market shows a spectacular
annual growth rate-of 126% in 2007 [4]./ The 3" generation of PV/ started in 1991. A
photo electrochemical reaction based solar cells i.e. dye-sensitized cells was firstly
invented by Michael Gratzel and Brian O'Regan at.the Ecole PolytechniGué Fédérale
de Lausanne [S].MIt is presently very interesting because of|the easier processes (non
vacuum) and the dramatically lower cost. However, these cells still have short term

stability and unreliability in outdoor operation.


http://en.wikipedia.org/wiki/Michael_Gr%C3%A4tzel
http://en.wikipedia.org/wiki/%C3%89cole_Polytechnique_F%C3%A9d%C3%A9rale_de_Lausanne
http://en.wikipedia.org/wiki/%C3%89cole_Polytechnique_F%C3%A9d%C3%A9rale_de_Lausanne
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q’echnologies), Germany (WirthSolar), Japan (Honda), etc. [3].
Cu(In,Ga)Se; is a ternary compound semiconductor of the I-111-VI group. It
has been demonstrated for the sufficiently long term stability and high absorption

coefficient so it is used as the photon absorber in high efficiency thin film solar cell [7,



8]. The structure of the CIGS solar cell consists of Ni-Al grid/ZnO/CdS/CIGS/Mo
layers. The heterojunction of CIGS solar cells is constructed by the difference of
semiconducting materials with unequal energy gaps. The p-n junction is formed
between ZnO/CdS as the n-type semiconductors and Cu(ln,Ga)Se, as the p-type
semiconductor. Mo and Ni-Al grid are back and front electrical contact, respectively.
CIGS is a direct band gap material whose bandgap energy can be adjusted from 1.04-
1.68 eV by varying the ratio of group Il elements: This property is very interesting
for band gap engineering. The p-type CIGS is generally. doped by native defects such
as vacancies, interstitial and antisite defects which contribute as the acceptors to
increase the conductivity. Fhe native defects occur during the growth process and
depend on the impurity and composition of the CIGS films at the end of the process.
The non-equilibrium progess, e.9. a three-stage process has been developed to
enhance native defecis for® obtaining higher doping levels in the CIGS films. In
general, the standard CIGS thin film solar cells using a soda-lime glass (SLG) as a
substrate are unintentionally doped - with Jén Impurity in the substrate whose
compositions are “Hliustrated” in Table 1.1:.'-_'.I'hJe important compounds of alkaline
elements in the SLG such as sodium (Na) and pdtassium (K) are induced as the native
defects to enhance the device efficiency. However the amount of Na that diffuses
from the SLG substrate through-the Mo fllm4nto the CIGS film during the growth
cannot be easily controlled-and-fdentified. It de_pends on the SLG properties, substrate
temperature during the growth process and the properties of Mo.film which allow the

Na diffusion.

Table 1.1 Chemical composition of soda lime glass (SLG) [Ref: U.S. Department of
Energy, National Cepter for Photovoltaics, NREL].

Material Compasition (%)
SiO; 72.8
NagO. 12/
CaO 84
MgO 3.8
Al,O3 1.4
K,0 0.8
Other (Fe) 0.4




The optimum concentration of Na in the CIGS film is only 0.1 atomic percent to
achieve high efficiency cells [9]. In addition, the small amount of internal Na
diffusion from the SLG substrate enhances several positive effects to the CIGS films
and the performance of the solar cells when forming the p-n junction. The role of Na
mainly affects the conductivity of absorber layer or doping levels of the CIGS film
which corresponds to the native defects [10]. Many researchers have shown the
improvement of morphology, orientation, anc_grain size by sodium enhancement in
the CIGS thin films [11, 12]. The cell performance consisting of the open-circuit
voltage and the fill factor substantially increase [13]."However, the limitation of Na
diffusion from the SLG is_presently not fully understood 1n details. Thus Na from an
external source is.then needed for controlling the quantity of Na. Moreover, this is a
basic requirement for fabricating the €IGS solar cells on flexible substrates such as
metallic foils or polymer sheeis [14]. According to the previous works, the effects of
Na on the CIGS salar cell have beenrobserved in many laboratories e.g. A. N. Tiwari’s
group in Switzerlandsand L. Stolt’s group in éweden, etc. The varieties of the model
have been proposed to explain the Na effects in the CIGS material and the solar cell
based on their experimental results. However,_,thése models are still inconsistent. For a
general agreement, Na affects the electr-d'riii':j property by enhancing the carrier
concentration and the film conductivity,-and thus Ji’fnproves the solar cell efficiency. In
contrast, there is a conflict.of Na-effects in the strgctural property. The presence of Na
during the growth process affects the increase of grain size and texture observed by
Granath et al. but' Rudmann et al. found the decrease of grain size when incorporated
with Na [12, 15]. The structural effects seem to be a main problem that depends on the
conditions of the growth process. In order to understand the"problems, | focus on the
growth mechanism with“Na incorporation during the growth process and compare the
experimental results with the ‘previous works by others. A growth model will be
introduced to explain the growth mechanism and doping mechanism under Na

incorporation.
1.2 Literature review of models of Na effects

There are several models of Na effects in the CIGS films which can be classified into
three categories based on the experimental observations. The first model suggests the

substitution of Na in the CIGS structure. The substitution of Na onto In or Ga sites



(Nagnca)) helps increasing the hole carriers because Nagnca) acts as an acceptor. In
addition of the substitution of Na into Cu site (Nac,) helps reducing In or Ga atoms on
Cu sites (In,Ga)c, which acts as a donor by forming a neutral defect [10,16].
Therefore, the substitution of Na in the CIGS structure causes the change of electronic
property in the CIGS by enhancing the p-type doping and thus reducing the n-type
doping. In the second model, Na behaves as a surfactant during the growth of the
CIGS. It destabilizes (2Vc,+Ine,) neutral defectscomplexes in the near-surface region,
and thus reduces the amount of Inc, compensaiing donors as well as enhances the
crystal quality of the CIGS [17, 18]. In addition, the advantages of the surfactant are
the suppression of B-phase.€1GS formation and expand the range of a—phase CIGS
formation as described by«Granata and Sites [19], Herberholz and co-workers [9]. D.
Rudmann et al. proposedsthat Na especially passivates at the grain boundaries and
surfaces because of the very low solubility in the CIGS single crystal [20]. Then, they
claimed the Na effects in the CIGS caused by Na acting only at the grain boundaries.
Rockett et al. suggested that Na improves tﬁe cell performance primarily via grain
boundaries by changing in the electronic properties. Na increases atomic mobility
during the growth ofithe CIGS at the grain bouhdaries, and thus will increasing the
grain size due to the decrease of energy at théisﬁrfaces [21]. The third model is not the
direct effect of Na on the CIGS. it assumés— tﬁﬁt Na on the surface catalyzes O,
dissociation which supplies oxygen in the CIGS. Kronik et al. proposed that the
increased hole.density is due to the occupation of Se vacancies (Vs,) with oxygen
atom. The Vs.acts as a donor but the substitution of O atom into Vs, acts as a neutral
defect. Therefore, O atoms help reducing the n-type doping and introducing an
acceptor [22].

According to thestheoretical calculation, the first principle calculation of Na
effects on the electrical and structural properties of CulnSe, was introduced by S. H.
Wei, S. B. Zhang, and Alex Zunger [23]. They divided the Na effects into three main
types.on_CulnSe, by determining the quantity of Na in_the CulnSe, crystal and the
possibility of.catalyzing oxygen dissociation.| They calculated the formation energies
and the transition energy levels involving point defects e.g. Nac,, Nay,, Vse , and Osg in
CulnSe;,. The Na models were clarified with their calculation results. They proposed
that: (1) There is a formation of phase separation of the NalnSe; and the alloy NayCu;.-

«InSe, which are the precipitation of a secondary phase on the surfaces or the grain



boundaries at large Na concentration. Na atom will replace Cu site and forms a more
stable NalnSe, compound that have a larger band gap and lead to the higher open-
circuit voltage. The NalnSe, compound increases the (112) morphological texture. (2)
When small quantities of Na are introduced to the CulnSe;, Na will form Na-on-Cu
defect (Nac,) and Na-on-In antisite Na,, defect. Na-on-Cu site does not create levels in
the band gap, while Na on In site creates acceptor levels that are shallower than Cu,.
Therefore, Na,, can effectively reduce the Inc,doners and thus significantly enhance
the effective hole density. In-addition, the gtieaehing of Inc, as well as V¢, by Na
enhancement reduces the stability of the (2Vc,*Inc)) and thus suppresses the
formation of the ordered deiect. eompounds. (3) They found the possibility of oxygen
atom substituting.in'Se vaeancies (Vs.) when determining the heat reaction of oxygen
substitution in Se wacangy. Na induces oxygen point defects on the surface of

Cu(In,Ga)Se; known as a catalyze dissociation of O, into atomic oxygen.

1.3 Scope of this dissertation

This dissertation is concentrated con- the growth of CIGS thin films with Na
incorporation by using molecular beam ‘deposition technique. The two main Na
sources are from the internal-Na diffusion from the SLG substrate and the NaF
evaporating source. They are Studied and coTﬁpa-red with each other. Al,O3 layer is
used as a Na diffusion barrierin this study. ‘I"hré:f)rbperties of the CIGS films grown on
the Mo/Al,O3/SLG substrate such as crystal orientation, surface morphology and
chemical compesition are investigated and compared with the standard CIGS grown
on Mo/SLG substrate. Then, the use of Sodium-Fluoride (NaF) as a Na precursor, the
improvement of the device performances by adding an ultra-thin layer of NaF on
Mo/SLG=substratesand Mo/Al,O4/SLG, substrate.are investigated. This can be used as
the information of using/NaF as a Na source for the preparation of the CIGS thin film
solar cells‘on flexible or Na-free substrates.

This-dissertation is-composed of four parts=in theyfirstpart (Ghapter (1), an
overview ofithe principle of solar cell,»physics of physical vapor depasition.and the
CIGS material properties are described. The experimental details of the CIGS thin
film growth by the Molecular Beam Epitaxy (MBE) system, in situ monitoring and
fabrication of the solar cell as well as the physics of characterization techniques are

explained in the second part (Chapter Ill). Then the experimental results and



discussions of Na effects on the structural, surface morphological properties, chemical
composition of the CIGS films as well as the device performance are discussed in the
third part (Chapter 1V). In the fourth part (Chapter V), the growth model based on the
experimental results are described including the doping mechanism of Na
incorporation in the CIGS films. Finally Chapter VI is the conclusions of this
dissertation.
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CHAPTER Il

THEORETICAL BACKGROUND

2.1 Principle of solar cell

Solar cell is a semiconducting device consisting of a p-n junction which can convert
photon energy into the electron-hole pair and fced to an electrical circuit as seen in
Fig. 2.1. The basic prineiple of a solar eell is based on the photovoltaic effect that can
be described by a band diagrtam for example, a p-n homojunction (Si-solar cell) under
illumination as shown in Eig. 2.2.1n principle, photons with energy equal to or greater
than the band gap.energy are absorbeéd in a semiconducting material and then
electron-hole pairs args€reateds Omn the other hand, photons with energy less than the
band gap will passithrough the material aad do not convert into the electrical energy.
However, a less of photoncan be absorbed.b}; -trap states inside the band gap. Most of
the electron-hole pairs generated by photon are transported across the junction by an
internal electric field at the juﬁctibn. The el-i;;.ct;ic field is created from the diffusion
process of electron and hole af space chafg':éfreg_ion and thus establishes a built-in
potential. Electrons and holes separated by 17he ‘electric field give rise to electrical
voltage and current in the external circuit, hgvy;gyer the partial electron-hole pairs
which cannot goito the external load, can recombine and cause the loss of electrical
current. 7

For the "CIGS thin film solar cell, it is multi-layers of semiconducting
materials combined to form a p-n junction (heterojunction solar cell). The structure of
the CIGS solar cell’ censists of the p-typeé:seémiconductor (CIGS) and the n-type
semiconductor (CdS and ZnO). The band diagram of the CIGS heterojuction solar cell
as shown in Fig. 2.3 is more complicated than that of the Si-homojunction. The
different semiconducting materials"with unequal batid gaps are combined/to form a
jungtion at theiequal Fermi level. The CIGS material has an energy gap in the range of
1.04 eV - 1.68 eV and typically the gap of 1.2-1.3 eV are used to obtain the high
efficiency solar cells. The energy gap of the CdS and the ZnO n-type semiconductors
are about 2.4 eV and 3.3 eV, respectively. A little spike is created at the junction
between the CIGS and the CdS. The spike is expected to reduce the interface

recombination and increase the built-in potential. Note that, when the wider band gap



CIGS (high Ga concentration) is needed, the CdS layer becomes inappropriate due to
the absence of the spike. ZnS buffer layer (E; = 3.8 €V) is usually used instead of the
CdS layer.

PHOTON

front contact

Figure 2.1 A simple diagra he generated ¢ \u : at the p-n junction.

_ @
I_nC|dent % _E
light ez

—37 By

recombinagion

hole

ﬂ%ﬂmwmm

wm»mwuma BUIAL

ells



10

ZnO:Al

Culng7GagsSe; (p-type)

Incident light 24 eV

3.3eV

bl

v

|<— n-type —»\ [ ]

Figure 2.3 Energy band diagram of heteroiynction CIGS based thin film solar cell.

2.1.1 The electrical property of a selarcell
The current-voltage characteristic, (I-V- curve) of the solar cell can be measured by
applying an external woltage to the device with and without illumination of light. The

I-V curve without illumination (dark mode) _cari be described by the Shockley-diode

equation —

P [ B

1, = I, (e"7 —1), @1
where I, is the*diode current flowing through device, I, is the leakage current or
reverse saturation current, ¢ is the electrical charge, V" is the bias voltage, 4 is the
diode quality facter, k is Boltzmann’s constant and 7 is the temperature of the device
[2]. The p-n junctiongunder the illumination’ (light mode) at a zero bias (V=0),
electronthole pairs.are generated from photon absorption. The electrons are swept to
the n-side,jand the holes are swept to p-side by the electric field across the junction as
described previously. Therefore,” the junction gemerates a currenti.known as
photocurrent (4;)"in the short-circuited device. The photocurrent is a drift current that
has an opposite direction with the forward bias diffusion current (/5) in dark mode.

Thus, the Shockley-diode equation under illumination changes to

qV

I=1,-1,=1,(e* -1)-1, (2.2)

where [ is total current, /; is the photocurrent at zero bias and I, is the forward bias
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diffusion current. The equivalent circuit of the single junction solar cell and I-V curve
are shown in Fig. 2.4. The circuit consists of a current generator in parallel with a
diode and a shunt resistor, leading through a series resistor to the output terminals.

The series (R,) and shunt (Ry,) resistances are defined as the following

ov oV
R=",atV=Vyand R,=—, atV =0
o VL =2 (2.3)

S

The series resistance 1is th istance solar cell device and the shunt

i ¢ leak-path , s at the p-n junction. Two
parameters can be uSSETE . e qat which the low R, and
the high R, are appropriated ! \ ell. Tn.gencral,"the performance of solar

as a short-circuit custe : en- ; v ), afill factor (FF), a series

ar cell parameters such

1’:’

-%L =
p -rf.ﬁ@“ (2.4)
and L= ’”‘T‘ ) (2.5)
== J:FH‘
respectively. The maxi powet at (/, 0 e urve indicates the maximum

Convel‘ting p ""nlluﬁ-“==lli-zulnl-uH:==|l'-rli=m'i_.i_.‘i !

X

=-mm_mar m (2.6)

expression of how

square the outpu cha

V.xI,

The ty 7-0.85. Finally,
the conve sﬂ mﬂ If]et ining the ratio

of the i 1np power (light power) an&the output power (electrical power)

ammﬂ%m%ﬂm%maa
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Figure 2.4 Equivalent circuit diagram ef solar cell and I-V characteristic of solar cell.
2.2 Physical Vapor Depasition (P\VD)

PVD is one of the most popularn techniqllles for thin film coating in material science,
nano-technology, surfdce engingering, ete. The PVD process generates vapor of
coating material by physical methods such as thermal evaporation, electron beam,
sputtering etc. and then the evaporatlng materlal deposits on the substrate surface.
Usually, the PVD Coating systems requlre__’h}gha yvacuum equipment for removing the
contamination, e.g. O, N, H,O etc. In ad-;iiti.on PVD technique can be used for
many kinds of material and the physwal parameters can be varied in order to obtain
the desired films. In this section, the physws-and chemlstry of the evaporation based

on the growth and the formation of films by the_ P.YD technique are described.

2.2.1 The physics-and-chemisiry-of-evaporaiion

In 1882, Herfz_described the evaporation phenomena. by his experimental
measurement on the evaporation of Mercury. He found that the evaporation rates were
not limited by insuffieient heat supplied to the surface of the molten evaporant. It was
proportional'fo the difference between the equilibrium pressure; B.s'of H, at the given
temperature and the hydrostatic pressure, Py, acting on' the ‘evaporant. In addition, a
liquid evaporant at a given temperature has a specific evaporating ability. If the
nunriber of emitted vapor meleCules correéspond to the humber of réquired exerting the
equilibrium vapor pressure, 1t will give a maximum evaporationi rate. The ‘evaporation
rate of the liquid and solid surfaces can be expressed by

_aN(E-F)

- 2.8
°  (2TMRT)" (2.8),

where @, is the evaporation flux in number of atoms or molecules per unit area, per
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unit time, and e, is the coefficient of evaporation which has a value between 0 and 1
[24]. The maximum rate will be given when ¢, = 1 and P, is zero. By considering gas
impingement on surfaces, the number of molecules that strike an element of surface,

perpendicular to coordinate direction, per unit time and area can be written as

_3.513x10%

P molecules/cm’s, 2.9)

where P, is the equilibrium Ssure exp unit and a useful formula is

iy e / s, (2.10)
where I', is the mas aporat . , % - the pressure is 10 Torr, a
typical value of T, {0 slemicnts is| app rams per second per cm’
of evaporated ar: i Uic [ \ ; -.>- , ant key parameter of

(2.11)

This equation can be used in both - 1 liquid-vapor equilibrium. The

derivation of enthalpy, late to the differences between the

vapor (v) and the condensed aﬁ. 4 ,‘_}1_ :.a':g- r ), while T is the transformation

temperature. By sir ( Iy can be expressed by
V.=RT/P and 41";’;232 v ----- 0 .\: J e rewritten as

B "B m 2.12)

When the molar heat' of evaporation equalsbenthalpy AH(T)=AH, , the relation of

=AUBITNUNINGING

lnP~— +I or P= Poe RT (2 13)

TR AMTRIITANYIN Y
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Fioure 2.5 Relation betwéen dapor pressure and i fure of several materials.
g b A Y A f

The value of / can be dete . with the latent heat of

f- ]
vaporization (AH,)s the Vit i int and 1 atm for P. This
equation known as Afrhenius e '10ﬂ imply describes the relation between the

temperature dependence a s Jvapor préssure in many materials over a small

temperature. However, the ex :__ ang ity of the temperature dependence
of AH(T) must be taken 1nt0£€éﬁf w17 th rmodynamic data. For example, the
ST E L
vapor pressureﬁhquld Al is given by
log P *‘i-:-—'—-~—'——————":- -------------- 7 T (2.14)
The Arrhenius chara the first two terms on

all corrections. The

the right-hand side while the remaining terms are the. s

relationship betweeq’tlavapor pressure anﬁjthe temperature of several materials is

S“’W“ﬁ%fﬂ’ﬁﬂﬂﬂ‘iﬂ&ﬂﬂ‘i

222 Ev oration of multi-element material

simmmmm*ﬁmﬁ:&m:

ostly evaporate with the change of molecule and, therefore, the vapor composition
condensed is non-stoichiometry as original solid or liquid source. The molecular

association and dissociation processes frequently occur in the vapor phase.
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Table 2.1 The chemical reaction during the evaporation phenomena in compound

where M = metal, X = nonmetal [24].

Reaction

Chemical reaction

Examples

Comments

Evaporation without

MX(s or )—»> MX(g)

Si0, B,0;, GeO, SnO,

Compound stoichiometry

dissociation AIN, CaF,, MaF, maintained in deposition
Decomposition MX(s)—>M(s)+12X,(g) [[AgS, Ag,Se Separate sources are required
MX(s)=>MD)+1/mnX(g) | |1V semiconductors to deposit these compound
Deposits are metal-rich
Evaporation with = Separate sources are usually
dissociation required to deposit these
(a) Chalcogenides | MX(S)»M(g)t1/2X,(g) | CdS, CdSe; €dTe compounds
X &S, Sl T¢ 'I Si0,, GeO,, TiO,, Metal-rich discolored
(b) Oxides MO#SMO(g)#1/2Xx(g) | Sn0,, ZrO, deposits; dioxides are best
'!_ i deposited in O, partial
- pressure (reactive evaporation)

The reactions during evapouation phenorf'lena in compounds can be occurred, and

these are categorized briefly in Table 2. 1. A troublesome decomposition of multivalent

metal oxides to lower oxXides can-be coiglpensated by reactive evaporation with

oxygen gas.

2.3 Cu(In,Ga)Se, material

= ?’1'.1

alllt™

o

2.3.1. Optical Property-of-Cu(in,Ga)Semateriai

The solar spectrum, of the sun irradiated on the earth surfaceis illustrated in Fig. 2.6.

AM 1.5 is a standard terrestrial solar spectral irradiance distributions on the earth

surface and AM 0 is,the outer space. The chalcopyrite CulnSe; or CIS semiconductor

has been.denonstrated'the highest absorption coefficient when compared with that of

other photovoltaic'semiconductorsssuch as CdTe, GaAs-and ¢-Si as seen in Fig. 2.7. In

addition, 1t has a direct band gap that the absorption, coefficient does not depend on

the photon éndrgy: The! dbsorption coefficient a(hV) of CIS'is about 2107 em™ at

photon energy hv = E,+0.2 eV where E, is the band gap energy. In principle, the

absorption property of material can be expressed by

I(hv,d) =1(hv,0)e

—a(hv)d

(2.15)

where / is intensity of light at photon energy /v and d is the thickness of material [25].
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The intensity of light exponentially decreases with the thickness of material. The CIS
material is chosen for using as an absorber layer in high efficiency solar cells because
of its effective absorption. Generally, a 1 micron thick CIS film can almost absorb the

entire sun light incident on it.

g
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Spect

Figure 2.6 Standard s¢ ar 5'3&1 , and te \ rial (American Society for

Testing and Materials (ASTM)) [2

Figure 2.7 Absorption spectrum of CulnSe, compared with that of other photovoltaic
material [27].
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2.3.2. The variation of band gap in CIGS material
A special property of Cu(In,Ga)Se, material is that its band gap energy can be
adjusted in the range between 1.04-1.68 eV by varying the ratio of group III elements;
In and Ga atoms. The change of band gap is an important role to the performance of
solar cell by changing the range of photon absorption and the level of built-in
potential. The band gap energy of a-Culn,Ga,Se, phase can be expressed by

E 16500 MO OLR 8 57 P gl — x ), (2.16)
where b i1s between 0.15-0.24 is a bowing parameterand x is [Ga]/([In]+[Ga]) ratio
[28]. When the band gap increases, theﬁ;ange of the photon absorption decreases and
then leads to the reduction”of.€urtent in the device. However, the built in potential
increases with the'band gap and lcads to;lthe higher open-circuit voltage. A method to
increase the cell efficieney is the fabrication of band gap grading. The band gap
grading film can be prepared by \}aryin:gu the Ga ratio in depth profile. It has been
shown from theoretical and signulatiorf works elsewhere  that the continuously
increasing of the band gap energy towaré_ls the back contact (Mo) called band gap
grading causes the eleciric field that assists!-_dii%_idr;ilving electrons in the absorber region,
resulting in the increase of the nl_i}.lority car&re_r.s life time and diffusion length. Thus
the efficiency of the solar cell is improved. T—%}_&; bl?pd gap grading will be discussed in
the next section. The theoretical'calculation of solar cell efficiency vs. the band gap is

shown in Fig. 2.8. The high efficiency solar cells have been achieved with the band

gap between 1:1-1.5 eV that corresponds to the solar-irradiation (AM 1.5). The
highest conversicf)n efficiency is about 30%. The band gap p;teperty of materials is
important for the solar cells because it relate to the output Voitage and the generating
current of device. :l"}he wide band gap materials lead to the hiéh output voltage but loss
in solar spectrum absotption for generating current, Howeyver, in module application,

wide band gap.umaterial is preferred to obtainshigh output voltage.
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Figure 2.8 Idea ar ¢l effic # S a function of band gap energy at AM 1.5.

2.3.3. Structural properiie

The crystal structure of a-C emperature as seen in Fig. 2.9.

The space group ofchaleo € 0 a t cell of tetragonal structure.
It is related to two s \ ¢ direction. The metal atom
(Cu, In) has four Se ato ors and Se atom is tetrahedral bonded

with two Cu and two = tructure can be illustrated as two
interpenetrating anion and ¢ 1'}'.!? ¥ st -_. h face-centered cubic structure. The
partial subst1 jith atom in the CulnSe,
structure lead —————— oe on the lattice cons f the material. Because
Ga atom has a smalle , the partial replacement of
In by Ga resultsrﬂa reduction of bond lengths and thus in “I

constant. The decrease ,of bond length reduwhe photon wavelength absorption and

alloying i own in Ta ec st parameter is calculated from

Vegard’s law which is an approxilatlon of an alley. and the concentrations of the

ﬁﬁ*ﬁ“’tﬁﬂﬂ‘im Nﬁ']’]ﬂil']ﬁ&l

decrease of the lattice




calculated from Veg

Gallium cg

- :,. o re
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d atoms are Cu, gray

and ¢ in chalcopyrite alloys

Lattice parameter

c(A)

11.642

11.610
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2.4 Formation of CulnSe,, CuGaSe; and Cu(In,Ga)Se, compounds

2.4.1 Phase diagram of Cu-In-Se system

The formation of CulnSe, compound can be described by a phase diagram along
Cu,Se-In,Ses pseudobinary phases as shown in Fig. 2.10 [30]. There are a number of
different phases in the phase diagram which depend on the Cu concentration and the
substrate temperature. The @a-CIS phase has" Ca concentration between 24.0-24.5
atomic percent or slightly Cu deﬁcientjls seefl in-the red area. Because of the glass
substrate used in the fabrication, then the maximuimn substrate temperature is limited
(below 600°C). Thus, there issa natrow region to obtain a-CIS. An effective in situ
monitoring is then required for anend p-tiint detection (EPD) that will be explained in
the next section. However, the stoichiometric CIS still has the mixture of two phases
consisting the a-CIStand/CusSe. 'I:he qﬁa;i:[ity of Cu,Se will increase with the Cu
concentration (Cu-rich). The liqpid— Cux%: p'hase 1s very important in the growth
process because it _segregates on the CIC§§ surface and enhances the formation of
large-grained CIGS thin film that is suita—lﬂg- for the solar cell applications. On the
other hand, the Cu ‘deficient rg_gjbns (Ci:}r-j;{gi)r), there are two interesting phases
consisting of B-CIS and V-CLSy P=€1S.1s knovyr_i_i ég:prdered vacancy compound (OVC)

or ordered defect compound (OD(_T) while y-CIS is a layered structure.

b 1200 -
) 1100 "
1000 }
S
3 = (Sphalerite) -/
E 800 2:0
-
8 8
700 %ol & |
Cu,Se +CulnSe, %E E-E g
600 | 82 5%
S ikl s
500 .

0O 10 20 30 40 50 60 70 80 90 100
Cugse X [mol %l mgses

Figure 2.10 Phase diagram along the Cu,Se and In,Se;s for the formation of CulnSe,

compound.
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2.4.2 Phase diagram of Cu-Ga-Se system

The formation of CuGaSe, compound can be explained by a phase diagram along the
Cu,Se-Ga,Ses pseudobinary section as shown in Fig. 2.11 [31]. The study of Cu-Ga-
Se system is rare compared to the study of Cu-In-Se system and has many
contradictions due to the disagreement of experimental results. The chalcopyrite
CuGaSe, phase is wider than the a~-CulnSe, when comparing their phase diagrams. It
starts from stoichiometric ratio with Cu-concentration 25 at.% to Cu-poor with Cu-
concentration of 20.7 at.%. In the Cu-poor-tcgion, there is a mixture of only two
phases, consisting of CuGaSe, and the defect zincblende (sphalerite) Ga,Se; with less
complexity than the Cu-ln-Se system. In the Cu-rich region, there are two phases
same as in the Cu-In-Se system. BecauseI the melting point of CuGaSe; is higher than
CulnSe; (Tmccs = LO8O°C.andi? iy qis = 9§O°C), it is more difficult to grow high quality
CGS thin films at the same/Substraie temperature. The grain size of the CGS thin film
is smaller than that of the CIS thin film. The CGS films have been fabricated for the

wide band gap solar gells and used asrthe tqlp cel] in tandem cells.
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Figure2{1Is-Phase diagramwof - CuySeand GasSes for a. formation of €GS compound.

2.4.3 Phase diagram of Cu-In-Ga-Se system

The formation of Cu(In,Ga)Se, compound is more cemplicated than CiS"and CGS
compounds. /It can b¢ described by considering the isothermal® quasi-ternary Cu,Se—
In,Ses—Ga,Ses phase diagram as shown in Fig. 2.12 [32]. It has two narrow interesting
regions in the triangle. First region, the chalcopyrite phase (Ch), used to fabricate the
absorber, has a wider range when incorporated with Ga. Second region, the mixture of
three phases (B-phase, y-phase and d-phase) that cannot be seen in Cu-In-Se and Cu-

Ga-Se systems.
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Raumtemperatur

Ch+Zb

hase diagram where Ch

ered structure and Zb is the

The electrical conducti ‘ .h\ Ates to the defects in crystal
structure that have at -1 between defect donors and
acceptors. However, b _ e constituted by varying the ratio
Cu/(In+Ga) used in the fabric 1 on an . Y- bressure of Se used during growth or

oot

annealing. The defe point. defects in CulnSe;
calculated from db_initio are illustrated in Table 2 3 {331 Fhcim jority defect pair in
CulnSe, unde yi : iciency of selenium
(AS) is shown in Table 2.4. . and (2V¢,+Inc,) neutral defect complexes (NDCs)

have low formation fnergies and seem to be dominated in Cu(In,Ga)Se; films. In

order torabtai 1 Ac i f : i0«Cu/(In+Ga) and

U
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Table 2.3 Formation energies of intrinsic defects in CulnSe;.

Types of defect Formation energy (eV)

Vse 24

Vacancies Veu 2.6
2.8

4.4
9.1
22.4

Interstitials

14
1.5
Antisite [ AN\ 0N 5.0
LR 5.5
7.5
75

Table 2.4 Majority defect pa ulnSe; under th dition of an excess of In;Se;

= AS
i
Se,’ >0

1!

with an excess or de e s 1 ﬁ
Majority d }F;ﬁij{. ] ' Stoichiometry deviation
Acceptor — Do .
Vo Za <0
|

—————————————x} <0

i A
Vorts o= >0

i
>0



CHAPTER Il1

EXPERIMENTAL PROCEDURES

This chapter, I will first describe the experimental procedures in the fabrication of the
CIGS thin film. In the fabrication of the CIGS absorber, there are several well known
processes, e.g. single-stage, two-stage, threc-stageras well as Ga-grading growth
processes. The growth profiles of the processes. will be described. Then, the
importance of in situsmonitoring will be discussed why it can be used to control the
growth process and obtain the end point detection (EPD). Finally, the procedures in
the fabrication of the CIGS/ solar cells will be described in details and the

characterization t00ls used i this work wall be explained.

=

3.1 Fabrication processes of CIGS-_f[hi,n films
)

3.1.1 Single-stage process '_'

A single-stage process is perhaps the srmp}est method to grow the Cu(In,Ga)Se;
absorber thin films. Cu,/dn, Ga and Se sources are co-evaporated at a constant rate
with Cu-poor concentration” about 10% ﬁrom st01ch10metrlc ratio for obtaining
chalcopyrite phase. The substrate temperatgr_e— J_s-kept constant during the growth
process in the range of 500-580°C. The CIGS films fabricated'with this process show

small columnar greins. The solar cell efficiency of this absorberis relatively low when

compared with the other growth processes.

3.1.2 Two-stage progess

The two-stage [ptocess orlalso ‘known 'as-bilayer proc€ss was first proposed by
Mickelsen and“Chen in 1980 [34,+35]" The process starts with the deposition of Cu-
rich precursor at the substrate temperature of 400-450°C and is followed by the
deposition of, Cu-poor céomposition ‘at 500-550°C* until: the (overall ¢emposition is
slightly Cu deficient (a-CIGS)."Klenkef al. and Tuttle ef'al” explained that the Cu,Se
in the first stage is liquid phase that assisted in grain growth formation [36]. Therefore
the CIGS film fabricated by the two-stage process shows large columnar grains and

rough surface. Practically, this process is employed in the solar cell industry.
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In our t\ﬂ-stage recipe, a growth profile is showrﬂ: Fig. 3.1. The process
starts wit the de ogtlaﬂof Cu, In, Ga and'8¢ at the substrate temgature of 550°C

i.e. the @cl% g ﬂ ﬁywhﬂln] [Fa]) ater than unity

(relatlve the stoichiometric ratlo) for the formation of Cu(In,Ga)Se, and Cu,.Se
ocess

Wﬁ Mﬁ“ﬁﬁ i ata gl

rge -grained CIGS thin film that is suitable for the solar cell applications. However,
the more quantity of Cu,«Se in the first stage has an influence on grain growth by
inducing the rough surface and the formation of crevices. Our standard two-stage

process is generally set up for y = 1.5 for the best cell. In the second stage, the



26

deposition of In, Ga and Se converts the excess Cuy4Se entirely into Cu(In,Ga)Se,
(for y < 1.0 or a Cu-poor stage). The growth mechanism of the Cu-rich to the Cu-poor
stages is described by vapour-liquid-solid (VLS) model [36]. The model describes a
beneficial impact of Cu,.«Se on grain growth that would be the consequence due to
improved mobility of the constituent atoms in the liquid phase. The y ratio is about 0.9,
slightly less than stoichiometric ratio, in order to obtain the chalcopyrite Cu(In,Ga)Se,
phase at the EPD. The duration of the growth piocess is about 90 minutes which

typically yields the thickness of the CIGS of about 1.5 pum.

3.1.3 Three-stage proeess
The high efficiency €IGSssSolat cells mostly use the three-stage process in the
fabrication of Cu(In,Ga)Se, thin film. The growth profile is shown in Fig. 3.2. The
process starts with the deposition of In, Ga _a:nd Se at a substrate temperature (7,5) of
340°C in the first stage for aformation of:(In,Ga)ZSe3 layer. In the second stage, only
Cu and Se vapors are allowed at 75, of 5 SQOC'at which there is a transformation from
(In,Ga),Se; layer #via y-CI(G)S and B—éI(G)S to o-CI(G)S. The formation of
polycrystalline Cu(In,Ga)Se, Sccurs il thé.cé):mposition of film is slightly Cu-rich
(y > 1) at the end of the second-stage. Our-s‘?gﬁda_rd three-stage process uses y = 1.2.
During the last stage, the deposition of In, GarandJSe at Ty, of 550°C converts excess
CuxSe entirely into Cu-poor at EPD (y = 0.9.).—_-1:1_ie duration of the growth process is
about 90-120 minutes which typically yields the thickness of CIGS of about 1.25-1.5
pm. ] 7

CIGS filis prepared with the three-stage process show a large grain and
smooth surface compared with the single-stage and the two-stage processes. The grain
sizes increase througheiit: the second stage'was observed by Nishiwaki et al. [38].
However, Gabor ér al. reported that the large grain sizes constitute in the third stage
[39]. They observed the small grain sizes towards the end of the second stage before
the film reached stoichiometric “composition [40{* Scheer et al. reported the
development. of ‘surface roughness during' the three-stage process observed with
spectroscopic light scattering [41]. Their results suggest an optimum of a Cu excess of
about 10% or y = 1.1 at the end of the second stage in order to obtain a minimum

surface roughness.
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Evolution of Cu-content (y) qnd m a! ;.F ‘three-stage growth process of CIGS
thin films.

The modifica "3:" lf’ (Cu-poor, rich, off)
was proposed by 7 essler @ proces 7 arts with deposition of
Cu-poor precursor instead of deposition (In,Ga),Se; layer in the usual three-stage
process. ol ith th 1 of ich and Cu poor
stages @ﬂg ﬁ %ﬁr% ﬁhﬁ@hﬂ] ﬂc w1th CUPRO

process ws larger columnar gralns and rough surface than the single-stage process.

TIEINS: SN AN LIV

force for the grain growth and the formation of crevices depending on the amount of

Cu excess at the end of the second stage.
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3.1.4 Band gap grading

According to the material property, the band gap of CIGS thin film can be adjusted by
varying the ratio of [Ga]/([In]+[Ga]). A method that helps to increase the solar cell
efficiency in the CIGS film is known as band gap grading [43]. The variation of the
band gap energy towards the back contact causes the electric field, namely back-
surface field (BSF) [44]. It assists in sweeping electrons in the quasi-neutral region of
absorbers across the junction, resulting in thesnciease of the minority carrier’s life
time and diffusion length as well as reduction.ef the recombination [45]. Thus the
solar cell efficiency improves by the increase of probability for carrier collection. The
variation of band gap 1w CIGS thin film can be obtained by varying the
[Ga]/([In]+[Ga]) satio at different depths in the CIGS film. The change of Ga ratio
affects the increasing of conduction bandI minimum while the valence band maximum
is nearly unaffected as seen in Fig. 3.3, However, there is a trade-off between the
increase of carrier collgction and the loss of created electron-hole pair from low-
energy photons due to the/increase in banci.- gz;['-). The band gap grading is beneficial in
reducing the thickness of the absorber laygr._r It has been shown from theoretical and
simulation works elsewhere that, the banda ;;ap. grading can increase the solar cell
efficiency and agree with experimental wori.cg:-[é-i§,_47].

In our experiment, the band gap graégng"éan be done by modifying the two-
stage growth process. In -our typical CIGS-"ﬁhﬁ,— the [Ga]/([In]+[Ga]) ratio (x) is
always a constant (x = 0.3) throughout the process as seen in Fig. 3.4. For a Ga-graded
profile, the stfuptilre begins with a Cu-rich CuGaSe; film (25;30% of the process
time) and the Cu-rich CulnSe, is subsequently deposited onto the CuGaSe,. The
[Cu)/([In]+[Ga]) ratio is more or less the same as the CIGS film (y = 1.2). In the 2nd
stage, In and Se vapei;sare maintained to-convert Cu,Se in Cu-rich to Cu-poor
Culn(Ga)Se,) ended at EPD. The-inter-diffusion of Ga and In between the interface
layer cancreate the variation of the band gap energy towards the back contact due to
the variation of Ga-content [46]. The key physical parameters consist of a process
time and a substrate temperatute which affect the diffusion of In and Ga,atoms.| Some
¢xperiment reported the effect of Na on diffusion of Ga and In in CIGS thin film. The
presence of Na reduces the inter-diffusion of In and Ga that can be observed in the

separated peaks of X-ray diffraction.
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The second method of fabricating Ga-graded CIGS film is known as the
double Ga-graded profile. The rise of band gap in the front layer can enhance the
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built-in electric field and thus expect to gain V,.. In our recipe, the profile begins with
x = 1.0 about 25% of the process time and subsequently deposits with x = 0 about
50% of the process time. Finally, In, Ga and Se vapor with x = 0.35 are supplied until
the end of the process as shown in Fig. 3.4. The process time is within 80 minutes for

0.7 pm thick of Ga-graded CIGS film.

3.2 in situ monitori

In the fabrication proce three-stage, CIGS thin film

has a phase transforma uring the process. It is very
difficult to stop region in the phase
diagram. Therefor ; N0 ‘. g Signa g. substrate heating power

and pyrometer are us and end point detection (EPD)

=

as shown in Fig. \ ontrolled signals, the desired
final compositi01_1 of CIC m can ot ained. The nciple of film monitoring
is based on the issi " Cu,Se 'tsI w'\lt etric and Cu-poor CIGS

e L L
compounds, or the ¢ +[Gal) ratio [49
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el .
requires more substrate h tm HOWE CH _ﬁ’ bstrate temperature is kept constant
while the substrate heaﬁng powe constant temperature mode. The
pyrometer then reads tl fact tem #é’ furg of Cu stage lower than that of Cu-

poor stage. The ¢ AT S ure sl e of CIGS surface by observing

irradiation of photon -"*u, eter signal can tell
the deposition rqt of by riod of oscillations. The multiple
reflections based on black body radiation at the back and front surfaces of the growing
film leads,to the inte cillation amplitude occurs
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3.3 Device structure and fabrication of CIGS thin film solar cells

The device structure of the CIGS thin film solar cells consists of Ni-Al
grid/ZnO/CdS/CIGS/Mo. The p-n junction is formed between Cu(In,Ga)Se, as the p-
type semiconductor and CdS+ZnO as the n-type semiconductors. Mo and Ni-Al grid
are the back and the front electrical contacts, respectively. Soda-lime glass (SLG)
containing Na impurity and flexible substrage such as stainless steel (SS) sheet are
used in the fabrication of CIGS film in this work. Fhe substrate dimension used in the
fabrication is 30x30.mmn - with 2 mm ¢hick for SLG and 0.1 mm thick for SS. The
schematic diagram.efthe CIGS solar cell is shown in Fig.3.7. The device structure is
the heterojunction ofiseéveral'metallic an,ld semiconductor thin films. In the fabrication
process, the substrates are goated with althin Mo layer of 0.6 um by DC magnetron
sputtering. The fext step isfthg fabrlcatlon;by molecular beam deposition (MBD) of
1.25-1.5 pm of CIGS and followed. by chemical bath deposition (CBD) of 500 A of
CdS. Then RF magnetron reactive sputte%mg- of about 500 A of intrinsic ZnO and
5,000-8,000 A of Al-doped ZnO is etnploye&. The solar cell devices are completed by
the evaporation of 1.5-2.0 gm thlck Ni/Al céf‘itaéts through a metal shadow mask. The
total area of solar cell i is aboutO 5 ¢ wit'f: appr0x1mate1y 2.5% shading loss. The

experimental details of each fabrlcatmg 1ayers Wtﬂfbe described in the next section.

——"

J.VII!-_- l’i
|

3.3.1 Substrate. preparatlon 1 o

The first 1mp0.rtant step in solar cell processing is the substrate ¢leaning because the

dirt and/or contarﬁlnatlon on the substrate surface can lead to aless of adhesion, and

Ni/Al Grid

/19 B

4-ZnO/ZnO(Al) o/
- Cu(In,Ga)se;

SLG Substrate

Figure 3.7 Schematic diagram of a structural Cu(In,Ga)Se; thin film solar cell.
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unknown defects in the films, resulting the poor device performance. The cleaning
process is started by soaking the SLG substrates in deionize water (18 MQ-cm) with
dishwashing liquid for ten minutes. Then the SLG substrates are rubbed thoroughly
with a wet soapy cellulose sponge and placed in the substrate holders. They are then
placed in an ultrasonic bath with a mixture of dishwashing liquid and deionized water
at 60°C for one hour. Then, the substrates are rinsed with deionized water and
ultrasonic cleaned again in deionized water.at 60°C for one hour to completely
decompose the dishwashing liquid. Finally, thestbstrates are dried with compressed
nitrogen gas and keep in a dry cabinet before loading info the next process.

To reduce or blockssodium from SLG, the ALO; films are deposited on the
SLG substrate before thesext deposition. The ALOs film 1s prepared by using a 4-
inch in diameter Al,O5 target and sputteréd at the RF power of 280 W, Ar gas pressure
of 2.0 x 107 mbar forf60 mins. The thickness of AlLOs layer is about 800 nm. The
AlL,O5 film is an ansulator with an amorphous structure similar to the glass substrate
and thus does not affect the Mo growth. The }s-urface of AlLOs films is smooth with a

nanoscale grain size.

3

3.3.2 Mo back contact dia

Mo is the preferred material for a-back contact Qf CIGS solar cell in many reasons.
First, the melting temperature of Mo is-quite hlgh (T =2623°C) [51], it can tolerate
the high temperatures and does not degrade durlng Cu(Iny.,Gay)Se, growth. Second,
Mo film does nofreact-with-Cuin-and-Gabut-canreact-withrselénium to form MoSe,
interface layer at high temperature (600°C) [52]. The presence of MoSe, might be the
beneficial in the CIGS growth to obtain an ohmic contact. Third, Mo film has a good
adhesion property torglass substrates due to,the suitable thermal expansion between
the Mo film ‘and the glassisubstrate. Finally, Mo film forms a low-résistivity contact to
CIGS and 'has costeffectiveness.

Mo films are deposited by DC magnetron sputtering from qa #4-inch in
diameter Mosfarget using the ‘Univex 350 sputtering system. The main sputtering
parameters are sputtering power, sputtering gas pressure and Substrate temperature
which affect the properties of Mo film. The higher sputtering power and the lower
sputtering pressure lead to the lower resistive film and denser film. The Mo film
properties relate to the kinetic energies of the sputtered atoms arriving at the film

surface [53]. The adhesion of Mo film is better when increase the sputtering pressure
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and heat up the substrate. The stress in Mo film depends on sputtering condition that
can change from tensile to compressive stress via the increase of sputtering power.

I have used two recipes to prepare the Mo films on the SLG substrates. The
first recipe is the single-layer process. The sputtering condition is optimized to obtain
the low resistivity, good adhesion as well as good morphology to allow Na diffusion.
The substrate-target distance is about 6 cnf he substrate holder is rotated at 3 rpm
for the relaxation of the Mo films. The spuZ/ ywer is 550 W with the sputtering
pressure of 6.0x10~ mbar for.12 mins. The* t skness is about 0.6 um. In order to
obtain the low resistive and the good a‘é‘heswn films, a bilayer process was proposed

to solve both proble—nfs-[-b'#l.'r h
sputtering pressu )

bar) and is subsequently followed by a thicker Mo

pfoce s starts with a thin Mo layer deposited at high

layer deposited at
power (550 W). The gesistivi 3bi£la3ier"Mo films is about 2x10° Q-cm. The first

pressure (6.0x10° mbar) at the same sputtering

Mo layer and the glass substrate and the

, w1th a good adhesion. The thickness of
Y| i

and 400 nm,"#;equctlvely. The quality of the Mo films

rough, the Mo jﬂ“l?’l 1.e. the very dense Mo films allow less

iy

Na diffusion form SLG [55, 56‘57] The diffusio li ‘n of Na through Mo film passes via
Feris)
grain boundaries of molybdenu-m—e*lde phases—-

25.0 nm
12.5 nm

0.0

Figure 3.8 Surface morphology of Mo film on SLG substrate using the single-layer

process from Atomic Force Microscopy.
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Oxygen in Mo film plays an important role to the Na transportation. In general, X-ray
diffraction (XRD) spectrum of Mo films usually reveals (110) preferred orientation
texture. The AFM surface morphology of Mo film on SLG substrate using the single-

layer process is shown in Fig. 3.8.

3.3.3 CdS buffer layer

CdS is an n-type semiconductor with band gap caergy of 2.4 eV. It is used as a buffer
layer in CIGS solar cell by covering the CIGS.surfaee [58, 59]. It protects the CIGS
film from sputtering of damage ZnO layer and prevents the diffusion of Zn into the
CIGS layer. CdS layerissdeposiied by chemical bath depesition (CBD) technique with
typical thickness of 50=100_am. However, CdS has a few disadvantages such as the
toxicity of Cd and the partial'absorption of photon energy (> 2.4 eV). There are a few
disadvantages in«the prgparation of CdS by CBD. First, CBD is a wet process that is
not suitable in industrialiproductions. A Slry process which must not break vacuum
during the fabrication Jine is required for Saving time and cost. The other buffer layer
such as Zn(S,0,0H)y, (Zn,In),Sey. In(d}:{)xsy as well as ZnS(O,0H) are widely
studied by using dry processes e.g. evapérétfidﬁ and sputtering methods. However,
they are not good for using with CIGS soiai;: cells when compared with CdS-CBD.
Second, the toxicity of Cd is stall‘an environﬁiéflﬂ:a?l issue, although CdS layer is used
with ultra thin thickness (50-100 nm). Fin:ilﬁ_!y:,ﬂthe photon absorption in CdS layer
cannot producesthe photocﬁgéﬁt due to the S.h'o-r-t_!(iit-”fusion length of minority carrier
(hole). Thus, the setar-eeti-wili-ioss-the-photocurrent-when+/iv > 2.4 eV. In order to
solve the problems, ZnS(O,0H)-CBD is presently used for alicrnative buffer layer to
obtain a high efficiéncy solar cell because the band gap of ZnS (£, = 3.4 eV) material
is greater than CdS which can reduce the loss of photocurrent and ZnS is a non-toxic
compound [60, 61].

The "CBD*technique 'has~some' advantages“when'compared with the dry
processes, e.g2. CBD helps etching’an oxide layer on CIGS surface before growing
CdS. The CdS film can be, grown epitaxially and covers ithe CIGS Suiface with a
nano-size grains. The diffusion of Cd into CIGS near the surface results in the n-type
conduction by the substitution of Cd into Cu site at which Cd acts as a donor atom.
There is a formation of buried junction between p-type absorber and n-type surface
region. In the preparation of CdS, the chemical reactions can be divided into 3 phases.

First, the nucleation phase CdS with slow growth rate. Second, ion by ion growth
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phase with the increase of growth rate by the reaction between Cd*" and S* ions
which coalesce and adhere to form a layer. Finally, the colloidal growth phase which
has the large coalescence of CdS suspended in the solution [62].

In our CdS-CBD recipe, the process started with the preparation of solutions
at room temperature. CdSO4 powder is dissolved in 75 ml deionized water with a
concentration of 4 mM. Then SC(NH,), powder is dissolved in 150 ml deionized
water with a concentration of 0.06 M and ammeonia solution 25 % is diluted in 52 ml
deionized water with a concentration of 4 MCd“ and S* ions are obtained from the
hydrolysis reaction of'@dSO; and SC(NH,),. Then, SC(NH,), solution is filtered by
0.25 um filter paper to capturc.the overhang sediments. After that, all solutions are
commixed in a beaker. The CIGS samples placed in sample holder are dipped into the
solution immediatelys Thebeakers are pllaced in a water bath at 60°C and the level of
water is kept higher than that of the solution. The deposition time is typically 15 min
to obtain 50-60 nm thickof €dS film:

)

3.3.4 ZnO windowlayer {4
ZnO is a cost effective transparent conducﬁﬁg oxide (TCO) material when compared
with the other TCO ¢.g. In,O3(Sn) (I1TO) a:ni"i SnO,(F) (FTO). It is widely used as a
front contact or window layer i CIGS based th}h*i film solar cells [63, 64]. ZnO is a
direct band gap semiconductor with Wiirtzi_fqiﬁ_:_s:,tﬂ_lcture [65]. The first layer of ZnO
window is the trinsic ZnO (Eg =33%eV) a.n'd- Elay be calledsa high resistive layer.
The properties of this-layer-are-high-resisiivity-and-good-iranstission which is used to
prevent current lcakage (shunting) and adjust the band alignment. This layer can be
neglected when thick CdS is used [66]. The second layer is' Al-doped ZnO (ZnO:Al)
or AZO which is the.actual front contact. The substitution of group III element e.g. Ga
or Al atom iito, the Zn'site ican increase the-cartier concentration (€lectron), resulting
in the "good" conductivity. "The'“thickness “of "ZnO:Al film" is trade-off between
transparency and conductivity. The band gap of ZnO:Al film is about, 3.6-3.8 eV
depending ot the cartier concéntration. The higher Carrier /coneentration.esuits in the
wider'band gap. The ‘'oxygen deficiency in ZnO:Al film induces the interstitial of Zn
atom in the structure, resulting in the grayish color. By a little addition of O, to the
sputtering gas, the ZnO:Al film gains the transparency but losses the conduction.

The first layer or high resistive layer is deposited by RF magnetron sputtering

technique from ZnO target or ZnO:Al with reactive O, gas. In our recipe, ZnO with
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2% by weight of Al,Os target is used to sputter both layers. Leybold Univex-350
sputtering system equipped with a 4-inch magnetron sputtering gun and RF power
generator is used to deposit ZnO bilayer window. The based pressure is about 2.0x107
mbar and the substrate target distant is 6 cm as well as substrate holder rotated during
the deposition at 3 rpm. In order to minimize the residual gas, i.e. N,, O,, H;O, etc.,
refilling with Ar gas up to an operating pressute and evacuation down to 10° mbar is
performed several times. The high resistive layer is deposited by using 5% of O, gas
mixed with Ar gas at a total sputtering pressure”of 8.0x10” mbar and a sputtering
power of 200 W for 10'min. The conduttive layer is deposited by using pure Ar gas at
sputtering pressuré of 3.0x40° mbar and sputtering power 200 W for 80 min. The
thickness of the fisst'and the second layers are 50 nm and 0.75 pm, respectively. The
average transparentds about 90 % betwelen the wavelength of 300 and 1200 nm. The

resistivity of ZnO(Al)film ds about1.5x10* Qem:

il

3.3.5 Ni-Al grid ';.

CIGS solar cells usually use Ni-Al gridas a current collector. The metal grid is
evaporated onto the front Surface by -':;Hérfﬁal evaporation or electron beam
evaporation. It reduces the thickness of the f;on_t window that gains the transmission

of light to the absorber. Ni layer inicréases the ’éc-lﬂ:ésion and prevents the formation of

resistive Al,Os; while Al laiyerr i1S.the meta@nt’_a_ct. In our process, Ni and Al are
sequentially evaporated thrbliéh a Ni metal Iﬁaék-l')y :[hermal eyaporation method. The
evaporation systemrissshown-in-Fig=3:9:the vacuumrsysteni.has a base pressure of
4.0x10® mbar and-a quartz crystal monitor is used to control the thickness. The boron
nitride boat heaters are used as the evaporated sources. A 50-100 A of Ni film is first
deposited on the Zn© layer, followed by the deposition of 1.5-2.0 um Al film and

ended with déposition 6f50-100 A Ni'layer:
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Molecular beam epitaxtial system (EIKC r-‘- is used to deposit the CIGS
films. The system congists oOf a'ﬁequf_; h chamber and a load lock chamber as seen
in Fig. 3.10. In the gro ber, ‘pressure during deposition is in the 107
Torr range. The elemental s&a:'b'_;‘_;i}aier;iaif V‘frf-'- ing of Cu, In, Ga, Se and NaF are

sources are ca‘lyated
-

Mo/SLG or Mo/ALO5/

heat diffuser (unjl' _ heating distribution. The
substrate temperature is controlled by a non-contact therm

holder is rotated de'ithe deposition. Tlg_;leviation between the temperature of

thermoﬂp nﬁ(}n%]a%j wsﬁtﬂcﬂjfg}ﬂ by observing
desorptl(mlo oxide layer on GaAs wafer at 583°C. The change from polycrystalline to

single crystal observed by refleétion high-energy=electron diffraction (RHEED)
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uple and the substrate
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Figure 3.10 Moleculaibean i'l EW-100) containing the
growth chamberthe ey 110, _ _ e temp n itrollers and real-time

monitoring system.

LN . L
The substrate temperature is { a constant temperature mode by

regulating the output oW r from témper: oller. The pyrometer is used to
AL L
measure the substrate te ‘eratma&-ﬂ' the thermal radiation from a sample

surface. The emissivity of méierial f' a ratio of enc gy radiated by a material to

energy radiated by a blackb
et __, r'_a & g e
and 1s lower th’aumty (Eblackbody = 1) en e [ivity and transmission
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properties at in{fared-energy.~the-detected-radiation-1n nsity 4t an infrared single
wavelength was nve into the mpar g with the blackbody
radiation. A co er interfaced wi ¢ in situ signal consisting of heating output

power and film ter‘pe&ture read by pyrolmter were used to control the growth
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3.3.7 Calcula u..::.._._.“:m-

. : Y]
The chemical co_s 0 dep oS ition process is defined
by the atomic ratios of x = [Ga]/([In]+[Ga]) and y = [Cu]/( +[Ga]) which relate to

the properties of thé’ CIGS film. Both x afd/y can be changed during the growth

oLk b Ak o5k D

to contrqlthe chemical compos1t10 e general form of the atomic ratios can be

si"%rﬁ%“‘”mmﬂﬂmw AN

dGa .pGa .M(_?a ANA

and = = = ’
dy - pn-M, AN, +d;, ps, Mg AN,

(3.2)
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Table 3.1 Density and molecular mass of the material used in CIGS fabrication

process
Material pi (g/cm’®) M(g/mol)
Cu 8.96 63.55
In 731 114.82
Ga 1172 69.72
N\ 78.96
— | 336.29
ol F SR L. 29119

where d; is the film
pi is the density of the'met;

M, is the molecular mass o

A 1s the unit area of the gro f
The density and moleeu agmass

In general, the thickness'd, is proportional

&

rate of elemental 7 (r;) and

the deposition time (#;) when use té@'qgﬁ fant sou erature by equation

- e (3.3)

F 4 -3 o, Flo= 2 n_

i - g

Therefore the chemical compesition
;’ ;.i‘_." e "

“can be calculated from the source

calibration (deposition perature relating to the desired
CIGS deposition: I

Cu-rich film (

arts ; ith the deposition of

:-‘LJ s terminated in the

second stage. Thus the y ra n ti uring the second stage

that can be written as

AU ANINENIINT

where tlﬁnd ¥(t,) is the total time and [Cu]/([In]+[Ga]) ratio in the first stage,
respectively. The calculation of th'g three-stage proGess is a little different from the
S ] o bl 4 o o b
film in the second stage by the equation .
yo =24 (3.5)
tl
that is a linear equation in time. After the end of the second stage, the y ratio

continuously decreases again corresponding to Eq. 3.4.
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3.4 Characterizations

In this section, I will briefly describe the basic principle in thin film characterizations
consisting of scanning electron microscope (SEM), X-ray diffraction (XRD), Auger
electron spectroscopy (AES), optical transmission (%T) and optical refraction (%R),

and current-voltage measurement (I-V curye).

3.4.1 Scanning electron microscope (SEM)

SEM is a structural charaeterization of films and surfaces that is widely used in thin
film characterization. The schematic diz{gram of SEM is shown in Fig. 3.12. Electrons
emitted from a heated tungsten or [.aB6-cathode filament and are accelerated to an
anode. The electron beam'is focused by two condenser lenses into a spot size of about
10 A in diameter.Fhen, d pair of Scanning coils placed at the objective lens deflects
the beam either linearly ogin a raster manne..f. over a surface area of the specimen. The
electron beams have energy from a fey kef\} to 50 keV, commonly used at 30 keV. The
primary electrons impinge on the speciﬁ}_en and transfer energy to other atomic
electrons and to the lattice. The interaction of primary electrons on specimen spreads
and fills a teardrop-shaped volume with various electronic excitations as illustrated in

Fig. 3.13. Electron and ‘photon signals emanaté_,from tear-shape interaction volume

with various energy spectrums.

CATHODE
WEHNELT CYLINDER
ANODE

SPRAY APERTURE

=
i | =l FIRST CONDENSER LENS
E&r
[ @%/

SECOND CONDENSER LENS
DOUBLEDEFLECTION.COIL

STIGMATOR
/- FINAL{OBJECTIVE) LENS

BEAM LIMITING APERTURE
y / X-RAY DETECTOR
(WDS OR EDS}
PMT AMF
SCAN GENERATO?

SPECIMEN

SECONDARY ELECTRON
DETECTOR

TC DOUBLE — ¢
DEFLECTION COIL

MAGNIFICATION CONTROL

Figure 3.12 Schematic of the scanning electron microscope [24].
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Q.

ELECTRON SECONDARY

BEAM l ELECTRONS c.
BACK SCATTERED
ELECTRONS

1pm X RAYS

b. f )
i SECONDARY  ELASTIC BAGK
bk ELECTRONS  SCATIERED
ELECTRON - ELEGTRONS
I
; LEgTgle.
= 44 n 2000 kg

ELEGTRON ENERGY (8Y)
Figure 3.13 (a) Electron and photon sign’alté. emanating from tear-shaped interaction
volume during electronsbecqm impjngemen?on} specimen surface. (b) Energy spectrum
of electrons emitted from specimen su}ﬁ'z‘ce.- (¢c) Effect of surface topography on
electron emission [24]. '

"

Effect of surface topography on-€lection erﬁ‘l'_s‘s_'ion_ can be imaged with an appropriate
detector. SEM has three imaging modes base@gj—l’]tfle detector.

1. Secondary electrong,@r_e the common_:i_pjg_?gng mode. The secondary electron
has the l1owest energy portion of the émitted energy distribution. The signal is
capturéd 5y a detector consisting of a scintillator/photé)mﬁltiplier combination.

2. Backscattered electron imaging mode, backscattered electrons are the high
energy eleetron which are elastic scattering and has-the same energy as the
primary electtonss, The probability ofiback scattering increases with the atomic
number Z of the sample material.

3. Xsray mode, the number of x-ray emitted, the concentration of atoms in the
specimen can be determined. This technique is known as Xwray energy

dispetsivé,analysis (EDX).

3.4.2 X-ray diffraction (XRD)
XRD technique is used to determine the crystal structure of bulk solid such as lattice
constants and crystallography, identification of unknown materials, orientation of

single crystals and preferred orientation of poly-crystals, defects, stresses, etc. XRD is
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Figure 3.14 X-ray diffractionan erystal lattice satisfied the Bragg s condition.

a non-destructive technique which measures the scattered intensity of x-ray beam
colliding a sample. The maximum iintensity of x-ray scattered from a crystal lattice
relates to the Bragg!s conditions, First, the:angle of incident beam is equal to the angle
of scattering beam and the path-length di;ffef‘énce is equal to an integral number of
wavelengths as seen in Fig. 3.14. It can be fei_(pressed the relation by

“ 5 dsing= A 3.1)
where d is the interplanagspacing, ¥ is the Bf;gg‘s angle and 4 is the wavelength of x-
ray. Bruker model D8 x-ray diffractometer eg}ilpﬁéd with Cu K, radiation source at a
wavelength of 1.5406 A,i,s;:used fo characzeriée_ the samples. The d spacing of
Cu(In,Ga)Se; tettagonal system relates to therla-ttice parameters by

Sp———
- % + (1:_2 : (3.2)

where h, k, [ ar¢ the Miller indices of diffraction plane-.and a, ¢ are the lattice

constants. A = 1.5406°A_for Cu K, radiation.

3.4.3 Chemical characterization of surface-and film

For the chemical characterization e.g. SEM/EDX, AES, XPS and SIMS, all of them
can gbe sused=to spdentify=the~chemical ;compeosition ony the ysusfaces, and ydepth
distributions.}These techniques are based on the measuring of atoms through the
electron transition. AES, XPS and SIMS analyze the surface by detecting electrons
and ions emitted from surface layers less than 15 A deep. The depth profile can be

probed by using sputter etching of the film and analyzing the newly exposed surface.
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For the CIGS films in the work, Auger electron spectroscopy (AES) was used
to identify elemental compositions by measuring the energies of Auger electrons. A
schematic diagram of AES is illustrated in Fig. 3.15 which consists of electron gun,
electron detector and Ar'-gun. The electron beam from the gun bombards the film
surface and then the detector measures the energy of Auger electrons released from

the interactions. In addition, Ar’ic etch the film surface in depth profile

7 unexcited atom as seen in Fig.
3.16, electrons are occ D icd in the ated into K, L, M, etc. shells
corresponding to 1s, 2§, 35, etc. configuration. A ger process starts with a
(IO O 4
B

removal of an ir gle acancy by commonly
bombarding wit en, 1cy or electron vacancy
is filled by a secondfatomi€ clectron fron . crefore, the photon energy
must be simultaneou clea; 1 l-_: ke a ctron or Auger electron

emitted from atom

Ct o__,_] P} ;i&'p-_r

Slectrag-Cuna

Figure 3?5 Schematic diagrams of AES in depth ﬂ)ﬁle mode consist'ﬁzg. Ar*-gun,

PRIRINIUNRINYIAE



46

Auger Process

Fermi

Level Auger [:Vl
3d i, a7
Ip 36

Figure 3.16 Electr ofan atom and tl ger electron process.
The kinetic ener oot electron : operty of any element
due to the difference 1 d ¢ enc 4,1 of Auger electron can be

expressed by
(3.3)

3.4.4 Optical transmission and Opti
dﬁ/ LA S . .
Optical proper of semrcﬁ" oﬁﬁgwﬁ can be determined by the transmission or

the reflections tneasurements. Perkin | Elmer model Lambda’ 900 double-beam

spectrometer 1 "W N ‘

te' the CIGS thin films.
The spectrometelgnsists 0

infrared (NIR), VlSlble (VIS) and ultraviolet (UV) ranges. The near infrared and

Vlslble =~c euterium lamp.
The trans 111: S eﬁ intensi ﬂ ted radiation to

that of & incident radiation. It I‘,13 related to the absorptlon coefﬁ01ent (o) or

TWTRY TIINAINYNA

By considering the reflection at the film surface, the transmitted radiation are reduced

: euteri@ lamp covering a near

to (1-R)1,, where R is the reflection. Therefore, the radiation reflecting from the back
surface is (1-R)[,e’®™. By considering the multiple reflections, the total transmitted

radiation can be given by
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2 —ad
r =£ (1111;% (3.5)
and
J-ad m (1-R)? 36)
2TR

Optical transmission of a semiconduc t the long wavelength is related to the
free carrier absorption that corr: oping and defects. In addition, the
number of oscillation frin ﬁ? related to the thickness and
the surface roughne direct-band-gap energy can be determined

from [67, 68] /
Y \ ' (3.7)

The quality of ering the %R and %T

below the band ga al | ansmission and optical
reflection interferenc 1 e car b o ption, i.e. low defects in
" the high quality energy

level in the band diagram. s ptical reflection of the CIGS

ﬁ Intensit

0 600 800 1 200 14001600 18 220 2400 2
Wavelength(nm)

%ﬂ'}aﬁ NININNRATNYIALL..

y three-stage process.
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3-stage CIGS,y_t2=1.2
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Figure 3.18 Absorption ceefficient of tl i}?}m ated from %T, %R and

thickness of the CIGSfi

The absorption coefficient o

Note that, the energy gap of t

thie film-e a 4 from Eq. 3.6 is shown in Fig. 3.18.
3.4.5 1-V measuremern

. \'
- . | R
The I-V characteristi the sola

0i
il :
1 Is are measured using a system that

FLE Jan p.- DC power supply and a voltage

consists of a single

source/current measurement 37). The solar cell performance is

A

measured unde the S 25°C).~The light intensity is
kept at 100 W# .u;mzzmm;:;: P& via IEEE-488 card.
Agilent VEE progra : ar cell parameters such
as open-circuit ui'I[- (V,e), short-circuit current density (. L:)! fill factor (FF), series

resistance (R,), shunkreswtance (Ry;) and efﬁmency can be determined from the I-V

Cmﬂ‘lJEl’J‘l’lEWl‘iWEﬂﬂ‘i
QWWﬁﬁﬂ‘iﬂJ UAIINYA Y



CHAPTER IV

RESULTS AND DISCUSSIONS

In this chapter, I will discuss and compare the growth of the CIGS thin films with and
without Na diffusion into the films in order to'study the influence of Na from SLG.
The Al,Oj3 thin films, due to the high packing ceefficient and high density, are chosen
to block and/or reduce the diffusionJof Na from the SLG substrate. Then, the
comparative study of intemnalNa from the SLG and the external Na from NaF
compound will befinvestigated leading to the possibility touse NaF as a Na source.
After that, the waysito ingorporate NaF illuring the growth profile will be explored to
the best approach offusing NaF to cnhanee the solar cell efficiency. Finally, the
evolution of the €IGS /#hin films with Nl‘éF precutsor will be described during the

growth process. Y

o

4.1 Effects of internal sodiu"m diffﬁﬁbﬁl and external sodium fluoride
|"

precursor in Cu(ln, Ga)Sez thln film so‘lar cells
44

In this work, I first study the 1nﬂuence of mte_yna:l Na from the SLG substrate using an
AlLOs layer as a Na dlffusmn barrier. The A1203 bamer with approximately 1 um
thick coated on the"SEG-1s-prepared by a sputtermg technique t0 block or reduce the
Na diffusion imtosthe CIGS films during growth at high téfnperature. The other
purposes are the study of Sodium-Fluoride (NaF) as an external Na source precursor.
NaF precursors with 20 to 200 A thick sare evaporated on both Mo/SLG and
Mo/Al;O3/SLG substrates before growing the CIGS film. ‘Howevet,too much of NaF
precursor, thickness“decreases the*adhesion between Mo and CIGS *films. There is a
limit in the use of precursor layeriin order to maintain the adhesion. ‘Ehe standard

threc-stage growth processydescribed in‘the previous ‘chapter is employed in the

fabrication of the CIGS films by molecular beam deposition (MBD) technique.
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CIGS

| S
Na Na Na Na ‘Na Na Na Na

[ [ [ |
Na Na Na Na

Na Na Na Na

Al,O3 barrier Substrate SLG Su t t Al,O3 barrier Substrate SLG Substrate

Figure 4.1 CIGS thin fil @Jbstrate and addition of NaF

precursor. ——
——

Typical deposition time nin | 1.25 pm thick of the CIGS layers is used in
this study. A se - -content substrates are
shown in Fig. 4 as crystal orientation,
compared with e

film properties because ar tod ine the change of the film properties.

T
S T
The surface n@bhhologies of the CIGS filr

small and la —T_— 2 S film grown on
Mo/ALO3/SLG iﬁ ate she : Ciﬁilg. 4.2 (a), whereas the
CIGS films grown' with NaF precursor on Mo/Al,03/SLG-and Mo/SLG substrates

4.1.1 Surface morphology a

reveal relatively sh‘pﬁpins as shown in Fig. 4.2 (b) and (c), respectively. These

e SR BN R

CIGS a aF precursor seems to act in a similar manner to the Na from

SLG substrate by inducing the shaﬁness of the grainss The increase of N@F precursor

P HRRARAATINER Y
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Figure 4.2 Surface I_Ro&ologles of the CIGS films grown on (a) Mo/Al,O3/SLG (b)

“a““?? HEINYNTNEINS

e cross-sectional 1mag§ obtaining frmE a secondary elect% mode of

AR TR A IR L.

the growth profile. By considering the grain size of the standard CIGS film grown on
Mo/SLG, it shows the large grain size with a few crevices. The increase of grain size
and crevices relates to the liquid phase Cup,Se in the 2™ stage when the ratio of

[Cul/([In]+[Ga]) (y) in the film greater than 1.0 (in relation to stoichiometry). The



52

liquid phase Cu,Se is very important in the growth process because it segregates on
the CIGS surface and induces the formation of large grain CIGS thin film that is
suitable for the solar cells. It seems to be similar in CIGS films grown on
Mo/Al,0O3/SLG with and without NaF precursor. However, a thicker of NaF precursor
will reduce the grain size of the CIGS film as seen from Fig. 4.3(d).

By considering the cross es from backscattered mode of SEM

as seen in Fig. 4.4, it reveals composition on the top of CIGS
film grown on Mo/Al own in n measureing the thickness
ratio of the ambig

1Whe h$‘10 Wer the thickness ratio is
approximately 0.2 : the end of the 2™ stage

stoichiometric CIGS

(y = 1.2 in the gro

into Cu-rich stage efore, /the ambi nes from the incomplete

JIF gl Lt
e into CIGS compounds. Out.results

internal diffusion and exte-rn;arl-ﬁ-af:-‘ as the same property to enhance
surface and glf.q,i}}g :

rowth. Note that, a thin la deficiency CIGS at the
end process. The

of Cuy.Se phaseBnto

CIGS film.

ﬂ‘lJEJ’l‘VlEW]’ﬁWEJ']ﬂ‘i
ama\mmwnwmaa

g the transformation

nhﬁing the uniformity of
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3 I ] 7 .:!-.‘.' \BE SEM W . h
Figure 4.4 BEI Cross;8ectia mages og ’CIGS films grown on (a) Mo/Al,O3/SLG
and (b) NaF(100A)/Mo yJc. —F ‘; i
- , o A

-
L
- —

- 100nm JEOL ifefz009

o 5.0kV  LABE SEM WD 4.S5mm 7:06:5

Figure 4.5 Cr5§§f_§ectional images of the CIGS fi Jro u:pn Mo/Al,O3/SLG from

secondary electro.u_ismd BEI modes (circles indicate CUz XSe)u

4.1.2 St rﬂvg]otﬁ t\:ﬂ é%} &!‘L‘E {w] %Jtﬁ:] mﬁmw (220)(204)

preferrecfurlentatlon chalcopyrite structure that dominates by nature of the three-stage

AT AV laR LT YK

lm grown on Mo/Al,O3/SLG substrate has the lowest z-ratio compared with that of
the CIGS films grown with NaF precursor on Mo/Al,O3/SLG and Mo/SLG substrates.
The z-ratio continuously increases when the thickness of NaF precursor increases.

This result indicates the effect of Na on the orientation of crystal growth. Both
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internal Na diffusion and external NaF precursor can enhance the (112) preferred
orientations of the CIGS films [50]. By considering the centers of the main CIGS
peaks shown in Fig. 4.7, they are nearly at the same positions in various Na-content
substrates. This indicates that most Na atoms does not dissolve to form Na,Cu;.

x(In,Ga)Se, compound in the CIGS grain but may separate to Na(In,Ga)Se, and

occupy at grain boundary or on the CIG fage as proposed in many literatures [19,

20, 21]. In addition, Na aff \ / the 112) and (220)(204) orientations
but it does not affect (3 116) ¢ [In]+[Ga]) ratio in the films
calculated from Verg 7 g 32 and consistent with the

growth profile. The avera ifi size calculated by heer s formula based on (112)
orientation decr i A &e XN o y shown in Table 4.1. The
: : : d to the appearance of the
surface morphology as'sec : e SEMThe inc (112) texture leads to the

increase of sharpigrai ke the triangul ape, while the increase of

(220)(204) texture 1
7=0.17 Ko CRe ai (b)
2
3 (220)(204)
2
g
g
(312)(116)
. A
20 25 0 5
B
z
£
g

ilgure 4.6 XRD spectra of the CIGS films grown on (a) Mo/Al,O3/SLG, (b) Mo/SLG,
(c) NaF(100A)/Mo/Al,03/SLG and (d) NaF(200A)/Mo/SLG substrates.
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(112) (220)(204) (312)(116)

Intensity (a.u.)

Figure 4.7 Compari
Mo/Al,O4/SLG, (b

Substrate 3 Sﬁ) c )‘Average Grain z-ratio
o e size (nm)
Mo/ALOy/SL 42 140 0.17
Mo/SLG B4 = | 11.424 130 0.29
AN Rl g I'-
NaF(lOOA)/MﬁAlzog SR A 7 120 0.57
NaF(zooA)/t FALO:/SLG| 033 | 5725 | 11.420 1o 1.52

Dept Profilindﬂ
The Na content a dﬂr dc 0 e u, In, Ga, and F) in the CIGS
films cﬁnefuaﬂd W ique. Elpo tional depth profiles are

investigaﬁl in the CIGS films grown with internal Na diffusion from Mo/SLG and

TRNTIsHi Sy

sroﬁles of the CIGS films are shown in Fig. 4.8. The distribution of Na is in the CIGS
films grown with (100A) NaF precursor on Mo/AlL,O3/SLG without a trace of

4.1.3 Auger Elecun Spectroscopy (Al

Fluorine, which may decompose during the high temperature growth process. The Na

distribution is uniform throughout the depth of the CIGS film. However, there may be
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a very low Na concentration in the CIGS films grown on Mo/SLG (<1%) which is
below the sensitivity of detector. The Na concentration from the external precursor in
the CIGS film is much higher when compared with the internal diffusion from the
SLG. There are two assumptions for these observations. First, NaF precursor does not

decompose during the growth process and forms some Na compounds at the grain

boundary. Second, Na precursor fo ‘ er that is more difficult to replace in the
crystal structure of the CIGS than 2 i 1 om the SLG. This result suggests
that the incorporation of Na dur CIGH between the internal Na

diffusion from the SLG and the externa qare distinguishable. The
atomic diffusion of Na ] SL he CIGS an be easily replaced or
removed from thergra {awy/ duting the ( : at high temperature

whereas the residualiNa atoms from the ¢ SOT can letely diffuse out at the

same temperature.

oncentra

2

188

Figure 4.8 AES depth profiles for the CIGS films grown on (a) NaF(100A)/Mo/Al,03
/SLG and (b) Mo/SLG.

0 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 12 1.4

Depth position (um)
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100

Uniform Na distribution

10 ¢ S ® *
L SRR N o * <

Na concentration (%)

al/([Gal+[In]) (x)

Figure 4.9 The depth profi

. and a In]+[Ga]) ratio in the
CIGS film grown on NaF( A/ 0

.;

These residual Na atoms ma » “act as ] ’ clusters at grain boundary of the
CIGS films. The uniform M""q)‘ﬂ;fﬁp n e CIGS films indicates the high
mobility of Na“atoms above 500°C. In addition,

The effect o *‘-,..____.:..:._:..___...____ﬁ.: i is observed when
consider the eo';: . shown in Fig. 4.9. The Ga

content drops o :!- e surface and increases toward the back contact agreeed with D.

Rudmann et al. [15?1& effect of Ga gra@g (band gap grading) creates the back

LR LA ﬂa‘ﬂ TN
RIRAIAANANINAEL.

shown in Table 4.2. The solar cell using Mo/Al,O3/SLG substrate has a relatively
lower efficiency compared to that of the solar cell using Mo/SLG substrate indicating
the lack of Na from SLG. The decrease of V.. directly corresponds to the decrease of
doping level or the p-type defects in the CIGS film because the internal Na diffusion
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is interrupted by the AL,O; barrier. This result indicates the necessary of Na
incorporation in the CIGS thin film solar cells. However, the solar cell using a small
amount of NaF precursor on Mo/Al,O3/SLG substrate shows the significantly increase
of the V., FF and the solar cell efficiency. The increasing of the V,. and FF is related
to the increase doping in the CIGS films and the junction formation, respectively. The
improvement of crystal quality and the increase of the p-type defects are the main
parameters to gain the solar cell efficiency: However, too much NaF precursor or high
Na content decreases the solar cell efficiency due to the constitution of Na residual.
The optimum thickness of NaF precursor found in this work is about 50 A with the
CIGS thickness of 1.25 pnman order to obtain the high efficiency. Note that, there are
some strangeness.in the samples using too much of NaF precursor on the Mo/SLG
and the Mo/Al,Os/SEG substrates, The slolar cell efficieney using Mo/SLG substrate
is always higher than that of the Mo/ALOs/SLG substrates, despite higher Na
concentration (Na'diffusion and Na precursor) in the first one mentioned. These
results indicate the oecurging of two mechanféms of Na incorporation into the CIGS
films. The internal Na diffusion is still beft_ey to enhance doping than using the Na
precursor layer by cemparing thedevice gijﬁciency. The atomic diffusion is more
effective to enhance defeets in the CIGS cry;_t-af structure than layers of NaF precursor.
The relationship between the solar cell efﬁci;-epé;f'-.and the Na concentration in CIGS

film will be considered in the next section.

Table 4.2 DevVice-periofmances-oi-ihe-CleS-thin-film-solar Cells using various Na

content substrates.

Substrate Voo (mV) | Je(mA/em®) | FF (%) | 17(%)

Mo/Al,O3/SLG 530 33.6 61 10.6

Mo/SLG 627 34.5 67 14.5

NaF(30A)/ Mo/Al,03/SLG 654 33.0 64 13.8

NaF(504)/Mo/ ALLQ; /SLG 651 34.8 67 15.2

NaF(100A)/Mo/ Al,O3 /SLG 502 32.9 62 10.2

NaF(100A)/Mo/SLG 578 34.5 67 13.4
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4.1.5 The relationship between atomic concentration of Na and the doping levels
in CIGS thin films

According to the device efficiency results, the open-circuit voltages change with the
NaF precursor thickness. It directly relates to the Na concentration and the doping

levels in the CIGS thin films. In ection, the calculation details of atomic

concentration of Na in the CIGS fil; . The optimal concentration of Na

to enhance the efficiency.in CIGS solar ) from the experimental results.
In general, the number of the evaporated at@ or molecules (compound)

can be calculated V | “

(4.1)

piis the density o

M; is the molecula

o M and is shown in Table 4.3.

ilm obtains

When normalized with t

rea ;,-,’._‘,,_(‘ ;vt:
(it eyt
i_ A

' in-the € hin'
The concentration of Na in, A _r s

considering the thi

(4.2)

er unit area can be calculated by

Table 4.3 V :

a=p/M (mole/%

fa Cu o 0.1410

e

Material
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Table 4.4 Number of each evaporated atom per unit area in the CIGS filmaty = 0.9.

Material Number of evaporated atoms (atom/cm”)
Cu 1.38x10"
In 1.08x10'°
Ga 4.64x10"
Na (200A NaF) 7.34x10"

Table 4.5 The ratio of [Na]/[Cu] and at.% Nawiih'the solar cell parameters.
)

NaF thickness (A) fNal/[Cu] (%) at.% Na Voo (mV) 1 (%)

0 0 | 0 530 10.6
30 0I80 “ 0.15 654 14.2
50 BT, ALY 651 15.5

100 286 ____ TR 502 10.2
For example, 200 A of NaF corrosponds to:’! Eher7.34 x 10" atom/cm” of Na atoms. The
number of Na atoms calculated: frofn the toxé}u thickness of metal elements in the film
is shown in Table 4.4 The numbe_r of.Se atoi:iis are neglected due to the over flux used
during the growth process. Accordlng to the: (;rys‘ga,l structure, Na and Cu are in group
I and would be replaced or substifuted by ea—%h:_ ther in the crystal structure. The ratio
of Nno/Ncy and atomic concentratlon of Na1 m thé' Cu(In, Ga)Sez compound (at.% Na)

which enhance the doping in the CIGS film and the efﬁ01ency of the solar cell are

summarized in 1Table 4.5. The results show that the solar cell efficiency directly
depends on the [Na]/ [Cu] ratio or atomic percent in the CIGS compound as seen from
Fig. 4.10. The solar cell parameters e.g. FF, V.. and 7 increase with the Na content
when at:% Na < 0:3 jandsthensthey rapidly decrease. Byjconsidering-the V., it shows
the maximuni+voltage at'about 0.15 'at!% Na which indicates the maximum of doping
in the CIGS film enhanced by the: Na atoms. However, by considering the FF, it
shows the, different pointOf maximuin Valu€ at about 0.25) ati%6 Na which indicates

the'quality of'the CIGS film'when forming the p-n junction.
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4.2 Evolution of Cu(In,Ga)Se; thin film using Na precursor in three-

stage growth process

In this work, the influences of Na precursor on the growth of the Cu(In,Ga)Se; thin
films in the three-stage process are studied. The evolutions of the CIGS films passing
through different phases e.g. y-(In,Ga);Ses, Cu(In,Ga)Se, + CuxSe are investigated by
comparing with and without Na precursor. /A series of samples are grown by
molecular beam deposition method on the”Me*“coated SLG substrates with and
without the NaF precursor. The Na precursor is evaporated for a total thickness of 200
A at room temperature from' thé NaF source. The changes of the film properties
during the three-stage growth process are investigated by interrupting the process at
four points as illustrated inFig: 4.11;

(1) At the end of the 1* stage,

(2) After a rapid increéasing of thessubstrate temperature from 340°C to 500°C,

(3) At the end of the 2 stage or in the :Cu:fich stage (y = 1.35), and

(4) At the end point (y ~0.9). - = 4
The samples entitled (I), (HI), (V), and (VID;are. with the Na precursor and (II), (IV),

|

(VI), and (VIII) are without the Na precursor. -,

> A

Rate 4 " -' : . 4 Tsub
H 0 Se ' ¥
@A | | )
Substrate
Cu Galn i
o
Without NaF vy T vl L vy g
: : : ime
With NaF am W) (VD
28-stages, v 3%stage 7
re »L

Figure 4.11 Three-stage growth profile and the interrupted points in the growth
process (1), (1), (V), and (VII) refer to the films with NaF and (1I), (1V), (VI), and
(V) refer to the films without NaF.
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The growth mechanism during the process is determined by characterizing the film
properties at each point. In the previous work, the Na effects in the CIGS films have
been investigated by K. Granath et al. and D. Rudmann et al. at a slightly Cu-poor
concentration with [Cu]/([In]+[Ga]) = 0.8-0.9 but did not describe the Na effects
during the growth process [11-15]. Here, I look into the entire evolution of film
fabrications starting from the deposition of the Na precursor on the substrate until the
complete conversion of the CIGS film. The small.amount of Na-diffusion from the
SLG is normally blocked by alkaline bartier such as AlLO; or SiO,. I also
intentionally exaggerate the amount of Na by ten folds in order to illustrate their
dynamics and interactivities with other compounds. A simplified Na-enhancement
CIGS thin film geowth model based on the experimental results is introduced to

explain the growth and doping méchanisms.

4.2.1 Crystal structure d

The structural evolution during the growth}pré-cess examined by the XRD is shown in
Fig. 4.12. The samplegtlabeled by (1), (I:H)., (V). and (VII) are grown with NaF
precursor, while the samples labeled with -;(H)., (IV), (VI), and (VIII) are grown
without NaF precursor. All significant peaké_;fré fitted using Gaussian profile to locate
the peak positions and theif widths as illué;gaii:‘a in Fig. 4.13-4.14. A y-phase of
polycrystalline (In,Ga),Ses-indexed by JCPDS: ﬁlc 00-040-1407 1s found at the end of
the first stage. The XRD spectra of the y-(In,Ga),;Se; in the films with and without
NaF precursor show a dominant peak of (105) crystal orientatiori as seen in Fig. 4.12
(a) and (b). It is believed that Na from the precursor enhances the (105) preferred
orientation of y-(In,Ga),Ses; and suppresses other planes, e.g. (110), (300) and (306)
which are_observed in‘the films without the.NaF precursor. The crystal grain sizes
based on'the (L05)peak calculated by Scherrer’s formula are 28 and 25 nm in films
(D) and @I), respectively. After rapidly increasing Tgp to 550°C, the (105) crystal
orientation is barely observed in the films with NaF precursor and disappeared in the
films without ‘NaF precursor as shown in Fig. 4.12_(c) and (d), respectively. More
random orientations are also observed in the structure of the films during the increase
of the substrate temperature compared to those in the first stage. The film with NaF
precursor exhibits higher random orientations than those of the film without NaF
precursor. Na atoms within the precursor at the bottom layer presumably diffuse into

the films and behave as defects or cluster of defects causing a nucleation of random
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orientations of the y-(In,Ga),Se; film. At the end of the second stage, there are
constituents of CIGS and Cu,Se compounds due to the excess supply of Cu during
the growth as seen in the XRD spectra in Fig. 4.12 (e) and (f). The XRD spectrum of
the film with NaF precursor indicates lower intensity of (220)(204) orientation than
that of the film without NaF. In addition, the (1 12)/(220)(204) ratios of the films with
and without NaF precursor are 0.8 2 ctively. The center of the CIGS (112)

and the CupSe (111) are approximatel position as well as that for CIGS
incorporation of Na into the
CIGS and CuySe t ; igible effect on the crystal
structures of the y 7 .| '. (VII) with Na precursor
‘ ith film (VIII) without
9 in the film with Na

shows stronger (1

Na precursor. The

nucleation of (112) orlentatwj;dﬂﬁﬁé'ﬂ?/ iral matching of the compounds. This
also agrees Wu&he first-principle ca i

ﬂﬂﬂ?'ﬂﬂ‘ﬂ'ﬁﬂﬂ?ﬂ‘ﬁ
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4.2.2 Surface morphology

Fig. 4.15 shows the surface morphology of the films at the interrupted points obtained
by the AFM. The y-(In,Ga),Ses films with and without Na precursor shown in Fig.
4.15 (a) and (b) show similar smooth surface with the rms roughness of approximately

50 nm. Film (I) shows a similar grain shape overall where as film (II) consists of

grains and agglomerated long grains
/ ith various crystal planes from the
; ‘ grain size of film (I) is
approximately 10% 1a an _tha - with the calculation from
the XRD spectra. ‘ 1 ases after the substrate is
heated up to hig -7
(In,Ga),Se;s films i

nd surface roughness of
 the end of the second stage,
films (V) with NaF d (VI) without NaF precursor consist of typical

W

ace or grain boundaries

as proposed by_Kl fFal) 7‘ il hows C 'Vely rough surface with
slightly sharp gr fMilm (V) show noother surface due to the dominant
(220)(204) preferred ion. ¢ ' ‘ casing roughness is related to
the Na from the prec . _' ally, at EP he surface of film (VII) with NaF
precursor shows typically ',,-:.‘!-:-se 1S all grain sizes due to the growth of

. . . o :.-' . . . .
(112) orientation while the snioether s er grain sizes is observed in film

2l A8

]
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{um

1igure 4.15 Surface morphology of the films at the end of each stage; at first stage:
(a) with NaF, (b) without NaF; at the transition temperature: (c) with NaF, (d) without
NaF; and at the end of second stage: (e) with NaF, (f) without NaF; and at EPD: (g)
with NaF, (h) without NaF.
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4.2.3 Cross-section images

Selective SEM images of the films at the end of the second stage and at EPD are
shown in Fig. 4.16. Films (V) and (VI) show similarly dense grains due to the re-
crystallization and the formation of Cu-rich CIGS film (CIGS+Cu,Se compounds) as
indicated in the XRD results. It is believed that the excess Cu,xSe compound resides
on the surface and along the graln \a '/a es of the Cu-rich CIGS film due to the
topotactic reaction under e‘z(‘%ess X ; ition [69]. After the Cu,Se is
converted to slightly cmﬁil_(}s film at II) exhibits small columnar

grains and deep g@s with smal ¢s near the bottom region
while film (VIII) y/ n}s1z 5 Both films ( and (VIII) show shallow
cs aéar the

crevices of rando regior 1Th1s sugges t the observation of the

smaller grain size ell ou"dary in the ﬁlm with NaF precursor are

mmma NeAg

a) with NaF, (b) without NaF; and at EPD: (c) with NaF, (d) without NaF.



71

4.2.4 AES depth profiles

The AES depth profiling for Na contents is performed on selective samples with NaF
precursor as shown in Fig. 4.17. Most Na atoms from the precursor are located at the
bottom region of the (In,Ga),Ses film as seen in Fig. 4.17(a). This suggests that Na
has poor chemical reaction to form the Na-related compounds, e.g. Na,Se or
Na(In,Ga)Se,, at low substrate temperature of 340°C, and/or poor diffusion into the
(In,Ga),Se; film. After a rapid increase of I.5t0.550°C, most of the Na atoms are
found to concentrate near the film surface as'scen in Fig. 4.17(b) suggesting that the
Na atoms or Na compounds are driven through the (In,Ga),Ses; layers to the surface
due to the increase of thermal energy. However, the Na atoms are uniformly
distributed in film(V) atghe end of the second stage, whieh also coincides with the
suppression of the growthidirection alonlg (220)(204) orientation of the growing Cu-
rich CIGS. It could beddeduced that most Na atoms and/or the Na-related compounds
would then only seside at the grain‘boundaries of the film in a small amount, which
could not be detected by XRD. The formajlon of Na(In,Ga)Se; is perhaps possible as
small clusters in the CIGS host but there 1s_p9.t enough diffraction intensity. Finally, at
EPD, uniform Na distribution 1s observed ngh éigniﬁcantly high content of Na at the
CIGS surface as shown'in Fig. 4.17(d). Th1s observatlon suggests that during the
complete conversion of CuySe to slightly Cu:poor CIGS, the Na atoms or Na-related
compounds can move to the-CIGS surface alqng grain boundaries.

In additien, the variations of [Gal/([In]+[Ga]) ind film (VII) with the
incorporation ;)ffl\ia can be observed as the double-graded Ga qémposition compared
to that of a uniforim Ga content in film (VIII) without NaF precursor as shown in Fig.
4.18. The Ga grading is automatically obtained in the films with NaF precursor. In
other words, Na affects‘the inter-diffusion between In and Ga in the CIGS film during
the growth of CIGS films. The variation starts in the 2™ stage as shown in Fig. 4.19 at
which thére has the phase transformation from (In,Ga),Ses; to CIGS. Na may disturb
the mobility of Ga that creates Ga grading through the back contact.
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CHAPTER V

GROWTH AND DOPING MECHANISMS

In this section, a simple model of the. Na-enhanced CIGS thin film growth
based on the experimental results in section 4.2 is proposed to describe the growth
and doping mechanisms. The effects of Na threugh the entire evolution in the three-
stage growth deposition starting from the deposition of the NaF precursor to the
complete conversion of the«CIGS film are explained. First, the growth characteristics
corresponding to-the grain'orowth, texture, and microstructure of the CIGS films will
be considered. Thesincorporation jof Nal affects the growth characteristics of CIGS
films by changing thespreferred griéntation ‘and grain size during the growth of CIGS
film due to the censtitution‘of Na—related"compounds with the Cu, (In, Ga) and Se.
Then, the possible doping mechanism underJthe influence of Na is introduced. The
increase of hole concentration relating to thé_na’give defects e.g. vacancies, interstitials,
anti-site defects and elusters of defect in t_h;_e c.rysta| structure of the CIGS films is

described. =7/,

A simple description “oi-the effect of Na can then be deduced from the
experimental results such that-the Na from a NaF_iprecursor is simply a mimicking of
Na diffused from‘the SLG substrate to the CIGS film and to ensure the observation of
its effect. Growth characteristics of Cu(In,Ga)Se, thin films using the three-stage
deposition process with a NaF precursor are considered. The schematic description of
the growth is illustrated in Fig. 5.1. The process starts with the layered structure of y-
(In,Ga),Ses at low substrate temperature.in the first-stage where most Na atoms from
NaF precursar are focated at the bottom region as shown in Fig. 5.1 (&) and confirmed
by the AES measurement (see AES profile in Fig. 4.24 (a)). The diffusion of Na into
the, (kn,Ga)2Ses film in.the.1% stage. is,similar, to.what is.observed in. the.Na diffusion
from'the SLG due.to its peor ehemical reaction at lew temperature. The quantity of
Na diffusion into CIGS film mainly corresponds to substrate temperature. In addition,
the presence of NaF precursor enhances the (105) preferred orientation and suppresses

the (110) crystal orientation of y-(In,Ga),Sez which is a typical orientation of Mo film.
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NaF—>
Mo

Substrate

3 stage

oty "E“ﬂﬂe‘ﬁ”t‘i N T e o
with N IG Ga),Ses, In,Ga)Se,, and

Na(In,Ga)Se, respectively).

o Wk AN HBIINYARY.

u and high enough Se fluxes are allowed in the 2" stage, the increase in thermal
energy enhances Na diffusion and/or the formation of the Na-related compounds e.g.
Na,-xSe on the surface (see AES profile in Fig. 4.24 (c)) or Na(In,Ga)Se, from the y-
(In,Ga),Ses together with the formation of CIGS as depicted in Fig. 5.1 (b). With a
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large structure of Na(In,Ga)Se,, it is believed that Na(In,Ga)Se; is hard to diffuse
from inside the film thus it should distribute along the CIGS grain boundaries. The
Na,-«Se is formed as a liquid phase according to the phase diagram [71] in addition to
the liquid phase of Cu,.xSe covering the surface of the stoicheometric CIGS film.
Most Na atom does not dissolve to form NaxCui.x(In,Ga)Se, compound in the CIGS
grain but separate to Na(In,Ga)Se, and oceupy at grain boundary or on the CIGS
surface as proposed in Ref. [70]. The Na, xSe can also diffuse down and be converted
to Na(In,Ga)Se,, thus causing-a more uniform distribution of Na as shown in Fig. 4.24
(e). In addition, the presence of Na-related compounds disturb the growth direction of
(220)(204) orientation in the2™.stage of CIGS thin film.

After a complete eonversion of, Cu,xSe to CIGS in the 3" stage, some of
Na(In,Ga)Se, decompose .0 iree Na and leave Vna Inside Na(In,Ga)Se,. Free Na
atoms are driven to the'surface and-the \/y, defects take place around grain boundaries
as depicted in Fige'5.1 (€). Note that, the uniform Na distribution with significantly
high content of Na at/CIGS surface is obta:inea (see AES profile in Fig. 4.24 (g)). The
smaller grain sizes as well @s the deep gtéi_n boundaries in"the CIGS film with Na
precursor due to thesNa eompounds +.e. VN';';\(Ir.l,Ga)Sez take place the CIGS grain
boundaries and then leave the V. defects bi/ N_a fleeing to surface. It mainly causes
the increase of p-type defects simifar to what:is Sjﬁiserved for Vcy. The quantity of Na
induced defect corresponds-tg-the-Na conceﬁt_-réﬁon used in the deposition process.
Thus, the variation of p-type doping depends on the formation of point defects in
crystal structurref i.e. Voo, Nay, and Nagy leading to the increasé of efficiency of the
devices. On the other hand, the excess free Na atoms occupying V¢, could reduce the

p-type defect.



CHAPTER VI

CONCLUSION

In this dissertation, the influence of Na on the properties of the CIGS films
and solar cell efficiency has been studied. Two mam Nassources, 1.e. Na from the SLG
and Na from the NaF precursor are considered. The influence of Na from the SLG
substrate is suppressed.andsthen verified by using the AlsQg layer as a Na diffusion
barrier. The lack of Naanducgs™{lat/tound grains cerresponding to the increase of
(220)(204) texture and rgducessthe uniformity of the CIGS films. Na 1s an important
parameter to enhan€€ p-type doping . in .the: CJGS film whiclh eould be determined
from the V. and the #F. The ¢omaparative égudics of two Na sources show similar
characteristics c.g. the enliancementof (112)ﬁ~ltex[ure, the increase of film uniformity
and the increase of Vi and FE which lead MHIQ the possibility of using NaF as the
external Na source. The gmpovement of crjsféi quality and the increase of p-type
defects are the main parameters to gain the solér-"i‘cel] effictency. However, thicker NaF

precursor or too high Na contentresilis in the decredse of the solar cell efficiency due

to the Na residual. The optimum; Na concentrat_i@h_—iri_ }he CIGS film 1s approximately
0.25 at. % to achieve the best cell ‘efﬁcicncy. e

The evolufienotthe:CiGSthirtrimsusmgNaprecursorduring the three-stage
growth process is analyzed by interrupting at the end of each-stage. Na in the NaF
precursor affects the grystal orientation, grain size and morphology of the growing
films. The precursor lecated at the bottom affects the preferred orientation of -
(In,Ga),Scadilny by enhancingsthe (£05) onentation. Then,"Na ‘ean ‘drifuse nto the
mixture of the CIGS™and the Cu,..S€ compounds at the end of the 2" stage. Na
reduccs (220)(204) orientation of the €IGS film and cnhance roughness with slightly
sharp“grain. Finallyy the smallfcolumnar grains and' deep grain'boundaries with the
increase of (112) orientation as well as variation of [Ga]/([In]+[Ga]) in the CIGS film
are observed at EPD.

Finally, the growth mechanism of Na incorporation in the CIGS film 1s
tintroduced. The growth characteristics of the CIGS thin films with the NaF precursor

using the three-stage growth process have been proposed based on the cxperimental



observations. The experiment 1s designed to have significant amount of Na from the
NaF precursor in order to observe its influence with the crystal orientations, grain
sizes and morphology of the growing CIGS films. The (112) preferred orientation is
dominant i the CIGS film with the NaF precursor instead of (220)(204) preferred

orientation typically seen in the CIGS fili ithout NaF precursor using the three-

stage process. The smaller grain si . 11 s degp grain boundary in the film with
NaF precursor are distinguisha e fil ‘ali‘ precursor corresponding
to the Na(In,Ga)Se, or isolated-Na atoms that re in boundaries or on the

cal dec ~m--.- d contributes free Na

\\ .\\\ cancies around the grain

CIGS surface. At EPDy
atoms which are then dri
boundaries. This resﬁlts ' - addition, the grading

of Ga composition 1§ 2 \\ ,‘\ S '\ s with the NaF precursor.
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